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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
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Second end capture
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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.



13 General introduction

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 
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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 

SMC5 SMC6

NSE2

NSE1

NSE3

NSE4

Hinge HeadHead

A

B

Coiled coil

ATPase head 
domain

Hinge

CN

N C

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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Abstract

 Chromatin structure and function are for a large part determined by the six members of the 
structural maintenance of chromosomes (SMC) protein family, which form three heterodime-
ric complexes: Smc1/3 (cohesin), Smc2/4 (condensin) and Smc5/6. Each complex has distinct 
and important roles in chromatin dynamics, gene expression and differentiation. In yeast and 
Drosophila, Smc6 is involved in recombinational repair, restarting collapsed replication forks 
and prevention of recombination in repetitive sequences such as rDNA and pericentromeric 
heterochromatin. Although such DNA damage control mechanisms, as well as highly dynamic 
changes in chromatin composition and function, are essential for gametogenesis, knowledge 
on Smc6 function in mammalian systems is limited. We therefore have investigated the role of 
Smc6 during mammalian spermatogonial differentiation, meiosis and subsequent spermioge-
nesis.
 We found that, during mouse spermatogenesis, Smc6 functions as part of meiotic peri-
centromeric heterochromatin domains that are initiated when differentiating spermatogonia 
become irreversibly committed towards meiosis. To our knowledge, we are the first to provide 
insight in how commitment toward meiosis alters chromatin structure and dynamics, thereby 
setting apart differentiating spermatogonia from the undifferentiated spermatogonia, inclu-
ding the spermatogonial stem cells. Interestingly, Smc6 is not essential for spermatogonial mi-
tosis, whereas Smc6-negative meiotic cells appear unable to finish their first meiotic division. 
Importantly, during meiosis, we find that DNA-repair or recombination sites, marked by γH2AX 
or Rad51 respectively, do not co-localize with the pericentromeric heterochromatin domains 
where Smc6 is located. Considering the repetitive nature of these domains and that Smc6 has 
been previously shown to prevent recombination in repetitive sequences, we hypothesize that 
Smc6 has a role in the prevention of aberrant recombination events between pericentromeric 
regions during the first meiotic prophase that would otherwise cause chromosomal aberrati-
ons leading to apoptosis, meiotic arrest or aneuploidies.
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Introduction

 Chromatin structure and function are for a large part determined by the structural main-
tenance of chromosomes (SMC) protein family. In association with several other non-SMC 
subunits, these proteins form three types of ring-like complexes: cohesin (Smc1/3), condensin 
(Smc2/4) and the Smc5/6 complex, all of which have the capacity to hold two double-stranded 
DNA strands together [1, 2]. Cohesin is required for sister chromatid cohesion and properly 
timed segregation during mitosis. Furthermore, also by holding sister chromatids together, 
cohesin is essential for DNA damage repair by homologous recombination during the S and G2 
phases of the cell cycle [1-4]. Condensin’s main function is to form loops within a single chro-
mosome, thereby causing condensation of the chromosomes required for the mitotic divisions 
[5]. In addition, both cohesin and condensin are thought to have roles in gene expression [6]. 
Cohesin is known to contribute to the gene regulatory functions of CTCF (CCCTC-binding fac-
tor), an enhancer-blocking insulator protein, by altering chromosomal conformation in order 
to influence the interaction between promoter and enhancer elements [7-10]. Moreover, it has 
been proposed that dynamic placement of cohesin complexes by pluripotency transcription 
factors, contributes to a chromosome organization that maintains pluripotency of embryonic 
stem cells [11].
 The Smc5/6 complex was first described in yeast cells to be involved in the DNA damage 
response process by promoting sister chromatid recombination and recruiting cohesin to dou-
ble-strand break (DSB) sites [4, 12-14]. Similarly, it has been shown that the yeast Smc5/6 com-
plex is required to resolve meiotic recombination intermediates and that abrogation of the 
complex leads to unresolved linkages between the meiotic chromosomes [15-17]. Although 
DNA damage repair has long been proposed to be its main function, in many mammalian 
cancer cells lacking telomerase activity, Smc5/6 is also involved in a process called alternative 
lengthening of telomeres (ALT) by promoting intra-telomeric recombination [14, 18-20]. Mo-
reover, apart from facilitating recombination, yeast Smc5/6 has also been found to provide 
structural organization and topological relief to replication forks in mitotically dividing cells [4, 
21-28] and could perhaps even be involved in gene silencing [29-32].
 In contrast, in heterochromatic regions containing densely packed, highly repetitive DNA 
sequences such as rDNA and the pericentromeric regions, Smc5/6 maintains genomic stability 
by suppressing aberrant intra-chromosomal recombination between these repetitive sequen-
ces [14, 26, 33, 34]. Additionally, Smc6 is required for repair of DSBs that occur in these hetero-
chromatic regions [14, 26, 33] by having an essential role in the translocation of the damaged 
DNA to adjacent euchromatic regions where recombinational repair can be completed, safe 
from the complications associated with a high density of surrounding repetitive sequences 
[34].
 During meiosis, DSBs are initiated endogenously and are required for meiotic recombina-
tion and the formation of chiasmata, which are essential for proper alignment and segregation 
of the chromosomes during the first meiotic division [35]. However, meiotic recombination 
within the repetitive pericentromeric regions can lead to branched chromosome structures 
and meiotic segregation errors and should therefore be avoided [36]. Indeed, more than 80 
years ago it was discovered in Drosophila that the centromeres and surrounding pericentro-
meric regions have relatively low rates of meiotic recombination [37]. Numerous studies in 
various organisms, including human, subsequently confirmed this phenomenon [36] and the 
centromeres and pericentromeric regions are now considered “cold” spots with a significantly 
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low rate of meiotic recombination [36]. In yeast and Drosophila, meiotic recombination within 
pericentromeric regions is suppressed by the formation of pericentromeric heterochromatin 
[38, 39]. Importantly, also during mouse meiosis the centromeric regions are condensed in 
pericentromeric heterochromatin [40].
 Spermatogenesis, including spermatogonial differentiation, meiosis and subsequent 
spermiogenesis [41], is characterized by continuously ongoing, rapid and profound changes 
in composition and function of chromatin. Chromatin structure and dynamics safeguard ge-
nomic integrity, influence replication and transcription and steer the mitotic and meiotic cell 
cycles. Therefore, failure in the spatio-temporal organization of chromatin can cause genomic 
instability, which can lead to incorrect chromosome segregation, chromosomal aberrations 
and aneuploidy. During early spermatogenesis, failure to maintain genomic integrity can cau-
se spermatogonial apoptosis, while later chromosomal misalignments can lead to infertility 
caused by meiotic arrest [42]. Even though proper chromatin architecture sits at the funda-
ment of efficient and safe reproduction, surprisingly little is known about the changing chro-
matin dynamics that are already clearly visible during spermatogonial differentiation [43, 44].
In mammals, Smc6 mRNA is predominately expressed in the testis [45] and seems regulated 
by post-translational modifications [45, 46]. However, because knockout of Smc6 leads to em-
bryonic lethality and mutation of its ATP hydrolysis motif has no apparent effect on fertility 
[47], its function during spermatogenesis remains to be elucidated. Here, we find that Smc6 
functions as part of pericentromeric heterochromatin domains that start to take shape when 
undifferentiated type A spermatogonia (including the spermatogonial stem cells) become irre-
versibly committed towards meiosis and are referred to as differentiating spermatogonia [48]. 
These domains persist in the subsequent intermediate and type B spermatogonia, are present 
during the entire process of meiosis and only disappear when haploid spermatids start to elon-
gate. Interestingly, although not essential for spermatogonial mitosis, Smc6-negative meiotic 
cells often appear arrested in M-phase. We therefore propose that, in line with its function 
within heterochromatin in Drosophila [34], Smc6 has a key role in the suppression of meiotic 
recombination between and within centromeric regions and thus the prevention of accumu-
lating branched chromosome structures that would otherwise cause meiotic arrest and, con-
sequently, male infertility.

Materials and Methods

Animals
 Surplus adult male mice (strains 129, FVB and Balb-c, between 8 and 15 weeks old) were 
used for western blot analysis, immunohistochemistry and meiotic spreads. The animals were 
used and maintained according to regulations provided by the animal ethical committee of 
the Academic Medical Center, Amsterdam, which also approved the experiments. Previously 
obtained paraffin embedded testes of vitamin A-deficient Wistar rats were used for immuno-
histochemistry [49]. All experiments were repeated using at least 4 different animals.

Western Blotting
 Pieces of mouse organ tissue (4 x 6 mm) were placed in RIPA buffer (1% NP40, 0.5% sodium 
deoxycholate, 0.1% SDS) containing PMSF (100µM), protease inhibitor cocktail (PIC, 1x, Roche, 
Almere, The Netherlands) and PhosSTOP (Roche). Tissues were homogenized and lysed on ice 
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for 1 h. After centrifugation (15min/14000rpm/4°C), the supernatant was collected and stored 
at -80°C for a minimum of 1 h. Protein concentrations were measured using the Qubit Protein 
Assay Kit (Molecular Probes, Invitrogen, Carlsbad, USA). Of each sample, 30 µg was loaded on 
a 4-12% gradient gel (Invitrogen). Proteins were blotted on an Immobilon-FL PVDF membrane 
(Millipore, Billerica, USA) and blocked with Odyssey Blocking Buffer (LI-COR Biosciences, West-
burg, Leusden, The Netherlands) for 1 h at room temperature. Thereafter, the membranes were 
incubated o/n at 4°C in the primary antibody rabbit anti-Smc6 1:5000 (ab18039, Abcam, Cam-
bridge, UK), diluted in Odyssey Blocking Buffer containing 0.1% Tween-20. After washing 3 
times for 10 min in TBST (Tris buffered saline containing 0.1% Tween-20), membranes were in-
cubated in an IRDye 800CW secondary antibody 1:15000 for 1 h at room temperature (diluted 
in Odyssey Blocking Buffer containing 0.1% Tween-20). As a loading control, a primary mouse 
anti-β-actin antibody 1:5000 (A1978, Sigma-Aldrich, St. Louis, MO, USA) was used. Image ac-
quisition and quantification were done with the Odyssey Infrared Imaging System (LI-COR Bi-
osciences). To determine phosphorylation of Smc6, samples were lysed in RIPA buffer with and 
without PhosSTOP. Samples lacking phosphatase inhibitors were treated with Calf Intestinal al-
kaline phosphatase (New England Biolabs, Leiden, The Netherlands) for 1 h at 37°C after which 
the samples were processed as described.

Immunohistochemistry
 Immunohistochemical staining was performed on 5-µm mouse testis sections, previously 
fixed in 4% formaldehyde and embedded in paraffin. Antigen retrieval was performed on de-
paraffinated sections in sodium citrate, pH 6.0 at 98°C for 10 min. Nonspecific adhesion sites 
were blocked for 1 h at room temperature in PBST (phosphate buffered saline containing 0,1% 
Tween-20) containing 10% goat serum. 
 To visualize Smc6 and LIN28, sections were subsequently incubated with the primary rabbit 
anti-Smc6 antibody 1:500 (ab18039, Abcam) or the primary rabbit anti-LIN28 antibody 1:5000 
(ab46020, Abcam) for 2 h at room temperature. After washing sufficiently in PBS, the sections 
were incubated in the biotinylated secondary antibody Goat-anti-Rabbit. Signal was visualized 
using the avidin-biotin complex method: 60 minute incubation with the pre-incubated ABC 
solution (containing avidin and biotinylated horseradish peroxidase, Vector Laboratories, Bur-
lingame, CA, USA) followed by 3,3’-diaminobenzidine as a substrate and counterstained with 
haematoxylin. For negative controls, isotype rabbit IgG was used instead of the primary anti-
body in corresponding concentrations. Slides were examined and pictures were taken using 
an Olympus BX41 bright field microscope with an Olympus DP20 color camera.
 To visualize Smc6 with H3H9me3 and/or CREST, the sections were incubated o/n at 4°C with 
rabbit anti-Smc6 1:500 (ab18039, Abcam) and mouse anti-H3K9me3 antibody 1:200 (ab6001, 
Abcam) or human CREST-serum 1:500 (90C-CS1058, FitzGerald, Acton, MA, USA). Proteins were 
visualized using fluorescently labelled secondary antibodies (donkey anti-rabbit Alexa Fluor 
555, goat anti-mouse Alexa Fluor 488 and donkey anti-human Alexa Fluor 647 respectively, 
Invitrogen). DAPI was used as a nuclear counterstaining. For negative controls, sections were 
incubated without primary antibodies. Section were mounted in ProLong® Gold (Invitrogen) 
and fluorescence microscopy images were acquired at room temperature using a microscope 
(DM RA HC; Leica) equipped with a Plan Apo 100x 1.40 oil objective (Carl Zeiss Inc., Sliedrecht, 
The Netherlands) and a cooled charge-coupled device camera (KX1400; Apogee Instruments, 
Logan UT, USA). Images were acquired and analyzed using custom-made and Image-Pro Plus 
software. The presented figures were constructed using Adobe Photoshop CS5 version 12.0.
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Meiotic spreads
 Cryopreserved testes from adult Balb-c mice were thawed and meiotic spreads were made 
using the ‘drying-down’ technique described by Peters et al. [50]. Staining protocol and image 
acquisition was identical to the immunohistochemical staining described above using rabbit 
anti-Smc6, human CREST-serum, mouse anti-SCP3 1:500 (ab97672, Abcam), mouse anti-γH2AX 
1:10000 (05-636, Millipore), guinea pig anti-STAG3 1:100 (kindly provided by Anna Kouz-
netsova and Christer Höög), mouse anti-H3K9me3 1:500 (ab71604, Abcam) and rabbit anti-
Rad51 1:100 (kindly provided by Jan Stap)[51]. For fluorescent labelling, additional secondary 
antibodies were used: goat anti-mouse Alexa Fluor 555, goat anti-guinea pig Alexa Fluor 488 
and goat anti-rabbit Alexa Fluor 647 (Invitrogen). Image acquisition and analysis was perfor-
med as described above. For figure 7B and Supplementary video 1, confocal microscopy was 
performed using a Leica TCS SP8 SMD, mounted on a Leica DMI6000 inverted microscope. A 
405nm UV Diode and 470-670nm White Light Laser were used for excitation, and PMT and HyD 
detectors for detection. Images were obtained using a HC Plan Apo 63x 1.40 oil objective and 
were analysed using Leica Application Suite Advanced Fluorescence (LAS AF) software.

Results

Smc6 expression and localization in the testis.
 To investigate the presence of the Smc5/6 complex in the testis, we performed western 
blot analysis for Smc6 on several organs of the mouse, including the testis. Interestingly, Smc6 
expression was much stronger in the testis than in other organs, showing a 20- to 100-fold 
increase in band-intensity compared to brain or other organs respectively (Figure 1A and Sup-
plementary Figure 1A). In contrast to a similar extra band observed in human cultured cells 
[45], we did not find the upper band for Smc6 to be caused by hyper-phosphorylation (Sup-
plementary Figure 1B).
 We next studied the localization of Smc6 in the different cell types present in the mouse 
testis by immunohistochemistry (Figure 1B). After examination of seminiferous tubules of all 
the stages of the seminiferous epithelium in four different animals, two subpopulations of type 

Figure 1: Characterization of Smc6 in the tes-
tis. A] Western blot analysis of Smc6 in mouse 
organs. The intensity of the Smc6-bands in 
the testis was >20-fold higher compared with 
brain and >100-fold higher compared with 
the other organs studied, when corrected for 
the loading control (β-actin). B] Immunohisto-
chemical localization of Smc6 in mouse testis 
sections. All epithelial stages were examined: 
depicted are stages I, VI, IX and X. Smc6 is only 
present in a subpopulation of type A sperma-
togonia, in all intermediate and B spermato-
gonia, spermatocytes and round spermatids. 
From stage IX and onwards, the elongating 
spermatids are negative for Smc6. Indicated 
are Smc6-positive (arrowheads) and -negative 
(asterisk) type A spermatogonia, type B sper-
matogonia (B), pachytene (P) and leptotene 
(L) spermatocytes, round spermatids (R) and 
elongated spermatids (E). Negative controls 
showed no staining. Bar=20 μm
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A spermatogonia were found; spermatogonia without nuclear Smc6 and spermatogonia sho-
wing an, often speckled, nuclear staining. This speckled staining pattern appeared stronger 
and more pronounced in the intermediate and type B spermatogonia. In spermatocytes, these 
speckles became larger and were most often located at the rim of the nucleus. In addition to 
the general faint cytoplasmic localization present in all germ cells, round spermatids showed 
Smc6 staining in the chromocenters present in the nucleus. In developing round spermatids, 
Smc6 was found to gradually decrease until only a faint cytoplasmic Smc6 staining remained 
in elongating spermatids. We did not detect Smc6 in any of the somatic cells of the testis, in-
cluding the Sertoli cells, Leydig cells and peritubular cells.

Undifferentiated spermatogonia, including the spermatogonial stem cells, do not ex-
press Smc6.
 To further characterize the Smc6-negative and -positive spermatogonial subpopulations, 
we determined the number of Smc6-negative spermatogonia per 100 Sertoli cells in the diffe-
rent stages of the seminiferous epithelium (Figure 2A). Interestingly, the observed quantitative 
pattern of Smc6-negative spermatogonia across the different epithelial stages matches with a 
similarly obtained pattern described for the presence of LIN28, an accepted marker for undif-
ferentiated spermatogonia in the mouse [52]. Accordingly, this pattern also indicates that the 
Smc6-positive type A spermatogonia are differentiating.
 To verify that the Smc6 expression marks differentiating spermatogonia, we conducted im-
munohistochemistry for both Smc6 and LIN28 on consecutive sections of mouse testes. Using 
this approach we found that when spermatogonia present in one section express Smc6, the 
same cells in a neighboring section are indeed negative for LIN28 (Figure 2B). Vice versa, sper-
matogonia that express LIN28 are negative for Smc6. Hence, undifferentiated spermatogonia 
are Smc6-negative and expression of Smc6 marks differentiating spermatogonia.

Figure 2: Smc6 is only expressed in differenti-
ating spermatogonia. A] The amount of Smc6-
negative type A spermatogonia per 100 Sertoli 
cells counted per stage. For every epithelial stage, 
at least 10 tubules were counted; data are plotted 
as mean±S.E.M. B] Consecutive sections of mouse 
testis were stained with anti-Smc6 or anti-LIN28 
and the same spermatogonia, when present in 
both sections, were compared. Smc6-negative 
cells (*) are LIN28-positive and vice versa (ar-
rowheads). Epithelial stages are indicated with 
roman numerals (left panel). Sertoli cells are mar-
ked with Ser. C] Testis sections from VAD rats, without and after administration of retinoic acid, were stained with 
anti-Smc6. Only after induction of differentiation by retinoic acid, Smc6-positive spermatogonia are found. Negative 
controls showed no staining. Bar=20 μm
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Smc6 expression coincides with induction of spermatogonial differentiation.
 To experimentally investigate whether Smc6 expression is directly correlated with the 
transition of undifferentiated to differentiating spermatogonia, we used a model of vitamin 
A-deficient (VAD) rats. Because retinoic acid, the active metabolite of vitamin A, is required for 
this transition, the only germ cells in the testes of these animals are undifferentiated sperma-
togonia [49]. However, upon administration of retinoic acid, the arrested undifferentiated sper-
matogonia synchronously resume spermatogonial differentiation [49, 53, 54]. In line with our 
previous experiments, all spermatogonia in the VAD testes were negative for Smc6 (Figure 2C). 
Only after retinoic acid administration many Smc6-positive spermatogonia were found (Figure 
2C), showing that the presence of Smc6 indeed marks spermatogonial differentiation and thus 
the transition after which spermatogonia are irreversibly committed to undergo meiosis and 
subsequent spermiogenesis.

Smc6 expression is localized in heterochromatin domains.
 Because the timing and expression pattern of Smc6 in differentiating spermatogonia ap-
pears similar to the gradual development of heterochromatin during spermatogenesis [43, 44], 
we performed co-immunofluorescence microscopy on testis sections using antibodies against 
Smc6, the heterochromatin marker H3K9me3 and DAPI as DNA-stain to determine specific 
cell types by nuclear morphology and tubular context. In all Smc6-positive germ cells, nuclear 
Smc6 strongly localized to DAPI-bright regions that also contained H3K9me3. Hence, Smc6 is 
indeed enriched at sites of heterochromatin in differentiating spermatogonia, spermatocytes 
and round spermatids (Figure 3 and Supplementary Figure 2).

Smc6 is always absent from the chromosomes in mitotic metaphase, whereas Smc6-ne-
gative spermatocytes do not complete the first meiotic division.
 As shown for mitotically dividing cells in culture [45], we find that Smc6 is never located 

Figure 3: Smc6 localizes to he-
terochromatin domains. Co-im-
munofluorescent staining of testis 
sections for Smc6 and H3K9me3. 
Smc6 expression overlaps with 
heterochromatin, marked by 
H3K9me3, in all cell types expres-
sing Smc6. DAPI was used for DNA 
counterstaining. Only negative 
controls for H3K9me3 showed 
staining in the interstitium and 
peritubular cells (Supplementary 
Figure 2). Bar=10 μm
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on the chromosomes of mitotically dividing spermatogonia (Figure 4A). In contrast, Smc6 is 
strongly present on the chromosomes of all healthy meiotically dividing spermatocytes in 
what looks like centromeric regions or kinetochores (Figures 4A and B). Interestingly, of all 
M-phase spermatocytes observed (434 cells examined in 3 different animals), 5,5% was found 
to be negative for Smc6. However, these Smc6-negative M-phase spermatocytes always ap-
peared as single cells that were lagging behind and positioned between healthy synchronous-
ly dividing secondary spermatocytes or even round spermatids (Figures 4C and D). indicating 
an inability to finish their first M-phase.

Smc6 is part of pericentromeric heterochromatin domains.
 To investigate possible roles for Smc6 during synaptonemal complex formation or meiotic 
recombination, we fluorescently stained meiotic spreads for Smc6 together with an antibody 
against the synaptonemal complex protein SCP3 and CREST-serum to mark the centromeres. 
Importantly, Smc6 appeared completely absent from the synaptonemal complex and never 
appeared as foci that could indicate a role in DNA repair or meiotic recombination. Instead, 
during all stage of the meiotic prophase, Smc6 co-localized exactly with DAPI-bright hetero-
chromatic regions that surround the centromeres stained with CREST (Figure 5).
 To find out whether Smc6-containing heterochromatin regions in non-meiotic germ cells 
also embed the centromeres we performed co-immunofluorescence microscopy on testis sec-

Figure 4: Smc6-negative M-phase spermatocytes arrest 
at the first meiotic division. A] Fluorescent staining of tes-
tis sections for Smc6. Smc6 is located on the chromosomes 
(visualized by DAPI) during all healthy meiotic divisions but 
never during mitotic divisions. B] Synchronously dividing 
Smc6-positive M-phase spermatocytes (M) in stage XII. C] Still 
in stage XII, arrested Smc6-negative MI-phase spermatocyte 
(arrowhead) that did not proceed to secondary spermatocyte 
(2°). D] Arrested Smc6-negative spermatocyte (arrowhead) 
present in stage I that should have proceeded to round sper-
matid (Rs). Negative controls showed no staining. Bar=5 μm 
[A] or 20 μm [B-D]



30 Chapter 2

tion using an antibody against Smc6, CREST-serum and DAPI. Just as in meiotic spreads, brigh-
ter CREST dots co-localized with Smc6 in all Smc6-positive germ cells (Supplementary Figure 
3). Hence, Smc6-containing pericentromeric heterochromatin domains already start to form 
during spermatogonial diff erentiation, continue to embed the centromeric regions during 
meiosis and gradually disappear in developing round spermatids.

Meiotic pericentromeric heterochromatin domains do not co-localize with DNA damage 
repair or recombination sites.
 To fully exclude a role for Smc6 during meiotic DSB repair, we fi rst co-stained Smc6 with 
γH2AX in combination with either CREST or STAG3, to mark the centromeres or the synapto-
nemal complex respectively (Figure 6). During early stages of meiosis, when the homologous 
chromosomes are not yet synapsed and more than 20 CREST dots are visible, γH2AX marks 
meiotic DSBs [55]. However, in these cells, we did not observe co-localization between Smc6 
and γH2AX. Subsequently during pachytene, when the somatic chromosomes are fully sy-

Figure 5. Smc6 is part of pericentromeric heterochromatin domains during meiosis. Co-immunofl uorescent stai-
ning of meiotic spread preparations using antibodies against Smc6 and synaptonemal complex protein SCP3, CREST-
serum to mark the centromeres and DAPI. Smc6 shows to be part of pericentromeric heterochromatin domains during 
all examined stages of the meiotic prophase. Negative controls showed no staining. Bar=10 μm
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napsed, γH2AX only marks the XY body in which the largely unsynapsed X and Y chromosomes 
are silenced by meiotic sex chromosome inactivation (MSCI) [56]. In these cells, we did observe 
some overlap between γH2AX and Smc6, but mostly in the pericentromeric region containing 
a CREST dot. Occasionally, γH2AX also marks somatic chromosomes in pachytene-like cells, 
most likely due to aberrant synapsis causing meiotic silencing of unsynapsed chromosomes 
(MSUC) [56]. However, in such cells, Smc6 and γH2AX did not co-localize on the somatic chro-
mosomes.
 Most meiotic DSBs will be resolved by homologous recombination, which can be visua-
lized by staining for Rad51 [57]. To investigate the spatial relation between pericentromeric 
heterochromatin and the presence of Rad51, we fi rst co-labeled meiotic cells with Smc6 and 
H3K9me3 together with CREST or STAG3 to confi rm pericentromeric heterochromatin domain 
structure and content in meiotic spread preparations (Figure 7A). We then used confocal mi-

Figure 6. Meiotic Smc6 is not involved in γH2AX-marked DSB repair or silencing of unsynapsed chromosomes. 
Co-immunofl uorescent staining of meiotic spreads preparations using antibodies against Smc6, γH2AX and STAG3 (to 
mark the synaptonemal complex core), CREST-serum (to mark the centromeres) and DAPI. Smc6 shows no co-localiza-
tion with γH2AX during early stages of meiosis when γH2AX marks DSBs (DSB repair) or in occasional pachytene-like 
cells representing MSUC. In healthy pachytene spermatocytes, when γH2AX only marks the XY body representing 
MSCI, Smc6 and γH2AX do overlap; mostly in the XY pericentromeric region marked by a CREST dot. Bar=5 μm
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croscopy to study whether Rad51 foci are localized to the pericentromeric heterochromatin 
domains, marked by H3K9me3. However, as shown in the max projection of the confocal layers 
(Figure 7B) or the supplemented 3D rendering of the same Z-scan (Supplementary video 1), 
the meiotic pericentromeric heterochromatin domains did not co-localize with Rad51.
 Taken together, these results show that during the first meiotic prophase, when synapsis 
between the homologous chromosomes and meiotic recombination take place, Smc6 is part 
of pericentromeric heterochromatin domains and does not have a role in early meiotic DSB 
repair, meiotic recombination or silencing of unsynapsed chromosomes.

Discussion

 We identify a distinct Smc6-positive subpopulation of A spermatogonia that, based on its 
presence in specific spermatogenic stages and the lack of LIN28-expression [52], appears to 
represent differentiating spermatogonia. Unlike their undifferentiated progenitors, these sper-
matogonia are irreversibly committed to eventually enter meiosis and further divisions and de-
velopment of these cells are strictly orchestrated by the stages of the seminiferous epithelium 
[41, 48]. To experimentally validate that Smc6 expression indeed coincides with spermatogoni-
al differentiation, we used a VAD rat model in which arrested undifferentiated spermatogonia 
only commence spermatogonial differentiation upon retinoic acid administration. This model 
confirms that the Smc6-positive spermatogonia are indeed differentiating. Still, because the 
germ cells present in the VAD rat model are all synchronized, one could argue that the ob-
served change in Smc6 expression observed is cell cycle dependent. However, Smc6 protein 
expression has been shown to be cell cycle independent in cultured mammalian cells [45]. Mo-
reover, if Smc6 expression would depend on cell cycle phase, we would have found both Smc6 
negative and positive cells amongst the LIN28 expressing spermatogonia. Thus, our results 
convincingly show that Smc6 is excluded from the undifferentiated spermatogonia, including 
the spermatogonial stem cells, and specifically marks the differentiating spermatogonia.
 Considering its spermatogonial expression pattern, Smc5/6 could be involved in the initi-
ation of spermatogonial differentiation, analogous to the cohesin complex which, in combi-
nation with the chromatin binding protein CTCF, has been connected to chromatin changes 
that lead to altered gene expression [7-9]. Moreover, independently of CTCF binding, cohesin 
co-localizes with pluripotency related transcription factors in embryonic stem cells, thereby 
preventing differentiation [11]. Interestingly, a testis specific paralogue of CTCF (CTCF-like or 
CTCFL) exists that, despite strong similarities in DNA binding consensus sequence, only shows 
minor overlap with CTCF in experimentally demonstrated DNA binding sites [58, 59]. More-
over, where cohesin-binding sites largely co-localize with those of CTCF [11], they only co-
localize with relatively few CTCFL binding sites [59]. Theoretically, if not cohesin, the Smc5/6 
complex could be the SMC complex facilitating CTCFL mediated gene regulation during sper-
matogenesis. In line with this hypothesis, it has been shown that CTCFL, like we find for Smc6, 
only starts to be expressed in late spermatogonia [59]. A model in which the Smc5/6 complex 
functions together with CTCFL to regulate genes necessary for spermatogonial differentiation 
could therefore be appealing.
 The differentiating spermatogonia are preparing their genome to undergo meiosis, a pro-
cess that includes the induction of DSBs, synapsis of the homologous chromosomes, meiotic 
recombination and the subsequent meiotic divisions [41]. The preparations for these events 
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involve drastic changes in chromatin architecture, which in rodents, are illustrated by the incre-
asing amount of heterochromatin that appears at the nuclear rim while the spermatogonia dif-
ferentiate [43, 44]. Since we have shown that Smc6 expression coincides with spermatogonial 
diff erentiation, we investigated whether Smc6 localization is also correlated with heterochro-
matin formation. By fl uorescently co-staining testis sections for Smc6 and the heterochromatin 
marker H3K9me3 we demonstrated that Smc6 indeed co-localizes with heterochromatic regi-
ons. Additionally, by co-staining testis sections for Smc6 and the centromere marker CREST, 
we show that these heterochromatic patches are actually pericentromeric heterochromatin 
domains that start to take shape during spermatogonial diff erentiation, continue throughout 
meiosis and early spermiogenesis and are characterized by the presence of Smc6.

Figure 7. Meiotic Smc6 
localizes to pericentrome-
ric heterochromatin do-
mains that are deprived 
of Rad51 foci. Co-immuno 
fl uorescent staining of mei-
otic spreads preparations 
using antibodies against 
Smc6, H3K9me3, Rad51 
and STAG3 (to mark the 
synaptonemal complex 
core), CREST-serum (to 
mark the centromeres) and 
DAPI. A] Smc6 co-localizes 
with pericentromeric he-
terochromatin marked by 
H3K9me3. B] These peri-
centromeric heterochro-
matin show no Rad51 foci, 
indicating that meiotic re-
combination does not oc-
cur at these sites. Bar=5 μm
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 In yeast, the Smc5/6 complex appeared essential to resolve meiotic recombination inter-
mediates [15-17]. During mammalian meiosis, DSBs are endogenously initiated (marked by 
γH2AX) in early meiotic cells [55] to be resolved later by homologous recombination (marked 
by Rad51) [57]. However, we observe that meiotic DSB-sites marked by γH2AX or Rad51 do 
not co-localize with the Smc6/H3K9me3-positive pericentromeric heterochromatin domains. 
Moreover, as observed previously [45], we do not find Smc6 on the synaptonemal cores nor do 
we see any other Smc6 foci that would point to a function in meiotic recombination. Only in 
the XY body, in which γH2AX marks MSCI of the unsynapsed X and Y chromosomes [56], Smc6 
and γH2AX partly overlap. However, this overlap is restricted to the pericentromeric region 
where the X and Y chromosomes are actually synapsed. Moreover, Smc6 and γH2AX do not 
co-localize in occasional pachytene-like cells that display γH2AX staining on somatic chromo-
somes. Because the presence of γH2AX indicates endogenously occurring synapsis problems 
in these cells, we do not consider Smc6 to directly contribute to MSUC. 
 Interestingly, also yeast-Smc6 is strongly enriched in the pericentromeric regions during 
the G2 phase of mitosis, which functionally resembles the prolonged first meiotic prophase, 
where it is essential for the timely separation of chromatids and the prevention of branched 
and entangled chromosome structures and subsequent mitotic arrest [26]. An additional chal-
lenge that only meiotic cells face is that DSBs are endogenously induced and repaired by ho-
mologous recombination to generate genetic diversity amongst their haploid daughter cells. 
Because the pericentromeric regions are rich in repetitive sequences, they are prone to form 
intra-chromosomal recombination structures, which is why meiotic recombination around the 
centromeres is generally suppressed [36]. However, the mechanism behind this centromere 
specific suppression of meiotic recombination is currently not clear. In yeast and Drosophila it 
has been shown that homologous recombination around the centromeres is suppressed by 
the formation of pericentromeric heterochromatin [38, 39]. Moreover, in Drosophila, Smc6 has 
been found to play a key role in the suppression of homologous recombination in heterochro-
matin domains in somatic cells by inhibiting the recombinase Rad51 within these domains 
[34]. As we find that Smc6 functions within pericentromeric heterochromatin domains over 
the entire time frame during which meiotic recombination takes place, we propose that Smc6 
is involved in suppressing recombination within and between centromeric regions during 
mammalian meiosis. This hypothesis is strengthened by the observation that the meiotic peri-
centromeric heterochromatin domains indeed do not contain DSBs or meiotic recombination 
sites marked by γH2AX or Rad51, respectively.
 We also found centromeric Smc6 expression during and in between the two subsequent 
meiotic divisions MI and MII. During yeast mitosis, Smc5/6 has been found to provide topolo-
gical relief to replication forks [4, 21-28] and separating sister chromatids [26]. Similarly, Smc6 
could be involved in providing topological relief to the separating chromosomes during meio-
sis. Both centromeric recombination and topological stress will activate the spindle checkpoint 
and cause meiotic arrest. Indeed, Smc6-negative spermatocytes are arrested and thus mostly 
found in a subsequent stage in which the healthy spermatocytes have synchronously develo-
ped into round spermatids.
 Even after completion of meiosis, Smc6 is still present in round spermatids within the 
chromocenter(s) in which the centromeres are located during spermiogenesis. However, Smc6 
gradually disappears, as these haploid cells develop towards elongated spermatids. This Smc6 
could be remnants of meiosis or could be involved in the subsequent pair-wise clustering and 
condensation of the centromeric regions in developing spermatids [40].
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 To conclude, in this study we demonstrate roles for the chromatin modifying protein Smc6 
during spermatogonial differentiation, meiosis and perhaps even spermiogenesis. Smc6 in 
differentiating spermatogonia could influence gene expression, possibly in cooperation with 
CTCFL [59]. However, considering the fact that we find Smc6 to function in pericentromeric 
heterochromatin domains that already form in differentiating spermatogonia, Smc6 locali-
zation in these cells could also be part of chromatin modifications that prepare the cells for 
the upcoming meiotic events. During meiosis, recombination between and within the cen-
tromeric regions must be repressed to prevent the accumulation of branched chromosome 
structures that would otherwise cause meiotic arrest and, consequently, male infertility. This 
can be achieved by the formation of pericentromeric heterochromatin domains [38, 39] and 
the presence of Smc6 within these domains to exclude Rad51-mediated recombination [34]. 
We have now shown that the pericentromeric regions during mouse meiosis are indeed con-
densed in Smc6-positive/Rad51-negative heterochromatin domains. Moreover, we observe 
spermatocytes without Smc6 to be arrested, probably at the first meiotic division. Considering 
all these data, we hypothesize that, like in somatic heterochromatin in Drosophila, Smc6 has 
an important role in the suppression of recombination around the centromeres during mam-
malian germ cell development.
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Supplementary Figures

Supplementary Figure 1: A] Quantifi cation of band 
intensities. Intensities of both Smc6 bands were 
quantifi ed using the Odyssey Infrared Imaging 
System (LI-COR Biosciences). B] The upper band of 
Smc6 does not represent Smc6 phosporylation. 30µg 
whole testis lysates, untreated and treated with calf 
intestine phosphatase, were loaded on a gel, and 
membrane was subsequently incubated in anti-
Smc6, anti-pERK and anti-β-actin antibodies. Bands 
detected by anti-pERK, but not the upper band of 
Smc6, disappear when samples are treated with calf 
intestine phosphatase.

Supplementary Figure 2: Lower magnifi cation of the 
co-immunofl uorescent staining of testis sections for 
Smc6, H3K9me3 and DAPI showing a-specifi c staining for 
H3K9me3 in interstitial and peritubular cells. Bar = 25 µm.
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Supplementary Figure 3: Pericentromeric hetero-
chromatin domains containing Smc6 start to form 
in differentiating spermatogonia and remain until 
spermatid elongation. Co-immunofluorescent stai-
ning of testis sections using antibodies against Smc6, 
CREST-serum to mark the centromeres and DAPI. All 
Smc6-postitive germ cells display co-localization with 
DAPI-bright heterochromatic regions containing cen-
tromeres marked by CREST. Negative controls showed 
no staining. Bar = 5 µm.
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Abstract

 Genome integrity is crucial for safe reproduction. Therefore, chromatin structure and dy-
namics should be tightly regulated during germ cell development. Chromatin structure and 
function are for a large part determined by the structural maintenance of chromosomes (SMC) 
protein complexes, of which SMC5/6 recently has been shown to be involved in both sperma-
togonial differentiation and meiosis during mouse spermatogenesis. We therefore investiga-
ted the role of this complex in human spermatogenesis. We found SMC6 to be expressed in the 
human testis and present in a subset of Adark and Apale spermatogonia, all spermatocytes, and 
round spermatids. During human meiosis, SMC5/6 is located at the synaptonemal complex 
(SC), the XY body, and at the centromeres during meiotic metaphases. However, in contrast to 
mouse spermatogenesis, SMC6 is not located at pericentromeric heterochromatin in human 
spermatogenic cells, indicating subtle but perhaps important differences in not only SMC5/6 
function but maybe also in  maintenance of genomic integrity at the repetitive pericentrome-
ric regions. Nonetheless, our data clearly indicate that the SMC5/6 complex, as shown in mice, 
is involved in numerous crucial processes during human spermatogenesis, e.g. in spermato-
gonial development, on the SC between synapsed chromosomes, and in DNA double-strand 
break-repair on unsynapsed chromosomes during pachynema. 
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Introduction

 Spermatogenesis involves three major developmental stages: mitotic stem cell self-rene-
wal, proliferation, and differentiation (spermatogonia); meiosis (spermatocytes); and haploid 
cell development and maturation (spermatids) [1] that are all characterized by continuous 
changes in composition and function of chromatin.
 Proper chromatin structure and dynamics are crucial for genomic integrity, influence re-
plication and transcription, and drive the mitotic and meiotic cell cycles. Failure in the spatio-
temporal organization of chromatin will cause incorrect chromosome segregation, chromoso-
mal aberrations, and aneuploidy. This, in turn, can results in spermatogonial apoptosis, meiotic 
arrest, or gametes with genomic instability, leading to either infertility or congenital malfor-
mation of the offspring [2, 3]. Tight regulation of chromatin architecture and genome integrity 
maintenance is therefore crucial for safe reproduction.
 The structural maintenance of chromosomes (SMC) protein complexes, called cohesin 
(Smc1/3), condensin (Smc2/4), and SMC5/6, are known to control cell cycle progression, dif-
ferentiation, DNA damage repair and the structure and dynamics of chromatin. [4-6]. Of these, 
the SMC5/6 complex has been most directly and exclusively described to be involved in DNA 
damage repair and genomic integrity maintenance [7-10]. Like the other SMC complexes, the 
SMC5/6 complex consists of two SMC proteins, SMC5 and SMC6, and several non-SMC-ele-
ments (NSEs) (reviewed in [11]).
 Initially, in yeast cells, the SMC5/6 complex was described to promote repair of DNA dou-
ble-strand breaks (DSBs) by facilitating sister chromatid recombination and recruitment of 
cohesin to the site of damage [7-10]. Moreover, the complex was found to facilitate alterna-
tive lengthening of telomeres (ALT) in mammalian cancer cells by promoting intra-telomeric 
recombination [10, 12]. In contrast, the SMC5/6 complex is also thought to maintain genomic 
stability by preventing aberrant recombination between repetitive DNA sequences such as he-
terochromatin or rDNA [10, 13-15]. Besides recombination, yeast SMC5/6 has also been found 
to provide structural organization and topological stress relief during replication in mitotically 
dividing cells [13, 16-23] and is perhaps involved in regulating gene transcription [24].
 The SMC5/6 complex in yeast is required during meiosis for correct chromosome segrega-
tion, and abrogation of components of the complex can lead to unresolved DSB-dependent 
recombination intermediates [25-27]. In addition, very recently in budding yeast, the SMC5/6 
complex was determined to play a key role in destabilizing early recombination intermediates, 
maintaining the interhomologue recombination bias, and resolving a subset of joint molecu-
les that would otherwise lead to the inability to segregate chromosomes during meiosis [28-
30].
 Recently, two studies investigated the role of SMC5/6 in mouse spermatogenesis [31, 32]. 
These studies revealed that SMC6 is expressed as soon as undifferentiated A spermatogonia 
differentiate into A1 and commit towards meiosis (often referred to as differentiating sperma-
togonia) [32]. In contrast to the mouse, differentiating type A spermatogonia have not been 
defined for the human. Furthermore, human type A spermatogonia can be morphologically 
subdivided in Adark and Apale spermatogonia that represent quiescent and actively dividing pools 
of spermatogonia, respectively [33-35]. In the mouse, SMC6 is strongly present during meiosis 
and disappears before spermatid elongation [32]. During the meiotic prophase I, SMC5/6 com-
plex proteins were found present at several structures that are crucial for meiotic chromatin 
dynamics and genome integrity. First, SMC5 and SMC6 were found at the synaptonemal com-
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plex (SC), where they might facilitate pairing of homologous chromosomes, stabilize the SC, 
or regulate meiotic DSB repair and recombination [31]. Second, SMC5 and SMC6 were found 
at the XY body during pachynema, suggesting that it might mediate the chromatin conforma-
tion changes occurring at this site or silencing of the unsynapsed sex chromosomes [31]. Third, 
SMC6 was shown to be present at the pericentromeric heterochromatin and was postulated to 
protect the repetitive centromeric regions against aberrant recombination [31, 32]. During the 
meiotic metaphases, SMC6 localization is restricted to the centromeres [31, 32], indicating, as 
found in yeast, functions in sister-chromatid centromere cohesion [36, 37] or proper chromo-
some segregation during anaphase [13].
 In humans, spermatogenesis is a complex and tightly regulated process, and failure in any 
stage will lead to sub- or infertility, caused by, for example, complete spermatogonial stem cell 
depletion  or meiotic arrest.  Even though spermatogenic failure accounts for a large propor-
tion of male infertility cases, surprisingly little is known about the responsible molecular me-
chanisms. To better understand human spermatogenesis, spermatogenic arrest mechanisms, 
and genomic maintenance, we investigated the role of SMC5/6 in human spermatogenesis 
and meiosis. Based on previous mouse studies, we asked ourselves the following questions: 
At which stage of human spermatogenesis does the SMC5/6 complex start to be expressed?  
Is human SMC5/6 involved in spermatogonial differentiation? Can SMC5/6 play a role in peri-
centromeric heterochromatin during human spermatogenesis? Could SMC5/6 be involved in 
human SC formation and/or (5) meiotic DSB repair?

Materials & Methods

Patient material and ethical approval
 For immunohistochemistry, testis material was donated after oral informed consent by 
three patients undergoing bilateral orchidectomy as part of prostate cancer treatment (Patient 
URO0038, URO077 and URO0126). According to Dutch law, approval of the ethics committee 
was not required, because anonymized tissue samples were used. None of the patients had 
previously received chemotherapy or radiotherapy, and the morphology of the testes showed 
normal spermatogenesis in all cases. Testis biopsies were fixated in 4% paraformaldehyde and 
embedded in paraffin. 
 For meiotic spread preparation, we used testicular material of six individuals (Patient 
URO0063, URO0159, URO0165, URO0166, AMC1587 and AMC1801) who underwent testicular 
sperm extraction (TESE) and signed informed consent to donate their spare TESE-material for 
research. In all patients, TESE yielded motile spermatozoa. After sperm extraction, the leftover 
material was used for research fresh or was cryopreserved in 8% dimethyl sulfoxide (Sigma-
Aldrich) and 20% fetal calf serum (Invitrogen) in Minimum Essential Medium (MEM, Invitrogen) 
and stored at −196°C for later research use.

Western Blot Analysis
 A custom-made human tissue blot was received from ProSci (Poway), containing 15µg of 
total cellular proteins from testis, ovary, spleen, skeletal muscle, small intestine, liver, skin and 
brain. The staining protocol was performed as described previously [32] using primary anti-
body guinea pig anti-SMC6 (1:200; custom-made), rabbit anti-SMC6 (1:1000; ab18039; Abcam) 
and rabbit anti-SMC5 (1:200; sc-134544; Santa Cruz). As secondary antibodies, goat anti-rabbit 
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and donkey anti-guinea pig IRDye 800CW (1:15000; LI-COR Biosciences) were used. As a loa-
ding control, a primary goat anti-GAPDH antibody (1:1000; ab9483; Abcam) was used. Image 
acquisition and quantification were done with the Odyssey Infrared Imaging System (LI-COR 
Biosciences). 

Immunochemistry
 Immunohistochemical staining on human testis sections (thickness, 5-µm) was performed 
as described previously [32]. Meiotic spread preparations were made according to the method 
described by De Vries et al. [38] with the first spin of 20 sec at 40 x g, the second spin of 7 min 
at 260 x g, and the third spin of 15 min at 9 x g. Per TESE pellet, a sufficient amount of germ 
cells was isolated to prepare 20-25 slides. Coimmunofluorescent stainings were performed as 
described previously [32] using the primary and secondary antibodies listed in Supplementary 
Tables 1 and 2.

Cot-1 DNA Fluorescence In Situ Hybridization
 To visualize repetitive DNA sequences and proteins in the same sample, meiotic spread 
slides were first subjected to the standard immunofluorescence protocol as described above, 
after which they underwent a Cot-1 DNA- Fluorescence In Situ Hybridization (FISH) protocol. 
Human Cot-1 DNA (Roche) was biotin labeled by nick translation and used as a probe, diluted 
in a 60% formamide hybridization mix (60% formamide, 2x sodium chloride/sodium citrate so-
lution [SSC], 0.02M sodium phosphate buffer) to a final concentration of 2ng/µl. Meiotic spread 
slides were treated with 100µg/ml RNase A (Roche) in 2x SSC for 1 h at 37°C, after which they 
were washed three times for 2 min each with 2x SSC at 37°C. Slides were postfixed in 0.4% 
formaldehyde for 5 min at 4°C, followed by two 5 min washes in PBS at room temperature and 
a dehydration series using 70%, 96% and 100% ethanol. After air-drying the slides, placing 
the probe on the slides, and denaturing the slides at 85°C for 6 min followed by placing them 
on ice for at least 1 min, the slides were hybridized with the probe overnight at 37°C. The next 
day, the slides were washed three times for 5 min each time with 50% formamide in 2x SSC at 
42°C, twice for 5 min each time in 2x SSC at 42°C, and once for 5 min in 4x SSC/0,05% Tween-20 
at room temperature. The slides were blocked in TNB (0.1M Tris [Sigma], 0.15 M NaCl [Merck], 
0.02% Thimerosal [Sigma], and 0.05% blocking reagent [Roche]) for 10 min at room tempera-
ture and incubated for 20min at 37°C in avidin–Cy3 (Jackson ImmunoResearch). Finally, the 
slides were counterstained with 4’,6-diamidino-2-phenylindole, mounted in Prolong Gold (Cell 
Signaling Technology) and analyzed as described below.

Microscopy
 Bright field microscopy images were acquired at room temperature using an Olympus 
BX41 microscope equipped with an Olympus DP20 color camera. Fluorescence microscopy 
images were acquired at room temperature using a Plan Fluotar 100x/1.30 oil objective on a 
Leica DM5000B microscope equipped with a Leica DFC365 FX CCD-camera. Images were ana-
lysed using Leica Application Suite Advanced Fluorescence (LAS AF) software. The presented 
figures were constructed using Adobe Photoshop CS5 version 12.0.
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Results

SMC6 protein is present in the human testis.
 To investigate whether the SMC5/6 complex has the same relatively high expression in 
the human testis as described in the mouse [32], we stained a Western blot containing several 
human organs, including the testis, for SMC6. An intense band of the expected size (just below 
150 kD) representing SMC6 was clearly expressed in the testis and ovary and, to a much lesser 
extent, in skeletal muscle (Figure 1A). The other tissues, especially the liver, displayed several 
bands of varying sizes not corresponding with the expected size of SMC6.

Figure 1: Characterization 
of SMC6 in the human tes-
tis. A] Western blot analysis 
of SMC6 in human organs, 
using the GP anti-SMC6 an-
tibody. The band correspon-
ding with the expected size 
of SMC6 is indicated with 
an arrowhead. GAPDH was 
used as a loading reference. 
B] Immunohistochemical lo-
calization of SMC6 in human 
testis sections using the 
antibody against the SMC6 
C-terminus. SMC6 (in brown) 
is expressed in a subpopula-
tion of the spermatogonia, 
spermatocytes, and round 
spermatids. SMC6-positive 
(arrowhead) and -nega-
tive (asterisk) Adark and Apale 
spermatogonia (Ad and Ap, 
respectively), spermatocy-
tes (Spc), round spermatids 
(SptR), elongated sperma-
tids (SptE), and Sertoli cells 
(Ser) are indicated. Bar = 
20 μm. C] Quantification of 
SMC6-positive and -negative 
A spermatogonia. Cells were 
counted in three different 
patients, with a minimum 
of 12 seminiferous tubules 
per patient. A representative 
cell is shown for each group. 
Data are presented as the 
mean ± SEM. Bar = 2 μm.
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Human SMC6 is present in a distinct spermatogonial subpopulation, during meiosis, and 
in early haploid cells.
 We then studied the localization of SMC6 in the different cell types present in the human 
testis by immunohistochemistry (Figure 1B). Consistent with what was recently found in the 
mouse [32], SMC6 was present in a subpopulation of the spermatogonia. Because SMC6 pro-
tein expression was shown to specifically mark differentiating spermatogonia in the mouse 
[32], we further characterized and quantified the SMC6-negative and -positive spermatogonia 
(Figure 1C). Three different patients were examined, from which a total of 126 Adark sperma-
togonia and 676 Apale spermatogonia were counted from a minimum of 12 different tubules 
per patient (Supplementary Table 3). Interestingly, we found that approximately 75% of the 
human spermatogonia were SMC6-negative and 25% were SMC6-positive. Moreover, despite 
the variation between patients concerning the amount of Adark spermatogonia, the SMC6-posi-
tive spermatogonia were equally distributed among the Adark and Apale spermatogonia, (Figure 
1C, Supplementary Table 3). Furthermore, comparable to the mouse, SMC6 was strongly ex-
pressed in spermatocytes, decreased in round spermatids, and absent in elongated spermatids 
(Figure 1B).

During human meiosis, but not mitosis, SMC6 is located at the centromeres at metap-
hase.
 Consistent with data from mitotically dividing cells in culture [22, 39] and mouse spermato-
gonia [32], we found SMC6 to be absent from the chromosomes during the M-phase in human 
mitotically dividing spermatogonia (Figure 2A). However, also in line with recent mouse stu-
dies [31, 32], SMC6 was strongly present on the chromosomes during the meiotic metaphases 
(Figure 2B).

Figure 2: SMC6 is located at the centromeres during meiosis but not during mitosis. A] During mitosis, SMC6 (im-
munohistochemical staining in brown) always appears absent from metaphase chromosomes. B] All meiotic metap-
hases show SMC6 to be located at the chromosomes. Bar = 20 μm. C] Meiotic chromatin spread preparation of a 
metaphase I nucleus. SMC6 is located at the centromeres (marked by CREST serum) during metaphase I. Bar = 5 μm.
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 Because only the meiotic metaphases contained SMC6 (Figure 2A), we were able to identify 
meiotic metaphases in spread human testicular cells and determine the localization of SMC6 
in these cells in more detail. Coimmunostaining with CREST serum to mark the centromeres 
clearly revealed that SMC6 was located at or adjacent to the centromeres during meiotic me-
taphases (Figure 2C).

SMC5/6 is located at the synaptonemal complex during meiotic prophase I.
 To further characterize the localization of the SMC5/6 complex during meiosis, we immuno-
detected SMC5 and SMC6 on meiotic spread preparations. Prophase stages were determined 
based on the expression pattern of the SC components STAG3 or SCP3 and CREST serum to 
mark the centromeres. Consistent with SMC5 expression in mouse prophase I spermatocytes 
[31], SMC5 localized to the SC at zygotene when homologous chromosomes initiate synapsis 
(Figure 3A), leaving the unsynapsed axes negative for SMC5 (Figure 3A and B). In addition to its 
presence along the synapsed SC axes, SMC5 aggregated in areas referred to as polycomplexes 
[40] (Figure 3A). When stained with our GP anti-SMC6 antibody, SMC6 appeared present on the 
SC, being most clearly visible during pachytene, when formation of the SC is most pronounced 
(Figure 3B).

Figure 3: SMC5 and SMC6 are located at the synaptonemal complex during meiotic prophase. Meiotic chroma-
tin spread preparations show immunofluorescence staining for SMC5, SMC6, the synaptonemal complex (STAG3 and 
SCP3), and centromeres (CREST). A) SMC5 is located at the synaptonemal complex between synapsed chromosomes 
and in additional polycomplexes (PC). B) Like SMC5, SMC6 is located at the synaptonemal complex and PC during 
pachynema. X and Y chromosomes are indicated with XY. Bar = 5 μm.



49SMC5/6 in human spermatogenesis

Suppression of meiotic recombination in pericentromeric heterochromatin in human 
spermatocytes does not require SMC6.
 To investigate whether SMC6 might play a role in pericentromeric heterochromatin during 
human meiosis, as previously suggested in a mouse study [32], we stained human spermato-
cytes using the antibody against the SMC6-C-terminus, which has been shown to mark SMC6 
in these chromosomal regions in the mouse [31, 32], in combination with the heterochromatin 
marker H3K9me3 [41, 42] or a Cot-1 DNA FISH to visualize repetitive DNA sequences. In con-
trast to the mouse, SMC6 did not appear to localize specifically to pericentromeric heterochro-
matin and/or repetitive DNA sequences (Figure 4A). To check whether the repetitive DNA se-
quences stained by Cot-1 FISH are actually part of pericentromeric heterochromatin in human 
spermatocytes, we costained these cells with our markers for heterochromatin, centromeres 
and Cot-1 DNA. Colocalization of these markers showed that Cot-1 stained repetitive DNA se-
quences are indeed contained in pericentromeric heterochromatin (Figure 4B).

Figure 4: Suppression of meiotic recombination in pericentromeric heterochromatin in human spermatocytes 
does not require SMC6. A] Coimmunofluorescence staining for SMC6 (Ab), H3K9me3, and CREST (top) and staining for 
SMC6 (Ab) and γH2AX with Cot1-DNA FISH (bottom). SMC6 does not colocalize with repetitive sequences or hetero-
chromatin in human pachytene spermatocytes but does localize at the XY body marked by γH2AX. B] Coimmunoflu-
orescence staining of H3K9me3 combined with Cot1-DNA FISH shows that human pericentromeric heterochromatin 
contains repetitive sequences. C] DSB-repair foci marked by RAD51 are not present in pericentromeric heterochroma-
tin marked by H3K9me3. Bar = 5 μm.
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 In the mouse, sites of meiotic recombination marked by Rad51 are never present in pe-
ricentromeric heterochromatin domains marked by SMC6 or H3K9me3 [32]. Because SMC6 
has been shown to inhibit aberrant recombination in heterochromatin [10, 13-15], the lack of 
SMC6 in human pericentromeric heterochromatin raised the question whether these chro-
matin domains might be less stringently protected against potentially damaging recombina-
tion events, and thus contain recombination sites. However, despite the absence of SMC6 in 
these regions, we still found Rad51 [43] to be excluded from pericentromeric heterochromatin 
during human meiosis (Figure 4C).

During human meiosis, SMC6 is located at the XY body and unsynapsed chromosomes 
where DSBs persist during pachynema.
 In pachytene spermatocytes, the antibody against the SMC6 C-terminus stained the largely 
unsynapsed X and Y chromosomes, marked by γH2AX (Figure 4B and Figure 5A) and coloca-
lized with DMC1 (Figure 5B). It recently became clear that the formation of meiotic DSBs is 
continued or reintroduced on unsynapsed chromosomes during pachynema [44]. We there-
fore studied human pachytene-like cells which partially failed to synapse their homologous 
autosomes. We found that these unsynapsed autosomes, in addition to the sex chromosomes, 
contained both DMC1 foci indicating DSB repair, and SMC6 (Figure 5C).  
 Because DSBs and their repair foci – marked by γH2AX and DMC1, respectively – are usually 
present during zygonema, we additionally studied zygotene spermatocytes to determine the 
localization of SMC6 during this stage. Importantly, SMC6 did not appear to be present at the 
multiple sites of DSBs that mark meiotic recombination during zygonema (Figure 5D and E), 
but rather to localize at random within the nucleus.

Discussion

 As shown previously [31], different SMC5 or SMC6 antibodies show different expression 
patterns. As previously seen in the mouse, the Abcam anti-SMC6 antibody detects an additi-
onal band that is not detected by the GP-anti-SMC6 antibody (Supplementary Figure 1). One 
explanation for these different expression patterns could be that multiple (iso-)forms or post-
translational modifications of SMC6 are present in different chromatin structures and thus 
display different expression patterns. Alternatively, the specific epitopes recognized by our 
antibodies are not as easily accessible in each structure. SMC6 has a complex protein structure 
(it folds in the middle via a hinge domain and coils around itself, bringing together its N- and 
C-terminus) and is part of a protein complex involving many other proteins and protein in-
teractions. In addition, the DNA binding characteristics of the entire complex have not been 
analyzed. Taken together, it is very plausible that the epitopes recognized by specific antibo-
dies can be masked by configuration or interactions with DNA or other proteins. We therefore 
regard a compilation of expression patterns (though acquired using different antibodies) to be 
essential to provide a more complete picture of the localization of the SMC5/6 complex during 
spermatogenesis. As an overview, the different staining patterns of the different antibodies 
used in the present study are summarized in Table 1.
 During human spermatogenesis, the SMC6 protein is first evident in spermatogonia, is 
strongly present throughout meiosis, and decreases upon spermatid elongation. Very similar 
as described recently for the mouse [32], two spermatogonial subpopulations can be distin-
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guished in humans based on the presence of SMC6: the SMC6-negative spermatogonia that 
account for about 75% of these cells and the remaining 25% that contain SMC6. Interestingly, 
we have recently shown that LIN28, a marker for undifferentiated spermatogonia, and SMC6 
are mutually exclusive in the mouse testis [32]. Moreover, we have shown that spermatogonia 
in the testes of vitamin A-deficient rats, which are arrested before spermatogonial differentia-
tion, do not yet contain Smc6. Only when spermatogonial differentiation was enabled by the 
administration of retinoic acid were SMC6 positive spermatogonia found [32]. These experi-
ments show that the presence of SMC6 marks differentiating spermatogonia in rodents [32]. In 
contrast to the undifferentiated spermatogonia, differentiating spermatogonia are irreversibly 
committed to eventually enter meiosis and spermiogenesis. Moreover, this spermatogonial 
differentiation step and subsequent spermatogenesis are tightly orchestrated and follow the 
strictly regulated stages of the seminiferous epithelium [1, 45]. In the mouse, differentiating 
spermatogonia are recognizable by a more condensed chromatin [46, 47]. In contrast, all hu-
man type A spermatogonia look very similar, and human spermatogonial differentiation mar-
kers are lacking [48]. Therefore, a subgroup of human differentiating spermatogonia has not 

Figure 5: SMC6 foci are 
present at unsynapsed 
axes during pachy-
nema, including X and 
Y. Coimmunofluores-
cence staining of SMC6 
(Ab) with DMC1 to mark 
DSBs, γH2AX to mark 
the XY body (pachy-
nema) and DSB-repair 
(zygonema), and STAG3 
to visualize the SC and 
CREST serum as a centro-
mere marker are shown. 
A] During pachynema, 
SMC6 is located in foci 
at the X and Y chromo-
somes. B and C] During 
pachynema, SMC6 and 
DMC1 localize in dis-
tinct foci at the X and Y 
chromosomes (B) and 
at autosomes that fail 
to synapse (C). D and E] 
During zygonema, befo-
re chromosome synap-
sis is completed, SMC6 
does not colocalize with 
γH2AX (D) or DMC1 (E). 
Bar = 5 μm.
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been previously observed. However, in combination with the evidence we recently obtained 
for rodent spermatogonial differentiation [32], it is very plausible that human differentiating 
spermatogonia can be distinguished by the presence of SMC6. Our results would then indicate, 
to our knowledge for the first time, that 25% of the human spermatogonia are differentiating. 
Interestingly, these potentially differentiating spermatogonia are equally distributed amongst 
the quiescent Adark and actively dividing Apale spermatogonia. Because the Adark spermatogo-
nia are quiescent, one could expect that these spermatogonia are undifferentiated. However, 
since 25% of both the Adark and Apale spermatogonia contain SMC6, it seems that both undif-
ferentiated and differentiating Apale spermatogonia can become Adark without losing their dif-
ferentiation status. Because all Adark spermatogonia can convert into Apale when the actively 
dividing spermatogonia become depleted [1], such as due to irradiation or other genotoxic 
stress, having a pool of differentiating (and thus SMC6-expressing) Adark spermatogonia readily 
available would lead to a faster recovery of spermatogenesis.
 Similar to what was previously shown for mitotically dividing cells in culture [39] and sper-
matogonia in the mouse [32], we find SMC6 to be absent from the chromosomes of mitotically 
dividing spermatogonia. In contrast, we observe SMC6 located at the centromeres of meioti-
cally dividing spermatocytes. These results are in line with recent mouse studies [31, 32], sug-
gesting that SMC6 might regulate sister-chromatid centromere cohesion [31].
 In contrast to what we previously found in the mouse [32], we did not observe SMC5 and 
SMC6 localization at pericentromeric heterochromatin, a region of condensed chromatin sur-
rounding the centromeres, present in both mouse and human spermatocytes. The densely 
packed, repetitive DNA makes these regions vulnerable to errors in recombination, a process 
therefore suppressed at these sites [32, 49]. SMC5/6 has been found to play an important role 
in the protection of heterochromatin in Drosophila and yeast by preventing aberrant recom-
bination within heterochromatin and by subsequent relocation of the DSBs to euchromatic 
regions [10, 13-15]. In accordance with these findings, mouse SMC5/6 is located at the peri-
centromeric heterochromatin during meiosis while DSB-repair foci are excluded from these 
regions [31, 32]. Surprisingly, we did not find SMC6 to be present on the human pericentro-
meric heterochromatin. Because we show that recombination foci marked by Rad51 are still 
excluded from human heterochromatin, and assuming that the Abcam antibody against SMC6 
is also able to detect SMC6 in human heterochromatin, we postulate that an alternative me-
chanism inhibits homologous recombination within these domains in humans. Following this 
thought, the question arises why the observed difference between human and mouse peri-
centromeric heterochromatin composition exists. In humans, pericentromeric sequences con-
sist of type I, II, and III short satellite repeats that comprise approximately 4% of the genome, 
the size of the total region varying between chromosomes [50]. In mice, pericentromeric se-

Table 1: Overview of expression patterns observed with immunochemistry using different antibodies against 
SMC5 or SMC6.

 Spermatogonia Spermatocytes 

Antibody Interphase Metaphase Metaphase Synaptonemal complex 
axes 

(pericentromeric) 
Heterochromatin 

XY chromosomes /        
XY body 

SMC6 Ab Even nuclear 
(Figure 1B) 

Absent from 
chromosomes 
(Figure 2A) 

Centromeres 
(Figure 2B and C) 

Foci on unsynapsed axes  
(Figure 5) 

No 
(Figure 4) 

Foci on unsynapsed XY  
(Figures 4A and 5A) 

SMC6 GP not suitable for 
IHC 

not suitable for 
IHC 

not observed Synapsed axes 
(Figure 3B) 

No 
(Figure 3A and B) 

No 
(Figure 3A and B) 

SMC5 not suitable for 
IHC 

not suitable for 
IHC 

not observed Synapsed axes 
(Figure 3A) 

No  
(Figure 3A and B) 

No 
(Figure 3A and B) 
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quences contain a repetition of (AT-rich alpha) ‘major’ satellite motifs, forming a total region of 
approximately 6 Mb on each chromosome [50, 51]. It could thus be possible that due to this 
difference in sequence and size, protection mechanisms of these regions vary between the 
two species. Another explanation could be the location of the centromere within the chromo-
some. In contrast to the mouse telocentric chromosomes (i.e. the centromere is located at the 
end of the chromosome), human chromosomes are (sub)metacentric (i.e., the centromere is 
located in or near the middle) or acrocentric (i.e., the centromere is located almost at the end 
of the chromosome). Depending on the location of the centromeres within the chromosomes, 
recombination errors might result in diverse problems. For instance, Robertsonian transloca-
tions in the human only occur between acrocentric chromosomes, and are characterized by 
aberrant recombination between the two acrocentric centromeres, leading to fusion of the 
two long arms and leaving the two smaller arms to be lost [50]. This can subsequently result 
in meiotic segregation errors, leading to meiotic arrest and subsequent failure of gametoge-
nesis, or aneuploidy and embryo loss [52]. All mouse chromosomes, except Y, are telocentric 
[53], and the regions between the centromere and the telomere in mouse chromosomes con-
sist of repeats sharing a high sequence identity of more than 99% between nonhomologous 
chromosomes. This makes mouse chromosomes extremely vulnerable to aberrant recombi-
nation and subsequent translocations, segregation errors leading to meiotic arrest or conge-
nital malformations in the offspring. In contrast, only a minority of the human chromosomes 
are acrocentric, and the α-satellites located at the centromeres show less sequence homology 
between nonhomologous chromosomes [51, 53]. These differences might explain why mouse 
chromosomes would need more stringent protection against aberrant recombination in peri-
centromeric regions. However, it must be noted that SMC5/6 has not been functionally proven 
to actually prevent aberrant recombination in mouse pericentromeric heterochromatin, as it 
does in Drosophila and yeast, and some reservations towards this hypothesis remain in place.
 As in the mouse [31], we also find human SMC5 and SMC6 to be located at the SC on sy-
napsed homologous chromosomes. The longitudinal localization pattern along the synapsed 
SC axes of SMC5 and SMC6 suggests that the complex could facilitate SC assembly and/or chro-
mosome synapsis. Furthermore, both SMC5 and SMC6 can be found in aggregates, supposedly 
polycomplexes of SC components that are not in use [54]. In addition, we find human SMC6 to 
be located on the sexchromosomes. Previous work in the mouse indicated that SMC5/6 might 
contribute to structural and epigenetic changes required for meiotic sex chromosome inacti-
vation [31, 55]. However, in contrast to the mouse, we do not observe human SMC6 to mark 
the entire XY body but only smaller regions or foci on the unsynapsed X and Y chromosomes, 
as well as on unsynapsed autosomes when still present during pachynema. Moreover, we find 
that these unsynapsed chromosomes contain DSBs marked by DMC1. This can be explained 
by recent findings that failure in synapsis allows the continued induction of DSBs at these sites 
throughout pachynema [44]. Since it has been widely accepted that the SMC5/6 complex is 
essential in DNA repair by facilitating homologous recombination [7-10], our data could indi-
cate that SMC5/6 mediates intersister recombination at late sites of pachytene-induced DSBs. 
In accordance with this idea, SMC6 does not colocalize with DMC1 during zygonema, when 
DSBs required for meiotic recombination are induced. Our data thus indicate that the SMC5/6 
complex is not part of the regular meiotic recombination process but might come into action 
when DNA repair proteins are required to resolve DSBs induced at unsynapsed chromosomes 
later during meiosis.
 In conclusion, we observe a subpopulation of human type A spermatogonia that contains 
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SMC6, which we propose to be differentiating spermatogonia, a spermatogonial subgroup 
that, to our knowledge, has not been described before in humans. In contrast to the mouse, 
we do not find any evidence that the human SMC5/6 complex plays a role at pericentromeric 
heterochromatin during meiosis. However, the complex does seem to be involved in SC forma-
tion and late meiotic DSB repair or silencing of unsynapsed chromosomes during pachytene. 
The differences we find between mouse and human SMC6 function during meiosis illustrate 
that the molecular mechanisms safeguarding the genome in reproductive cells in the mouse 
might not necessarily directly translate to spermatogenic arrest phenotypes found in humans. 
Therefore, one should always aspire to verify findings obtained from animal models using hu-
man tissues and cells in order to acquire better understanding of chromatin dynamics in hu-
man reproductive cells. Because the spatiotemporal localization of human SMC5/6 points to 
several crucial roles in spermatogenesis that coincide with the timing of spermatogenic arrest 
phenotypes that are often observed in infertile men [48], we propose that SMC5/6 plays a role 
in genomic integrity maintenance during human germ cell development.
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Supplementary Information

Supplementary Figure 1. The SMC5/6 complex is 
expressed in the human testis. SMC5, SMC6 GP and 
SMC6 Ab were detected at their expected sizes (120 
and 145 kDa, resp.) on a western blot containing hu-
man testis extract.

Supplementary Table 1: Primary antibodies used

Supplementary Table 2: Secondary antibodies used

Supplementary Table 3: Quantification of SMC6-positive and -negative Adark and Apale spermatogonia.

Name Host species Supplier / cat # Dilution used 

a-SMC6 Ab Rabbit Abcam / ab18039 1/500 
a-SMC6 GP Guinea Pig This study 1/100 
a-SMC5 H190 Rabbit Santa Cruz / sc-134544 1/100 
a-STAG3 Guinea Pig Anna Kouznetsova and Christer Höög, Karolinska 

Institute, Stockholm, Sweden 
1/100 

a-CREST Human Fitzgerald / 90C-CS1058 1/500 
a-SCP3 Rabbit Abcam / ab15093 1/500 
a-yH2AX Mouse Millipore / 05-636 1/20000 
a-H3K9me3 Mouse Millipore / 05-1250 1/500 
a-DMC1 Mouse Abcam / ab11054 1/200 
a-Rad51 Rabbit Jan Stap, Academic Medical Center, Amsterdam, 

The Netherlands 
1/100 

 

Name Host species Supplier / cat # Dilution used 

a-Rabbit Alexa 488 Donkey Life Technologies / A-21206 1/1000 
a-Mouse Alexa 488 Goat Life Technologies / A-11029 1/1000 
a-Guinea Pig Alexa 488 Goat Life Technologies / A-11073 1/1000 
a-Rabbit Alexa 555 Donkey Life Technologies / A-31572 1/1000 
a-Mouse Alexa 555 Goat Life Technologies / A-21424 1/1000 
a-Rabbit Alexa 647 Goat Life Technologies / A-21246 1/1000 
a-Mouse Alexa 647 Donkey Life Technologies / A-31571 1/1000 
a-Human Alexa 647 Goat Life Technologies / A-21445 1/1000 
 

 Adark Apale 

Patient Negative (%) Positive (%) Total Negative (%) Positive (%) Total 

URO0038 40 (90,9) 4 (9,1) 44 147 (75,8) 47 (24,2) 194 

URO0077 9 (56,3) 7 (43,8) 16 130 (73,4) 47 (26,6) 177 

URO0126 51 (77,3) 15 (22,7) 66 232 (76,1) 73 (23,9) 305 

Total 126    676 
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Abstract

 The Smc5/6 complex, along with cohesin and condensin, is a member of the structural 
maintenance of chromosome (SMC) family, large ring-like protein complexes that are essential 
for chromatin structure and function. Thanks to numerous studies of the mitotic cell cycle, 
Smc5/6 has been implicated to have roles in homologous recombination, restart of stalled 
replication forks, maintenance of ribosomal DNA (rDNA) and heterochromatin, telomerase-
independent telomere elongation and regulation of chromosome topology.
 The nature of these functions implies that the Smc5/6 complex also contributes to the pro-
found chromatin changes, including meiotic recombination, that characterize meiosis. Only 
recently, studies in diverse model organisms have focused on the potential meiotic roles of the 
Smc5/6 complex.  Indeed, Smc5/6 appears to be essential for meiotic recombination. However, 
due to both the complexity of the process of meiosis and the versatility of the Smc5/6 complex, 
many additional meiotic functions have been described.
 In this review, we provide a clear overview of the multiple functions found so far for the 
Smc5/6 complex in meiosis. Additionally, we compare these meiotic functions with the known 
mitotic functions in an attempt to find a common denominator and thereby create clarity in 
the field of Smc5/6 research.
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Smc5/6 complex structure 
 
 The Smc5/6 complex is a member of the structural maintenance of chromosome (SMC) 
family, along with cohesin and condensin. The SMC5/6 complex is proposed to have the cha-
racteristic ring-like structure of the SMC family in which each SMC complex is comprised of 
two SMC proteins forming a heterodimer and multiple non-SMC elements (Reviewed in [1]). 
The Smc5/6 complex is comprised of Smc5, Smc6, and several non-SMC elements of which 
Nse1-4 are conserved from yeast [2-5]  (Figure 1A and B) to mammals [6, 7]  (Figure 1C). When 
referring to the Smc5/6 complex genes or proteins in general, we will use yeast nomenclature. 
When referring to a specific organism, or data obtained using a specific organism, we will use 
the specific nomenclature of that organism, e.g. NSMCE1 for the mammalian ortholog of Nse1. 
The SMC proteins have an extensive coiled-coil domain interrupted by a hinge domain that 
folds each SMC back on itself. The two globular C and N terminal ends are juxtaposed to form 
an ATP-binding and ATP-hydrolysis site (Figure 1D). To form a closed-ring structure, the ATPase 
domains are bridged together by non-SMC elements, while the SMC proteins associate tightly 
through their hinge regions (Reviewed in [1]).
 In vitro assays using purified fission yeast proteins have shown that Nse1 binds to Nse3, and 
both Nse1 and Nse3 bind to Nse4 [8, 9]. Nse1 contains a RING-finger domain, common to ubi-
quitin E3 ligases [10-12], and Nse3 contains a MAGE (melanoma-associated antigen gene) do-
main [13]. It has been shown that human NSMCE3 enhances the E3 ubiquitin ligase of NSMCE1 
in vitro [14].  Nse2 (also referred to as Mms21) is bound to Smc5, contains a SP-RING domain 
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Figure 1: Structure and composition of Smc5/6 complex. Conserved from yeast to humans, Smc5 and Smc6 fold 
and interact at their central hinge domains. Through the coiled coil stretch, the N- and C-termini are brought in close 
proximity creating an ATPase domain. The ring-like structure is closed by several non-SMC elements (Nse1, Nse3 and 
Nse4). In addition, the SUMO ligase Nse2 is bound to the coiled coil region of Smc5. Nse5 and Nse6 are located at the 
hinge domain in budding yeast (A), at the ATPase domain in fission yeast (B), but homologs have not been identified 
in mammals (C). D] Smc5 and Smc6 each contain an extensive coiled-coil domain that folds back on itself at a central 
hinge domain, juxtaposing the terminal head domains to form an ATP-binding and ATP-hydrolysis site.
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[11, 13], and functions as an E3 small ubiquitin-related modifier (SUMO) ligase [4, 15, 16]. Nse4 
is a α-kleisin subunit which bridges the ATPase head domains of Smc5 and Smc6 [8]. Nse5 
and Nse6 are also Smc5/6 components in budding and fission yeast, although homologs in 
other organisms have not been elucidated. In budding yeast, Nse5 and Nse6 associate with the 
hinge region (Figure 1A) [3]. In fission yeast, Nse5 and Nse6 associate with the head domains 
(Figure 1B), which may enhance the stability of the complex [5].

Smc5/6 in mitotic cells 

 In somatic cells, the Smc5/6 complex is involved in several processes required to main-
tain genomic stability. Mechanistically, these processes involve regulation of specific factors 
required for homologous recombination (HR) pathways. All these processes, including DNA 
replication, HR mediated DNA double strand break (DSB) repair, correct chromosome topology 
and, eventually, proper metaphase conformation, are also essential for successful meiosis.

Smc5/6 and stalled replication forks
 Smc5/6 is required for maintaining replication fork stability and the restart of stalled repli-
cation. In budding yeast, the absence of Nse2 SUMO ligase activity results in Rad51-dependent 
X-shaped HR intermediates or aberrant joint molecules (JMs) accumulating at stalled replicati-
on forks [17, 18]. The Smc5/6 complex functions with Sgs1, a homolog of the Bloom syndrome 
helicase (BLM), to inhibit the accumulation of these abnormal intermediates. It is possible that 
this function is conserved in humans, as hypomorphic mutations that lead to the loss of the 
NSMCE2 SP-RING domain result in delayed recovery from replication stress and a reduction 
in BLM foci [19]. These defects result in chromosome bridges and missegregation during the 
metaphase to anaphase transition. In budding yeast, Smc5/6 has been shown to interact and 
restrain the replication regression activity of Mph1 helicase, an ortholog of human FANCM, 
which is required for replication fork repair but can also lead to accumulation of aberrant joint 
molecules [20]. 
 In fission yeast, similar JMs accumulate at the collapsed replication forks in smc6 mutants, 
correlating with chromosome missegregation [21]. Smc5/6 is required for the loading of Rpa 
and Rad52 onto stalled replication forks in order for the fork to maintain a recombination-
competent conformation [22]. Overexpression of Brc1, a BRCA C-terminal (BRCT) motif protein, 
rescues the replication-arresting defect of a Smc6 hypomorphic mutant [5, 23-25]. Because this 
rescue is dependent on Brc1-mediated promotion of a post-replicative repair pathway and the 
function of structure-specific endonucleases Slx1/4 and Mus81/Eme1 that resolve the accu-
mulated JMs, Smc5/6 complex may be required to prevent the formation of replication stress-
induced JMs and/or assist in their resolution.

Facilitating homologous recombination 
 Numerous studies using mammalian, plant, budding yeast, and fission yeast cells have in-
dicated that Smc5/6 functions in the homologous recombination pathway [5, 11, 21, 26-32].
In budding yeast and human cells, Smc5/6 and cohesin are recruited to DSBs to promote re-
pair via sister chromatid recombination [33-38]. Although Smc5/6 and cohesin complexes are 
recruited to DSBs independently, Nse2-mediated sumoylation of the α-kleisin subunit of cohe-
sin, Scc1, is required to ensure proficient sister chromatid recombination [38, 39]. In turn, su-



63SMC5/6 in meiosis

moylation of Scc1 was shown to counteract the action of Wapl, a negative regulator of cohesin 
loading [38].
 ChIP experiments in mouse B cells showed that SMC5 co-localizes with RPA, the single-
strand binding protein involved in DNA replication and repair, and BRCA1, a protein involved 
in DSB repair, at early replication fragile sites [40]. These findings suggest that the SMC5/6 com-
plex binds to single-stranded DNA (ssDNA) substrates created during HR and/or DNA replica-
tion. 

Regulation of homologous recombination in repetitive sequences 
 In budding yeast, the ribosomal genes are organized into a single array of 100–200 iden-
tical repeats on chromosome XII that is compartmentalized into the chromatin region called 
nucleolus [41]. Due to the repetitive nature of the ribosomal DNA (rDNA) locus, HR-mediated 
DNA damage repair in this region can lead to illegitimate recombination events that result in 
JMs and unequal sister chromatid exchange [42]. In order to prevent such deleterious recom-
bination events, DSBs occurring within rDNA are thought to be moved outside the nucleolus 
by a Smc5/6-dependent mechanism in order to be repaired [29, 43]. However, the visible pre-
sence of DSBs in the nucleolus of Smc5/6 mutants could also be due to less efficient repair of 
these breaks without functional Smc5/6.
 Similarly, in Drosophila, Smc5/6 is thought to be involved in the translocation of the dama-
ged DNA within heterochromatin regions to adjacent euchromatic regions where recombi-
nation can occur proficiently [44]. Moreover, in heterochromatin, Smc5/6 suppresses HR until 
translocation of the DSB has occurred [44].

Mitotic metaphase
 Smc6 location in mitotic metaphase cells has been studied multiple times, with varying 
outcomes. Some studies in mouse and human show that SMC6 is translocated away from the 
chromosomes during mitotic divisions [45-48], while other studies in budding yeast and mou-
se report Smc6 to be located at the centromeres of mitotic cells [34, 49, 50]. 
 The SMC5/6 complex is required for regulating topoisomerase IIα and condensin localiza-
tion on replicated chromatids in human cells during mitosis, thereby ensuring correct chromo-
some morphology and segregation [48]. Topoisomerase II (TopoII) resolves DNA topological 
constraints by introducing transient DSBs that are needed to decatenate double stranded DNA 
to alleviate supercoiling [51]. TopoII initiates the passage of an unbroken DNA strand through 
the DSB and then reseals the break [51]. In budding yeast, Smc5/6 has recently been implicated 
in managing replication-induced topological stress [52, 53] and induction of topological stress 
by TopoII inactivation correlates with increased frequency of Smc5/6 chromosomal association 
sites [53, 54]. In fission yeast, TopoII and Smc5/6 are required for the timely removal of cohes-
ins from the chromosome arms before metaphase [55]. Retention of these cohesins would 
otherwise cause chromosome missegregation and subsequent mitotic catastrophe. This was 
further supported when overexpression of separase, a protein that cleaves cohesin, was shown 
to rescue the lethality of TopoII and Smc5/6 mutants in fission yeast [56].

Meiosis

 Meiosis is a specialized cell division during which one round of DNA replication is followed 
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by two successive rounds of chromosome segregation. First, the homologous chromosomes, 
each consisting of one pair of sister chromatids held together by cohesin complexes, move 
to opposite poles (meiosis I). Second, the sister chromatids are segregated, resulting in the 
formation of four haploid cells (meiosis II). During prophase I, the homologous chromosomes 
align and, in most organisms, chromosome synapsis is achieved by formation of the synapto-
nemal complex (SC). Correct synapsis of the homologous chromosomes is required to facilitate 
meiotic recombination and the subsequent formation of meiotic crossovers. These meiotic 
crossovers, or chiasmata, introduce genetic variation among the resulting gametes. Additio-
nally, together with proper sister chromatid cohesion, they also ensure correct chromosome 
orientation and segregation during meiosis I (Reviewed in [57]).
 The molecular pathways required for DSB repair during meiosis have been studied in most 
detail in budding yeast [58, 59]. However, evidence indicates that these pathways are con-
served [60-62]. The following paragraphs briefly summarize meiotic recombination, using bud-
ding yeast as an example (Figure 2). Meiotic recombination is initiated by Spo11-induced DSB 
formation, a 5-3’ exonuclease that produces a 3’ single-stranded DNA overhang at every break 
[63]. This 3’ overhang is then coated by the Rad51/Dmc1 strand exchange proteins and invades 

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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the complementary sequence of the homologous chromosome (Figure 2A). DNA synthesis 
then starts from the invading end and proceeds beyond the DSB. This single-end invasion (SEI) 
is the precursor of all recombination pathways during meiosis [58, 59].
 Following SEI, most recombination events are processed via synthesis-dependent single-
strand annealing (SDSA) (Figure 2B). During SDSA, the invading strand is thought to be dis-
placed by the RecQ helicase BLM/Sgs1 [58, 64-67]. The displaced strand is then used as a syn-
thesis template for the other damaged ssDNA end, and ligation results in the formation of a 
non-crossover. 
 The DSB repair mechanism in budding yeast that ensures reciprocal crossover formation 
is known as the ZMM (Zip1-4, Mlh1/3, Msh4/5) pathway. The ZMM pathway requires both SC 
components (Zip1-4 and Spo16), and the conserved mismatch repair heterodimers MutSγ 
(Msh4-5) and MutLγ (Mlh1-3) [68, 69]. At a ZMM designated recombination site, the SEI is sta-
bilized and the second end of the DSB is captured to form a double Holliday junction (dHJ). 
Interestingly, Sgs1 is required to stabilize the ZMM designated dHJs, which are resolved asym-
metrically by Exo1-MutLγ to form crossovers, and eventually lead to chiasmata [59] (Figure 2C). 
 Timely organization of the different steps of meiotic DSB repair depends on tight regula-
tion of the meiotic prophase I, which can be subdivided in four stages: leptonema, zygonema, 
pachynema and diplonema. During leptonema, the chromatin condenses and formation of 
axial elements between sister chromatids begin to form. Simultaneously, DSBs are induced 
by the endonuclease SPO11, triggering the meiotic DNA-damage response. During zygone-
ma, homologous chromosomes begin to synapse, characterized by the formation of the SC, a 
proteinaceous structure which comprises axial proteins (now termed lateral elements) linked 
by central components. Single strand invasion occurs, followed by resection and DNA syn-
thesis, resulting in recombination intermediates. Recombination events are neither randomly 
nor equally distributed throughout the genome, but are preferentially located at hotspots at 
which DSBs are more frequently formed (reviewed in [70]). At pachynema, the homologous 
chromosomes are fully synapsed along their entire length. DSB repair via HR continues by the 
resolution of recombination intermediates into either a non-crossover or a crossover event. 
Only a minority of recombination intermediates are resolved as crossovers, but there are pro-
cesses which ensure that at least one crossover is formed per homolog pair (reviewed in [71]). 
Finally in diplonema, the synaptonemal complex gradually dissociates and most recombina-
tion intermediates are completely resolved. Importantly, crossovers remain as chiasmata in 
order to keep homologous chromosomes locally tethered and, together with proper chromo-
some cohesion, ensure bi-orientation and accurate segregation during meiosis I (reviewed in 
[57]).
 During the first meiotic division, homologous chromosomes, each containing two sister 
chromatids held together by cohesins, segregate to opposite poles. Bi-orientation of homo-
logous chromosomes is crucial for their accurate segregation, and misalignment may result 
in aneuploidy. The spindle assembly checkpoint (SAC) controls this bi-orientation by monito-
ring the tension that is generated when the homologous chromosomes are pulled to opposite 
directions and only allows subsequent chromosome segregation when all chromosomes are 
correctly orientated. The physical linkage that chiasmata provide achieves bi-orientation and 
inter-homolog tension. Failure to generate the chiasmata, e.g. due to absence of DSB induc-
tion, inadequate repair, and lack of crossover events, will lead to either a SAC induced me-
taphase I arrest and apoptosis or aberrant chromosome segregation and aneuploidy in the 
resulting gametes. 
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Localization of Smc5/6 in meiosis

Budding Yeast
 Using immunofluorescence microscopy, Smc6 was observed to localize to the nucleolus 
in budding yeast at the entry into meiosis [72, 73]. During meiotic progression, chromosome 
axes are formed and DSB repair is initiated. At this time, Smc5 and Smc6 localize as distinct 
foci along the chromosome axes [72-75]. Smc6 also frequently co-localizes side-by-side with 
Rad51 recombinase, indicating a potential function in the strand invasion step in HR repair 
[74, 75]. The Smc6 localization along the axes becomes more abundant as synapsis occurs [73-
75]. The formation of this punctate distribution does not depend on meiotic DSBs [72, 74]. 
Contrasting data has been reported for the effect of cohesin mutation on Smc5/6 axis loa-
ding. It was observed by Lillienthal et al. that Smc6 binding to chromosomes is dependent on 
meiosis-specific cohesin subunit Rec8. Therefore, the Smc5/6 complex may be influenced by 
meiotic axis structure and/or the presence of sister chromatid cohesion. In contrast, however, 
the localization of Smc5 was not affected by the absence of Rec8 [74]. Although surprising, it is 
possible that Smc5 and Smc6 loading to chromosome axes is independent of one another, and 
Smc6 but not Smc5 requires cohesin. An alternative explanation is that differences in chroma-
tin spreading techniques resulted in the contrasting observations. The localization of Smc5/6 
during late prophase is still inconclusive. After late prophase, some studies reported Smc5 and 
Smc6 localization become more diffuse and are absent prior to metaphase I [73, 74], while 
another study reported that Smc6 localized to the chromatin during both meiotic divisions, 
displaying dense clusters at the boundary between segregating chromatin masses [75]. These 
discrepancies may be due to sensitivity differences in chromatin spreading technique and epi-
tope accessibility. 
 To assess chromatin localization of Smc5/6 in greater detail, genome-wide ChIP-on-chip 
localization studies were used [74, 75]. These studies showed that Smc5 and Smc6 bind to 
many of the same chromosomal axis-associated sites as Rec8, including centromeres. In ad-
dition, Smc5/6 is enriched at DSB hotspots. However, this localization occurs independently of 
DSB formation, which supports the immunofluorescence microscopy data [74, 75]. Finally, as 
observed in mitotic cells, Smc5/6 also binds to the rDNA, which remains unsynapsed during 
meiotic prophase I [72, 73, 75]. 

Caenorhabditis elegans
 In C. elegans, SMC-6 localizes to the condensed chromatin of germ cells throughout mei-
osis [76]. SMC-6 becomes enriched on chromosomes during pachytene, which coincides with 
occurrence of DSB repair, complementing the localization pattern in budding yeast. SMC-6 
remains on chromosome axes during diplotene and diakinesis in worms [76].

Mouse, Human
 The first indications of a possible role for SMC5/6 in mammalian meiotic progression were 
elevated levels of both SMC5 and SMC6 in the testis and localization in spermatocytes. [47]. 
It then took over 12 years before the role of SMC5/6 in mammalian meiosis was investigated 
in more depth revealing involvement at several crucial and diverse steps during rodent and 
human spermatogenesis [45, 46, 49]. First, in mouse spermatocytes, SMC5, SMC6 and NSMCE1 
were found to be located at pericentromeric heterochromatin (or so-called chromocenters): 
condensed repetitive sequences surrounding the centromeres [46, 49]. This localization al-
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ready starts in differentiating spermatogonia, remains throughout all meiotic stages, including 
metaphase I and II, and disappears when the haploid spermatids start to elongate [46, 49]. 
Moreover, SMC5 and SMC6 were detected at the SC of synapsed homologous chromosomes 
from early zygonema until late diplonema in mouse spermatocytes [49]. This latter localization 
pattern was also reported for both SMC5 and SMC6 in human spermatocytes [45]. Finally, de-
tection of SMC5, SMC6, and NSMCE1 at the XY body during pachynema was observed in both 
mouse [47, 49] and human spermatocytes [45]. However, it must be noted that in mouse sper-
matocytes, SMC5, SMC6, and NSMCE1 localize to the chromatin of the XY body [49], whereas in 
human spermatocytes the localization of SMC6 was limited to distinct foci located at the axial 
elements of the unsynapsed X and Y chromosomes [45].

Functions of Smc5/6 in meiosis

Meiotic recombination 
 When meiotic recombination intermediates are not properly resolved to form either a non-
crossover or crossover, aberrant joint molecules (JMs) can emerge. These JMs have the poten-
tial to block chromosome segregation if unresolved [64, 74, 75]. Sgs1 limits the formation of 
these JM structures [58, 64, 77-79]. Several structure-selective nucleases, Mus81-Mms4, Slx1-
Slx4, and Yen1, are involved in the resolution in these JMs [58, 59, 80]. In budding yeast, the 
Smc5/6 complex antagonizes the formation of JMs via two mechanisms: (i) prevention of JMs 
by destabilizing SEI intermediates [75] and (ii) facilitating JM resolution [73-75]. Like previously 
reported for the helicase BLM/Sgs1, the SUMO E3 ligase function of Nse2/Mms21 subunit is re-
quired to destabilize SEI intermediates [75]. This inhibition is needed to prevent the formation 
of inappropriate recombination intermediates. In the absence of Smc5/6, these inappropriate 
recombination intermediates develop into JMs that require the structure-selective resolvases 
Mus81-Mms4, Slx1-Slx4, and Yen1 to be processed [59]. Of these resolvases, at least the ability 
of Mus81 to associate with, or be stabilized on, the meiotic chromosomes efficiently is depen-
dent on Smc5/6 [74]. Interestingly, while required to limit SEI stabilization, the SUMO E3 ligase 
function of Nse2/Mms21 is not required for Smc5/6 directed JM resolution [75]. 
 In fission yeast, meiotic recombination generates single Holliday junction (HJ) intermedi-
ates [63, 81-83], which are eventually resolved by the Mus81-Eme1 complex [81, 84, 85]. Based 
on genetic experiments, the Smc5/6 complex subunits Nse5-Nse6 have a regulatory role in 
Mus81-Eme1 dependent HJ resolution [86].
 In C. elegans the SMC-5/6 complex is not required for chiasmata formation. However, muta-
tion of smc-5 or smc-6 did result in chromosome fragmentation during meiosis I and an incre-
ased number of RAD-51 foci in the nucleus [76]. Interestingly, mus-81, him-6 (a BLM ortholog) 
and mus-81, xpf-1 double mutants display a similar phenotype to the smc-5 or smc-6 mutants 
[87].  Because these genes are involved in two redundant HJ resolution pathways in C. ele-
gans [88], the SMC-5/6 complex is likely to be involved in HJ resolution. Hence, the C. elegans 
SMC-5/6 complex may be playing similar JM antagonistic roles observed in budding yeast by 
hindering JM formation early and assisting JM resolution. However, C. elegans chromosomes 
are holocentric, and subsequent roles of SMC-5/6 in chromosome segregation may differ from 
other model organisms.
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Preventing HR in heterochromatin
 In budding yeast, Smc5/6 also binds to the rDNA, which remains unsynapsed during mei-
otic prophase I [72, 73, 75]. Smc5/6 has been shown to have an anti-recombinogenic role at 
this repetitive DNA locus during vegetative growth [43]. Additionally, budding yeast Smc6 is 
strongly enriched in the pericentromeric regions during the mitotic G2 phase [34]. Smc5/6 is 
essential for the timely separation of chromatids and the prevention of branched and entang-
led chromosome structures and subsequent mitotic arrest [34]. It is conceivable that Smc5/6 
plays similar roles at the rDNA locus and pericentromeric regions during meiosis.
 In mouse spermatocytes, SMC5, SMC6, and NSMCE1 localize at pericentromeric hetero-
chromatin [46, 49]. As with rDNA, these regions are at high risk of aberrant recombination 
events when HR is enabled, leading to genomic instability [89]. An additional challenge spe-
cific to meiotic cells is the endogenous induction of DSBs that are repaired by HR. Pericen-
tromeric heterochromatin consists of densely packed repetitive sequences and is therefore 
vulnerable to aberrant events such as the formation of intra-chromosomal recombination 
structures. As a result, meiotic recombination is generally suppressed around the centromeres 
[90], via a mechanism yet to be elucidated. The role of Smc6 in preventing HR in these high-risk 
regions has already been established for yeast and Drosophila mitotic cells [43, 44]. In line with 
these studies, pericentromeric heterochromatin of mouse prophase spermatocytes is simulta-
neously marked with SMC5, SMC6, and NSMCE1 [46, 49] and deprived of recombination sites 
marked by RAD51 [46]. These findings suggest that also in mammalian germ cells, SMC5/6 
might be responsible for preventing aberrant HR events in repetitive sequences. Interestingly, 
even though prevention of HR in heterochromatin might be a conserved function of SMC5/6, 
a similar localization was not found in human prophase spermatocytes [45]. 

Centromere cohesion 
 During budding yeast meiosis, Smc5/6 regulates sister chromatid cohesion at centromeres 
and is required for the timely removal of cohesin from chromosomal arms [74].
 SMC6 is proximal to the centromeres during both meiotic metaphases in mouse [46, 49] 
and human [45]. As well as during prophase I stages, SMC6 co-localizes at the centromeres 
with Topo IIα during metaphase I and II [49]. More specifically, in metaphase I and anaphase I, 
SMC6 was present as two foci proximal to the sister kinetochores, and only one signal near the 
kinetochores at metaphase II and anaphase II [49]. Additionally, in metaphase II spermatocytes, 
in which the centromeres are subjected to tension from opposite poles, SMC6 appeared as a 
strand connecting the sister kinetochores [49]. The finding that SMC6 co-localizes with Topo 
IIα, together with the fact that the strand of SMC6 joining sister kinetochores persists even 
after redistribution of Aurora-B, suggests that the SMC5/6 complex may regulate sister-chro-
matid centromere cohesion and dissolution of DNA catenates that form after DNA replication 
[49]. This role for SMC5/6 was further appointed when Topo IIα was inhibited by etoposide, 
inducing lagging chromosomes during the second meiotic division. Both SMC6 and Topo IIα 
co-localized at stretched strands connecting these lagging chromatids at the site of the kine-
tochores [49]. Complementary data was acquired using budding yeast, where localization of 
Smc5 depends on meiotic DNA replication, and in the absence of TopoII, Smc5 localization is 
aberrant [74].

SC assembly/stability, homologous chromosome synapsis
 Both in mouse and human spermatocytes, SMC5 and SMC6 were found to be located at 
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the SC [45, 49]. Co-localization of mouse SMC6 with the SC central region proteins SYCP1 and 
TEX12 showed that SMC6 is restricted to synapsed chromosomes, leaving the un- or desy-
napsed axes including X and Y, unmarked [49]. Mammalian synapsis is characterized by the 
presence a central region that, besides SYCP1 (equivalent to Zip1 in budding yeast), also con-
tains the central element proteins SYCE1-3 and TEX12 [91-95]. However, although dependent 
on SYCP1, loading of SMC6 to the mouse SC occurs independent of  these central element 
proteins  [49]. Additionally, mouse SMC5/6 localization is not dependent on meiosis-specific 
cohesin subunits REC8 and SMC1β [49]. The longitudinal localization pattern along the mam-
malian synapsed SC axes could suggest that localization of SMC5/6 is dictated by chromosome 
structure, as has been suggested in mitotic cells [1], or that the complex either facilitates SC 
assembly, chromosome synapsis, or recruitment of other SC-associated proteins.

A

B

1. Synaptonemal Complex 
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3. XY body silencing

4. DNA repair unsynapsed 
chromosomes

5. Resolving meiotic 
recombination 
intermediates

6. Centromere cohesion
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With Smc5/6

Resolution of joint molecules 
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Figure 3: Proposed func-
tions of Smc5/6 in mei-
osis A] In budding and 
fission yeast, Smc5/6 is 
required for the resolu-
tion of meiotically indu-
ced joint molecules and 
correct segregation of 
homologous chromoso-
mes. Without functional 
Smc5/6 recombination in-
termediates cannot be ef-
ficiently resolved, leading 
to the accumulation of 
inter-homolog, inter-sister 
and multi-chromatid joint 
molecules and failure to 
segregate chromosomes 
properly. Black spot = 
centromere. B] During 
mouse and human meio-
sis, SMC5/6 functions in a 
variety of processes. It is 
proposed to be involved 
in synaptonemal complex 
formation and/or stability, 
heterochromatin mainte-
nance and XY body silen-
cing. Moreover, it may be 
required for repair of DSBs 
due to lack of synapsis and 
resolving meiotic recom-
bination intermediates. 
Finally, SMC5/6 is involved 
in centromere cohesion 
during M-phase. Purple 
= SMC5/6 complex loca-
lization. Gray filaments 
= lateral elements of the 
synaptonemal complex. 
Gray spot = centromere. 
Note: depicted chromo-
somes represent (telocen-
tric) mouse chromosomes.
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The XY body and unsynapsed chromosomes in pachytene spermatocytes
 In males, due to a lack of homology, the X and Y chromosomes remain largely unsynapsed 
during the meiotic prophase I. During meiotic prophase, unsynapsed chromosomal regions 
are transcriptionally silenced by a process called meiotic silencing of unsynapsed chromoso-
mes (MSUC) [96]. In the case of the X and Y chromosome, this silencing is called meiotic sex 
chromosome inactivation (MSCI), and is achieved by the formation of a so-called XY-body (or 
sex-body), marked by the presence of several DNA damage response proteins such as BRCA1, 
γ-H2AX and ATR [96]. In male meiotic cells with extensive autosomal asynapsis, MSUC com-
petes with MSCI for these proteins. The sex chromosomes will then be inadequately silenced, 
which will result in a pachytene arrest [97]. In mouse spermatocytes, SMC5, SMC6, and NSMCE1 
were found to cover the XY body [49]. Because the XY staining resembles that of γ-H2AX, it is 
proposed that the SMC5/6 complex might be facilitating MSCI at this site.
 In human spermatocytes, SMC6 is present on the unsynapsed XY chromosomes in a more 
foci-like pattern [45], suggesting a function in DSB-repair. Interestingly, it has been recently 
found that in the absence of synapsis, including the unsynapsed regions of the sex chromoso-
mes, SPO11 will continue to make DSBs [98]. In this light, the presence of SMC5/6 on the un-
synapsed sex chromosomes might be required to repair these continuously induced DSBs. In 
addition to this observation, unsynapsed autosomes display both RAD51 and SMC6 foci [45]. 
Hence, it seems likely that human SMC5/6 plays a role in the repair of the continuously induced 
DSBs on unsynapsed meiotic chromosomes. 

Discussion/concluding remarks

 In recent years, assessment of Smc5/6 localization and analysis of Smc5/6 mutant pheno-
types during meiosis has resulted in an abundance of data implying a number of meiotic func-
tions (Table 1). In all models, and in line with its described functions during mitosis, Smc5/6 is 
involved in HR mediated repair and chromosome segregation, as depicted in Figure 3. Howe-
ver, despite this common denominator, the meiotic functions of Smc5/6 seem astonishingly 
diverse. 
 Several studies in mammalian models have shown varying results when using antibodies 
against different epitopes of SMC6 simultaneously [45, 46, 49]. Since the technical variation 
within experiments was negligible, differences in localization pattern are most likely a reflec-
tion of varying conformations of the SMC6 protein or SMC5/6 complex as a whole, resulting 
in differing accessibility of these epitopes. Indeed, a study using budding yeast demonstrates 
that the Smc5/6 complex is physically remodeled in a ATP-dependent manner [99]. Even 
though future studies might unravel the role of conformation herein, another possibility is 
that Smc6 and/or Smc5 can act independently from the Smc5/6 complex, thereby showing 
differential localization patterns. When budding yeast proteins were purified separately, Smc5 
and Smc6 were found to have some binding activity to ssDNA, independently of the presence 
of the other subunits [100, 101]. However, even though some studies support the complex-
independent function of Smc5 and Smc6 [101-103], most studies show that hypomorphic al-
leles and RNAi knockdown of Smc5 and Smc6 yield complementary phenotypes (e.g. [30, 48, 
104]). Moreover, fractionation experiments indicate that the majority of Smc5/6 components 
are in complex, and only a small fraction is present as isolated monomers [105]. 
 The diversity of mitotic and meiotic functions of Smc5/6 illustrates the versatility of this 
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protein complex. Yet, the regions where Smc5/6 has been found to act are not random and its 
roles on rDNA, telomeres, DSBs, replication sites, and collapsed replication forks  all support 
the strong preference of Smc5 and Smc6 to capture ssDNA [100, 101]. The consequences of 
Smc5/6 binding to DNA seem to vary between the specific processes it is required for. During 
meiosis, the Smc5/6 complex can either link homologous chromosomes or may recruit other 
proteins to its site of action. Either way, both the fission and budding yeast Smc5/6 complex 
has been found to be crucial to resolve meiotic recombination intermediates [73-75]. Despite 
its seemingly diverse roles during different processes, resolving complex chromosome structu-
res, which would otherwise cause cell cycle arrest or prevent chromosomes from being segre-
gated, appears a major meiotic function of Smc5/6. However, how Smc5/6 is molecularly regu-
lated during different meiotic processes, such as pre-meiotic S-phase, meiotic recombination 
and the meiotic M-phases, still needs further research. Creation and assessment of mammalian 
mutant models, together with the development of a comprehensive meiosis interactome for 
the SMC5/6 complex will further our comprehension of SMC5/6 functions. More knowledge on 
the meiotic functions of Smc5/6 may give insight in one of the biggest questions in biology: 
how are germ cells capable to passage their genome through essentially endless generations 
while maintaining sufficient genomic integrity.
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Abstract

The structural maintenance of chromosomes (SMC) protein complexes are known to shape 
and regulate the structure and dynamics of chromatin, thereby controlling many chromoso-
me-based processes such as cell cycle progression, differentiation, gene transcription and DNA 
repair. Of the three SMC complexes (cohesin, condensin and SMC5/6), the SMC5/6 complex 
has been mainly described to be involved in DNA damage repair and genomic integrity main-
tenance. SMC5/6 was previously described to promote DNA double-strand break (DSBs) repair 
by sister chromatid recombination, and was found to be essential for resolving recombination 
intermediates during meiotic recombination in yeast. Moreover, in budding yeast, SMC5/6 has 
been found to provide structural organization and topological stress relief during replication 
in mitotically dividing cells. Despite the versatile and essential nature of the SMC5/6 complex, 
the mechanism by which SMC5/6 is regulated on a biochemical level in mammalian (germ) 
cells is poorly understood. 

By using a spermatogonial cell line (GC-6spg) and a human osteosarcoma cell line (U2OS), 
we shed light on the regulation and function of SMC5/6 in genome integrity maintenance. We 
show that the SMC5/6 complex physically interacts with the DNA topoisomerase TOP2A. More-
over, by removing NSE2 in U2OS cells, we find that the presence of the SMC5/6 subunit NSE2 is 
not required for a proper DNA damage response or cell survival after DSB induction by ionizing 
irradiation or cisplatin treatment. This suggests that the SMC5/6 complex is not essential for 
non-homologous end joining and nucleotide excision repair, the two major pathways of DNA 
repair after IR and cisplatin induced DNA damage. However, treatment with the topoisomerase 
inhibitor etoposide yielded an increased sensitivity in cells lacking NSE2. We therefore propose 
that the SMC5/6 complex functions in resolving TOP2A-mediated DSB-repair intermediates 
that are generated during early replication.
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Introduction

During germ cell development, chromatin structure and dynamics are crucial for replica-
tion and transcription, mitotic and meiotic cell cycle progression and overall genome integrity. 
When the spatiotemporal organization of chromatin is not well established or maintained, 
male germ cells are in principle eliminated during spermatogenesis by spermatogonial apop-
tosis or meiotic arrest [1, 2]. However, when compromised germ cells are allowed to continue 
spermatogenesis, incorrect chromosome segregation, subsequent chromosomal aberrations 
or aneuploidies may result in miscarriage or congenital malformation in the offspring [1, 2]. 

In the mitotically dividing spermatogonia, chromatin architecture and genomic integrity 
are important. In mouse spermatogonia, profound changes in heterochromatin organization 
are visible when spermatogonia develop from undifferentiated (Asingle, Apaired and Aaligned) into 
differentiating spermatogonia (A1-4, intermediate and B) [3]. Moreover, mouse undifferentiated 
spermatogonia are more resistant to X-ray irradiation than differentiated spermatogonia [4], 
indicating differences in genome integrity maintenance during spermatogonial differentia-
tion. 

Paradoxically, meiosis, the process during which genetically diverse haploid gametes are 
formed, involves the endogenous induction of DNA double-strand breaks (DSBs). Part of the-
se DSBs are resolved in crossover events (called chiasmata) that provide a physical linkage 
between homologous chromosomes required for proper bi-orientation and chromosome se-
gregation during the first meiotic division. However, DSBs are at the same time deleterious and 
dangerous to the cell due to the risk of chromosome rearrangements and genetic instability 
when repaired incorrectly. Finally, DSBs are also induced during spermiogenesis, when the 
chromatin of the haploid round spermatids is compacted through replacement of histones by 
protamines [5]. Hence, tight regulation of chromatin architecture and genome integrity main-
tenance is essential for spermatogenesis and pivotal for successful and safe reproduction. 

The structural maintenance of chromosome (SMC) protein complexes shape and deter-
mine chromatin structure and function and are therefore implicated in many, if not all, funda-
mental chromosome-based processes. The three SMC protein complexes, cohesin, condensin 
and SMC5/6, all consist of two SMC subunits and several non-SMC elements. The resulting 
ring-like complexes all possess the capacity to hold two DNA double-strands together, and are 
thereby able to physically shape the DNA in specific chromatin structures [6, 7]. By doing so, 
SMC complexes control chromosome segregation, DNA repair, transcription and replication, 
among other processes [6, 8-10]. Of the three SMC complexes, the SMC5/6 complex has been 
most directly and exclusively described to be involved in DNA damage repair and genomic 
integrity maintenance [11-13].

We have recently investigated the potential role of SMC5/6 in male germ cell development. 
We found expression of mouse SMC6 to coincide with spermatogonial differentiation, a deve-
lopmental step that marks the irreversible commitment of these germ cells towards meiosis 
[14]. In line with this finding, also the human testis contains clear subpopulations of SMC6 ne-
gative and positive spermatogonia, potentially also reflecting spermatogonial differentiation 
status [15].

In addition, in various organisms, ranging from yeast to human, SMC5/6 is involved in nu-
merous meiotic processes. First of all, SMC5/6 is present on the centromeres of meiotic cells, 
where it is required for the timely removal of cohesin from the chromosomal arms, thereby en-
suring proper chromosome segregation [14-17]. Secondly, in many models SMC5/6 is located 
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at the synapsed axes, suggesting that the complex is involved in homologous chromosome 
synapsis [15-20]. A potential role in meiotic sex chromosome inactivation has been sugge-
sted by the observed localization of SMC5 and SMC6 to the XY body in mouse spermatocytes 
[14, 17]. Not surprisingly, also in meiotic cells the involvement of SMC5/6 in genome integrity 
maintenance is prominent. First, co-localization studies have suggested that SMC5/6 prevents 
dangerous and error-prone HR in highly repetitive, densely packed DNA regions such as the 
rDNA and pericentromeric heterochromatin [14, 17, 19-22]. Furthermore, SMC5/6 seems to be 
involved in DSB repair as it is enriched at DSB sites in budding yeast and C. elegans [16, 18, 20], 
it localizes side by side with RAD51 in budding yeast and human [15, 16, 20] and its deletion 
results in an increase in RAD-51 foci and chromosome fragmentation in C. elegans [18]. Finally, 
SMC5/6 has been found to play a role in the resolution of meiotic recombination intermediates 
and mutation in Smc5, Smc6 or the SUMO ligase domain of Nse2 leads to the accumulation of 
toxic joint molecules in yeast and C. elegans [16, 19, 20, 23-25].

From this increasing amount of data, it is clear that SMC5/6 is pivotal for genomic integrity 
in germ cells by exhibiting a variety of functions. However, because mammalian data is limited 
to co-localization studies, the mechanism by which SMC5/6 is regulated on a biochemical level 
in mammalian (germ) cells is poorly understood. By using a spermatogonial cell line GC-6spg 
[26] and a commonly used human osteosarcoma cell line (U2OS), we aimed to increase our 
knowledge on the role of SMC5/6 during early germ cell development, as well as elucidate the 
mechanisms by which SMC5/6 itself is regulated. To be more specific, we aimed to answer the 
following questions: i) is the SMC5/6 complex regulated by posttranslational modification of 
SMC6? ii) is the SMC5/6 subunit NSE2 crucial for the DSB repair function of SMC5/6, and iii) is 
SMC5/6-mediated repair specific for a certain type of DNA damage.

Materials & Methods

Cells & culture
GC6-spg were cultured as described previously [26]. U2OS cells were cultured at 37°C and 

10% CO2 in Dulbecco’s modified Eagle’s medium (DMEM; (high glucose, pyruvate, L-glutamine); 
Gibco) supplemented with 10% Fetal Calf Serum (FCS), penicillin (100U/ml) and streptomycin 
(100U/ml). Colcemid (KaryoMAX Colcemid Solution; Gibco) was added to the culture medium 
to a final concentration of 0.1µg/ml.

Distribution of cells over the cell cycle phase
To determine the distribution of cells over the different cell cycle phases, DNA histograms 

were made. Cells were detached by 0.05% trypsin/EDTA (Gibco), pelleted in serum-containing 
medium and washed in PBS (Phosphate Buffered Saline). Cells were fixed and stored in 100% 
EtOH at 4°C. On the day of FACS analysis, cells were pelleted by centrifugation and all EtOH was 
removed. Cells were resuspended in PBS and RNAse A (final 1mg/ml; Roche) was added. After 
vortexing, propidium iodide (PI; final 25µg/ml; Sigma) was added and the cell suspension was 
thoroughly vortexed again. Cells were incubated for 15min at 37°C, after which the cell suspen-
sion was transferred through a 21G needle twice, in order to disrupt cell aggregates. DNA con-
tent was analyzed on a LSR Fortessa FACS analyzer (BD Biosciences) using DivaTM acquisition 
and analysis software. Figures were constructed using FlowJo X software.
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Irradiation 
Exponentially growing cells were exposed to ionizing radiation emitted by a 137Cs source 

(95% beta-emission). For immunocytochemistry, cells received 1 Gy of IR. For clonogenic as-
says, cells received 0-6 Gy of IR.

Clonogenic assay
Clonogenic assays were performed as describes previously [27]. Four hours after plating, 

cells were exposed to 0-6 Gy IR or were incubated for 1 hour at 37ºC in 0-100µg/ml cispla-
tin or 0-30mM etoposide. In each experiment, each dose was administered to 2 different cell 
densities, both in triplo. Survival capacity was calculated relative to the non-treated control 
condition.

Immunocytochemistry
For ICC, cells were plated on glass coverslides overnight, after which they were fixed in 4% 

formaldehyde/PBS for 10 minutes at RT. In the case of IR treatment, IR treated cells (and their 
no-IR controls) were fixed at varying time points after IR, ranging from 5 minutes to 6 hours post 
IR. After fixation, cells were permeabilized for 10 minutes at RT in PBST (0.25% Tween-20/PBS). 
Next, non-specific adhesion sites were blocked for 45 minutes at RT in PBST containing 1% BSA 
(bovine serum albumin). To visualize SMC6 and γH2AX, slides were incubated for 2 hours at RT 
in primary antibodies rabbit anti-SMC6 Ab (1/500; ab18039, Abcam), guinea pig anti-SMC6 GP 
(1/200; custom made, peptide: KRPRQEELEDFDKDGDEDE) and mouse anti-γH2AX (1/10.000; 
05-636, Millipore), diluted in in 1%BSA/PBST. After incubation in corresponding secondary 
antibodies (Donkey-anti-Rabbit Alexa555, Goat-anti-Guinea Pig Alexa488, Goat-anti-Mouse 
Alexa555, resp.; all diluted 1/1000 in 1%BSA/PBST), slides were washed and counterstained 
with DAPI and mounted in Prolong Gold. Between all steps, except blocking and primary anti-
body incubation, 3x 5min washes in PBS were performed.

Widefield fluorescence microscopy images were acquired at RT using a Plan Fluotar 
100×/1.30 oil objective on a Leica DM5000B widefield microscope equipped with a Leica 
DFC365 FX CCD camera. Images were analyzed using Leica Application Suite Advanced Fluo-
rescence software. Figures were constructed using Adobe Photoshop CS5 version 12.0. Confo-
cal images for subsequent quantification were acquired at RT using a Leica TCS SP8 SMD con-
focal microscope equipped with a 63x/1.40 HC Plan Apo oil CS2 objective (Leica). For excitation 
of DAPI, a 405 nm UV Diode was used and for excitation of other fluochromes, the VIS Argon 
470-670 nm White Light Laser (WLL) was used. Fluorescent signal was detected by PMTs and 
a HyD detector, and acquisition of the image (stacks) was performed using LAS AF X software.

Quantitative imaging
In order to enable identical staining and acquisition conditions for all samples, only 4 time 

points were chosen for quantitative imaging, 0min, 30min, 3h and 6h post IR. Confocal image 
stacks were acquired using the following settings: Resonant scan=on; galvo flow and bidirec-
tional X=off; line average=4; acquisition=between lines; field of view=792x792 (zoom=5.0); 
Z-step size=0.20µm; stack size=8µm total (42 steps). 1 pixel = 47x47x200nm (XYZ).

Images were deconvolved using Huygens Essential software, with a maximum number of 
iterations of 40, and a SNR (signal to noise) setting of 12 (green channel) or 10 (red channel). By 
visual inspection, cells with at least two clear SMC6 foci were identified for further analysis with 
MatLab software. Using MatLab software, we isolated the γH2AX foci with a minimal size of 50 
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pixels (0.022µm3) present in the nucleus. Next, the separate SMC6 foci were isolated (minimal 
size 10 pixels), and the amount of γH2AX foci overlapping with a SMC6 focus was determined.

Nuclear extract preparation and protein isolation
Cells were detached by 0.05% Trypsin/EDTA and collected by centrifugation. The cells were 

washed twice in ice cold PBS by resuspension and centrifugation (400rcf, 5min, 4°C). Cells were 
resupsended in cold buffer A (10mM Hepes pH=7.9, 1.5mM MgCl2, 10mM KCl, 0.5mM DTT) and 
incubated on ice for 10 minutes. After centrifugation (400rcf, 5min, 4°C), the cells were resus-
pended in cold buffer A with additional 1x PIC (phosphatase inhibitor cocktail; Roche), 0,2mM 
PMSF and 0.2% NP40. Cells were incubated on ice for 2 minutes, and then centrifuged (2300rcf, 
2min, 4°C) to separate the cytosolic fraction in the supernatant from the nuclei in the pellet. 
The pellet containing the nuclei was resuspended in buffer B (20mM Hepes pH=7.9, 25% glyce-
rol, 420mM NaCl, 1.5mM MgCl2, 0.2mM EDTA, 0.5mM DTT, 1x PIC, 0.2mM PMSF) and incubated 
on ice for 20 minutes, occasionally vortexing to lyse the nuclei. Both the cytosolic fraction and 
the lysed nuclei were centrifuged (16000rcf, 10min, 4°C) to clarify the extracts. 

For whole cell lysates, cells were detached, washed in PBS and pelleted by centrifugation. 
These cell pellets were either snapfrozen and stored or lysed directly. Cells were lysed in RIPA 
buffer containing 1x PIC and 1x PhosSTOP (Roche) for 1h on ice. The lysate was centrifuged 
(16000rcf, 10min, 4°C) to clarify the extract.

Immunoprecipitation
Immunoprecipitation was performed on lysed cells, using Dynabeads Protein A (Invi-

trogen). Per IP, 1x106 cells and 50µl dynabeads were used. Dynabeads were resuspended in 
AB Binding & Washing buffer containing 2µl anti-SMC6 GP (custom made) or anti-SMC5 (A300-
236A, Bethyl Laboratories) antibody and incubated for 30 minutes with rotation at RT. Using 
a magnet, the supernatant was removed, and the beads were washed by resuspension in AB 
Binding & Washing buffer. After the removal of the buffer, the beads were incubated in the cell 
lysate for 30 minutes with rotation at RT, after which the supernatant was collected and the be-
ads washed. Elution of the precipitated antigen was achieved after resuspension of the beads 
in RIPA buffer containing 1x PIC and 1x PhosSTOP, addition of LDS Sample Buffer and Sample 
Reducing Agent and heating of the sample for 10 minutes at 70°C. In preparation for western 
blot analysis, the supernatant was also supplemented with LDS Sample Buffer and Sample 
Reducing Agent and heated for 10 minutes at 70°C.

Western blot analysis 
Western blot analysis of cell lysates was performed as previously described [14], using the 

primary antibodies: SMC6 Ab (1/1000, Ab18039, Abcam), SMC6 GP (1/200, custom made), 
SMC5 (1/1000, A300-236A, Bethyl Laboratories), NSE2 (1/500, NBP1-76263, Novus Biologicals), 
TOP2A (1:1000, TG2011-1, TopoGEN) and b-actin (1:5000; A1978, Sigma-Aldrich).

Mass Spectrometry
For mass spectrometry of several bands detected by the SMC6 Ab antibody in U2OS (and 

GC-6spg) cells, SMC6 Ab was used for immunoprecipitation following the protocol described 
above. A total of approximately 7x106 cells, 100µl dynabeads and 5µl  SMC6 Ab antibody was 
used. All immunoprecipitated material was loaded on a single lane of a 4-12% Bis-Tris gradient 
gel (Invitrogen). After running, the gel was washed 3 times 10 minutes in H2O to remove SDS, 
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and subsequently stained in a colloidal coomassie solution (PageBlue Protein Staining Solu-
tion; 24620, Thermo Fisher) for 1h at RT, after which the excess of staining was washed away 
with H2O. Gels were stored in 1% acetic acid/H2O at 4°C. Protein bands of interest were excised, 
alkylated and subjected to tryptic digestion according to standard protocols. Further mass 
spectrometry analysis was performed as describes previously [28]. 

Live cell microscopy
Cells were plated in multi-chambered coverglass slides (Labtek II, Nunc) in a density of 1000 

cells/cm2 and cultured overnight before starting imaging. Both U2OS WT and NSE2 null cells 
were imaged at the same time, using a IRBE inverted phase contrast microscope and a N Plan 
Apo L 40x/0.55 Ph2 objective. Images were captured every 10 minutes for a total of 170 hours, 
at 37°C in an atmosphere containing 10% CO2. Medium was refreshed under the microscope. 
Cell cycle duration was determined by calculating the time between two cell divisions. Gene-
rations were aligned, in which we chose the third generation as the one in which the medium 
was refreshed, based on the WT cells.

Design of single-guide RNA (sgRNA) and construction of CRISPR plasmids
An online CRISPR-Cas9 (clustered regulatory interspaced short palindromic repeats-as-

sociated protein 9) Design Tool provided by Zhang’s lab (http://crispr.mit.edu) was exploited 
to identify the target sequences. The 20-nt target sequences preceding 5’-NGG (the protos-
pacer-adjacent motif, PAM), locating in early and conserved coding exons among transcript 
variants, and with least off-target sites in human genome were selected. To target SMC6 and 
NSE2 in U2OS cells, 2 sgRNAs were designed for each gene: 5’-GGTGACGAAGACGAATGTAA-3’ 
(in exon 3) and 5’-ATGCTTGGACCTTTTAAGTT-3’ (in exon 4) for SMC6 and 5’-TTCCAAGCCTGTAT-
CAACTC-3’ and 5’-AGCCTGTATCAACTCTGGTA-3’ (both in exon 3) for NSE2. The corresponding 
sense and antisense strands of oligos were purchased from Sigma-Aldrich. The CRISPR plas-
mids pSpCas9(BB)-2A-GFP (pX458) were obtained from Addgene (Addgene plasmid 48138). 
The pX458 plasmids were digested with FastDigest BbsI (Fermentas). The oligos were then an-
nealed and cloned into digested pX458 according to the protocol described by Ran et al. [29].

Transfection of U2OS cells with CRISPR plasmids 
The constructed pX458 plasmids were transfected into U2OS cells with the 4D-Nucleo-

fector System (Lonza). For each nucleofection reaction, approximately 500ng plasmids were 
transfected into 100,000 U2OS cells using program CM-104 and the SE Cell Line 4D-Nucleofec-
tor X Kit S (Lonza), according to the manufacturer’s instructions. 24h after nucleofection, the 
top 5~10% GFP+ U2OS cells were separated by FACS with a BD FACSAria cell sorter. In order to 
derive a stable NSE2-deficient cell line from single U2OS cells, FACS was conducted to deposit 
single GFP+ cells into 96-well plates (one cell per well).

Surveyor assay for verification of genome editing
Genomic DNA of transfected U2OS cells was extracted with QIAamp DNA Mini Kit (Qia-

gen), according to the protocol provided by the manufacturer. The genomic region (417bp) 
containing both mutation sites in exon 3 of NSE2 was amplified by PCR with Herculase II fu-
sion polymerase (Agilent Technologies). The forward and reverse primers used for PCR were 
5’-AATTTCAAGATGCCAGGACGT-3’ and 5’-GGATCTTCAAATCTTTGCCCAT-3’, respectively. PCR 
products were purified by QIAquick PCR Purification Kit (Qiagen). Genomic modifications in 
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the amplified region were then detected with Surveyor Mutation Detection Kit (Integrated 
DNA Technologies), according to the manufacturer’s instructions. After Surveyor nuclease di-
gestion, the PCR products were run on a 2% agarose gel with ethidium bromide (EB) for visu-
alization. The indel occurrence was estimated with the formula described by Ran et al. [29].

Sequencing analysis of the target site in NSE2
Genomic DNA was extracted from each single cell-derived colony, and the region flanking 

the target site was amplified by PCR with Easy-A High-Fidelity PCR Cloning Enzyme (Agilent 
Technologies). The primers used were identical to those for the Surveyor assay. After purifi-
cation, the PCR products were cloned into TOPO TA cloning vectors (Life Technologies). The 
ligated vectors were transformed into One Shot TOP10 Chemically Competent E. coli (Life 
Technologies). For each reaction, 40 colonies were randomly picked and subjected to Sanger-
sequencing to analyze mutations from all alleles.

Off-target analysis in the NSE2-devoid cell line
Genomic DNA was extracted from WT and NSE2 null U2OS cells. To analyze off-target ef-

fects in the established NSE2 null cell line, the 10 top-ranking potential off-target sites (of 
which one is located within the NSE2 gene) provided by the online CRISPR Design Tool (http://
crispr.mit.edu, from Zhang’s laboratory) were selected. The selected sites included those pre-
ceding 5’-NAG, the alternative PAM. The genomic regions flanking each potential off-target 
sites were amplified by PCR with Herculase II fusion polymerase (Agilent Technologies). The se-
lected off-target sites and the corresponding PCR primers are depicted in Table 1. The purified 
PCR products were then Sanger-sequenced to analyze off-target effects.

Potential off-
target sites 

Genomic loci Mismatches PCR primers 

ACCCAAATCTGTATCA
ACTC AGG 

62065416-62065438, 
chromosome 11 

1, 2, 7, 8 F: GTCCCTCCATCTTGGTGCCT 
R: GGGTCTTTGCTGCCTGTGA 

CTCTTATCCTGTATCA
ACTC AAG 

43274942-43274964, 
chromosome 2 

1, 4, 5, 7 F: CACTGACAACAGGCATGAAAT 
R: CTGGAGACTGAGGCAGGAGA 

TTTCTATTCTGTATCAA
CTC AAG 

153197613-153197635, 
chromosome 7 

3, 5, 7, 8 F: ATTGGGCCTTATGAACTGATTC 
R: TGGTCTACGCAGGGTAAGGATA 

TGCCAAGGCTGTATG
AACTC AGG 

110987269-110987291, 
chromosome 2 (in gene) 

2, 8, 15 F: ACTGCTTGGAACAGTGAACATG 
R: GCTGAGACTGATGAGCGATAAA 

TCCAAAGTCTGTATCA
ACTT TAG 

2809500-2809522, 
chromosome 8 

2, 4, 8, 20 F: CAGCCAAACCATATCATTCTGT 
R: TGTTTTCATGTTTGTGGCAGTG 

TTCCAAGACTATATCA
ACTA AAG 

114757228-114757250, 
chromosome 11 

8, 11, 20 F: GTATTGCAGCAAGCCATTACC 
R: AAGAATCTGCTCTGGAGGGAG 

TTCCTGGCCTGTATCA
ACAC AAG 

52436381-52436403, 
chromosome 12 

5, 6, 19 F: ACGGAACCAGGTGAAGGAA 
R: TTGGCACTTGGAGCGGTAG 

TTTGAAGTCTGTATCA
TCTC AAG 

104356169-104356191, 
chromosome 5 

3, 4, 8, 17 F: CACTCTTACTTTGTTCCCCACA 
R: CCTCACTTGCCTTGCCTATT 

TACTAAACATGTATCA
ACTC AGG 

31343808-31343830, 
chromosome X 

2, 4, 7, 9 F: GCTGGCGGGTGCAATTAGT 
R: AGAGCAAGACCCTGACCCTAA 

GCCCAAGCCAGTATC
ACCTC AAG 

128369750-128369772, 
chromosome 5 

1, 2, 10, 17 F: CGGAAAGTGGGAGTAAGAAATC 
R: GCTCTAATCACTGGCTATGCTAT 

 

Table 1:  Selected off-target sites and corresponding PCR primers.
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Results

Multiple bands for SMC6 represent SEC23IP and interaction with Topoisomerase2α.
To investigate the nature of the multiple bands found for SMC6 on western blots of mouse 

total testis lysates and human cells [14, 15, 30], we used a rat spermatogonial cell line [26] (GC-
6spg) to generate a nuclear and cytoplasmic fraction. We found that the upper band is exclusi-
vely present in the nucleus, whereas the two lower bands were only present in the cytoplasm 
(Figure 1A).

Interestingly, SMC6 contains a nuclear localization sequence (NLS) at the N-terminus (aa1-
21) of SMC6 [31], while the antibody used for these experiments (SMC6 Ab) is directed against 
the C-terminus. We therefore considered that the approximately 100aa shorter cytoplasmic 
version of SMC6 might lack this NLS, thereby preventing the protein to enter the nucleus. In 
order to investigate this idea, we generated an antibody directed against the N-terminus of 
SMC6 (aa16-34) (SMC6 GP). Indeed, both antibodies detected the upper band, while the lower 
bands were only detected by the SMC6 Ab antibody (Figure 1B).

We next performed immunocytochemical stainings using both SMC6 Ab and SMC6 GP. 
Again only SMC6 Ab yielded a signal in the cytoplasm whereas both SMC6 Ab and SMC6 GP 
showed a signal in the nucleus (Figure 1C). Because the GC-6spg cells did not show nuclear 
SMC6 in all experiments (Figure 1C), we decided to use another cell line (human osteosarcoma 
cells, U2OS) in parallel to enable reproducible biochemical analysis. Importantly, the nuclear 
and cytoplasmic staining pattern was consistent and reproducible in U2OS cells by both wes-
tern blot and immunocytochemistry (Figure 1D and F). An additional immunoprecipitation 
experiment showed that SMC6 Ab pulled down all forms, whereas SMC6 GP only pulled down 
the putative full-length form of SMC6 (Figure 1E).

To unequivocally determine the identity of all the bands detected by SMC6 Ab, we perfor-
med immunoprecipitations using SMC6 Ab followed by mass spectrometry (Figure 1G). We 
found that the band we presumed to represent full length SMC6 indeed contains the SMC6 
protein. Expectedly, because SMC5 and SMC6 are physically linked in the SMC5/6 complex, 
and SMC5 and SMC6 have equal sizes, we additionally identified the SMC5 protein to be pre-
sent in the same band. The cytoplasmic band however, was convincingly identified as SEC23IP. 
Finally, we also investigated a larger band (of approximately 175 kDa) that was also pulled 
down in the SMC6 Ab immunoprecipitation (Figure 1G). Interestingly, this band turned out to 
represent Topoisomerase II alpha (TOP2A). Whether TOP2A is indeed physically linked to the 
SMC5/6 complex, rather than being pulled down aspecifically by SMC6 Ab, was confirmed by 
additional IPs using anti-SMC5 and SMC6 GP antibodies (Figure 1H). Both SMC5 and SMC6 
clearly co-immunoprecipitate with each other and TOP2A clearly co-immuprecipitates with 
SMC5, indicating that the three proteins are physically linked. Because our SMC6 GP antibody 
only detects the nuclear band specific for SMC6, we used this antibody for all subsequent ex-
periments. 

CRISPR-Cas9 targeting of the SMC5/6 complex.
In order to investigate the role of the SMC5/6 complex during different cellular processes 

such as DNA repair, we used the CRISPR-Cas9 system to generate cells lacking a fully functio-
nal SMC5/6 complex. U2OS cells were used to target SMC6 and NSE2, since they consistently 
express nuclear SMC6, unlike the GC-6spg spermatogonial cells. Cells were transfected with 
constructed CRISPR plasmids (pX458) to target SMC6 and NSE2. 24h after transfection, GFP+ 
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cells harboring CRISPR plasmids were sorted by FACS and then cultured for 5 days (Figure 2A). 
To verify the induction of mutations in the sorted cell fractions, a Surveyor assay was perfor-
med based on PCR amplification of the genomic DNA region around the target sites. Targe-
ting of NSE2, but not SMC6, yielded fragments with expected sizes after Surveyor nuclease 
digestion, indicating successful genome editing. The indel occurrence brought by 2 individual 

Figure 1: Putative SMC6 isoform is SEC23IP and SMC5/6 interacts with Topoisomerase2α A] Nuclear extract pre-
paration of GC-6spg cells (rat spermatogonia). In whole cell lysate (WCL), three bands are detected by the SMC6 Ab 
antibody at the height of SMC6. The upper band is located in the nucleus (NE) while the lower two are present in the 
cytoplasm (CYT). pERK and Fibrillarin are used as controls for the cytoplasmic and nuclear fractions, respectively. B] 
Nuclear extract preparation of GC-6spg cells. The upper (nuclear) band is detected by both the SMC6 Ab antibody (C-
terminus) and the SMC6 GP antibody (N-terminus), whereas the lower (cytoplasmic) bands are only detected by the 
SMC6 Ab antibody. C] Immunocytochemical staining of GC-6spg with two antibodies against SMC6: SMC6 Ab (red) 
and SMC6 GP (green). Not all cells show nuclear SMC6 expression. Bar = 5µm. D] Nuclear extract preparation of U2OS 
cells, showing similar localization and detection of the SMC6 bands using SMC6 Ab and SMC6 GP in U2OS compared 
to GC-6spg. E] Immunoprecipitations (IP) using SMC6 GP and SMC6 Ab antibodies in U2OS cells. The SMC6 GP-IP preci-
pitates only the upper band, leaving the lower bands in the supernatant (SUP). The SMC6 Ab-IP precipitates all bands. 
F] Immunocytochemical staining of U2OS cells. Nuclear SMC6 is consistently present in U2OS cells, as shown by over-
lapping staining patterns of SMC6 Ab (red) and SMC6 GP (green). G] For mass spectrometry, SMC6 Ab-IP material was 
loaded on a 4-12% bis-tris gradient gel and stained with coomassie blue. Arrows indicate the bands that were isolated 
for mass spectrometry analysis (green: potential SMC6 proteins; orange: undefined protein). H] Co-immunoprecipi-
tations using SMC5 and SMC6 GP. Both SMC5 and SMC6 co-immunoprecipitate with each other. Additionally, TOP2A 
co-immunoprecipitates with SMC5.
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sgRNAs targeting NSE2 was 17.2% and 16.6%, respectively (Figure 2B). To derive a monoclo-
nal knockout cell line, FACS was conducted to deposit single GFP+ cells into 96-well plates. 
Single cells were then expanded for 1 to 2 months. Consistent with the results of Surveyor 
assay, all single cell-derived colonies appeared wild type for SMC6 after Sanger sequencing. 
Also for NSE2 we did not achieve complete NSE2-knockout after propagation. However, one 
monoclonal cell population (NSE2-1B) showed only one remaining wild type NSE2 allele, which 
was effectively mutated after a second round of transfection and single cell sorting using the 
NSE2-1B clone, resulting in the generation of a complete NSE2 null cell line (Figure 2C). Sanger 
sequencing and Western blot analysis showed the full null mutations in NSE2 null cells (Figure 
2C and D). Subsequently, by sequencing the 10 top-ranking potential off-target sites in the 
established NSE2 null cell line,  no off-target alterations were detected.

Characterization of NSE2 null cells.
Morphologically, NSE2 null cells generally resemble WT cells, although NSE2 null cells clear-

ly show more vacuoles, indicating increased cellular stress in the absence of NSE2 (Figure 3A). 
In addition, the cell cycle duration of NSE2 null cells was significantly increased by 8,7h (a 1.37 
fold increase, p<0,00001) compared to WT (Figure 3B), as determined by time-lapse imaging. 
When investigating the distribution of cells among the different cell cycle phases, the DNA 
histogram of NSE2 null cells showed a recurring increase of approximately 10% in G0/G1 phase 
cells compared to WT (Figure 3C). To investigate whether all of the NSE2 null cells are partici-
pating in the cell cycle, we treated WT and NSE2 null cells with the M-phase blocking agent 
colcemid [32]. WT cells showed a rapid and almost complete depletion of G0/G1 cells after 72h 
of colcemid treatment (Figure 3D and E), consistent with the rapid cycling nature of these cells. 
In contrast, the peak representing NSE2 null cells in G0/1 phase depleted less rapidly, and even 

Figure 2: CRISPR-mediated targeting of NSE2. A] Left panel, transfected U2OS cells under bright field and fluores-
cence; right panel, FACS enrichment of GFP+ cells. B] Expected cleavage bands (arrowheads) generated by Surveyor 
nuclease digestion. For negative control (–) transfection of the pX458 plasmid without NSE2 sgRNA was performed. 
C] Sequencing analysis for characterization of the CRISPR-induced frameshift mutations. D] Western blot analysis of 
the NSE2 protein in the final NSE2 null and  WT cells. β-actin is used as a loading control.
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after 96h, a clear subpopulation of 13% of the cells remained, which did not participate in the 
cell cycle (Figure 3D and E). 

Absence of NSE2 leads to a 10% increase of cells displaying SMC6 foci.
Because NSE2 is reported to be essential for the SMC5/6 function in the repair of DNA dou-

ble-strand breaks (DSBs) [33-37], we performed immunocytochemical stainings using SMC6 
GP on WT and NSE2 null cells at different time points after exposure to 1 gray ionizing irradia-
tion (IR). Indeed, already after 5 minutes post irradiation, the cells clearly start to show SMC6 
foci co-localizing with DSBs (as marked by γH2AX foci) both in WT and in NSE2 null cells. After 
30 to 90 minutes post irradiation, the cells developed more SMC6 foci marking DSBs, after 
which the number of these foci gradually decreased (Figure 4A).

The expression pattern of SMC6 was similar for both WT and NSE2 null cells. After we gene-
rated and applied a MatLab script that objectively isolates and quantifies the number of SMC6 
GP and γH2AX foci in each cell, we found no difference in average number of γH2AX foci per 
nucleus at the chosen points, indicating that both cell lines processed DSBs in a similar fashion 
(Figure 4B). Importantly, not all γH2AX foci were represented by an SMC6 focus (Figure 4A). 
We therefore also determined the percentage of γH2AX foci positive for SMC6. We found that 
roughly 50% of the DSBs sites was positive for SMC6 in both cell lines, indicating that the ac-
cumulation of SMC6 to sites of DSB damage is equally efficient in WT and NSE2 null cells (Figure 

Figure 3: Analysis of NSE2 null cell growth characteristics. A] Phase contrast images of WT and NSE2 null cells 
showing large amounts of vacuoles in the cytoplasm (arrows, inset). B] Average cell cycle duration of WT and NSE2 
null cells over multiple generations observed by live cell imaging. Data are presented as mean±SEM. C] Cell cycle 
phase distribution analysis of WT and NSE2 null cells by DNA histograms showing a 10% increase NSE2 null cells in 
G0-1. D] G0-1 phase depletion by colcemid treatment. WT and NSE2 null cells were treated with colcemid for 0-96h. 
In NSE2 null cells, a fraction of cells remained in G0-1 even after 96h. E] Quantification of depletion of G0-1 cells after 
colcemid treatment.
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4C).
Surprisingly, at every time point, a subset of cells was completely deprived of SMC6 foci, 

even though 100% of the cells exhibited γH2AX foci after irradiation. Determined by widefield 
fluorescence microscopy, the percentage of cells that do express at least two SMC6 foci (co-

Figure 4: Absence of NSE2 leads to a 10% 
increase of cells displaying SMC6 foci. A] 
WT and NSE2 null cells were subjected to 
1Gy ionizing radiation, fixed at different 
time points post IR and stained for γH2AX 
(marker for DNA damage, red) and SMC6 
GP (green). SMC6 localizes to sites of DNA 
damage in both WT and NSE2 null cells. B] 
Quantification of the average number of 
γH2AX foci in each cell. The total number 
of γH2AX foci did not differ between WT 
and NSE2 null cells. Data are presented 
as mean±SEM. C] Quantification of the 
average number of γH2AX foci that over-
lap with a SMC6 GP focus. In both WT and 
NSE2 null cells, about half of the γH2AX 
foci also contain SMC6. Data are presen-

ted as mean±SEM. D] Percentage of cells that exhibit SMC6 foci. NSE2 null cells show a consistent increase of 10% of 
SMC6 foci containing cells compared to WT cells. For each time point, 200 random cells were analyzed by widefield 
microscopy. Cells expressing at least two SMC6 foci (co-localizing with γH2AX) were classified as SMC6-foci positive.
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localizing with a DSB), increases rapidly shortly after irradiation, with a maximum around 30-90 
minutes post irradiation (Figure 4D). No shift indicating a delay or advance in SMC6 kinetics is 
observed between WT and NSE2 null cells. However, independent of IR, NSE2 null cell always 
display 10% more cells that contain SMC6-positive γH2AX foci.

Absence of NSE2 affects survival after induction of replication induced DSBs.
To measure the role of NSE2 in survival after IR induced DSBs, we subjected both NSE2 

null and WT cells to a clonogenic assay [27]. Firstly, the plating efficiency, i.e. the percentage 
of plated single cells that develop into a cell colony of at least 50 cells determined in control 
conditions, was over 3-fold lower in NSE2 null than in WT cells (average of 25% compared to 
75% respectively) (Figure 5A). Interestingly, the relative survival when cells were exposed to 
increasing doses of IR (0-8Gy) only showed a small difference between the WT and NSE2 null 
cells, the latter being slightly more sensitive (Figure 5B). 

Figure 5: Absence of NSE2 affects survival after induction of replication induced DSBs. A] Plating efficiency of WT 
and NSE2 null cells during clonogenic assays. The survival capacity of plated cells under non-challenged conditions is 
reduced in NSE2 null cells compared to WT. Data are presented as mean±SEM. (n=8) B] Clonogenic assay after increa-
sing doses of ionizing radiation (IR). NSE2 null cells seem to be slightly more sensitive to IR than WT cells. C] Clonogenic 
assay after increasing doses of cisplatin. No clear difference in sensitivity for cisplatin can be detected between WT and 
NSE2 null cells. D] Clonogenic assay after increasing doses of etoposide. NSE2 null cells are more sensitive to etoposide 
than WT cells. Data are presented as mean±SEM (n=3).
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We next exposed the cells to increasing doses of cisplatin, a cytostatic agent causing DNA 
adducts and crosslinks that are generally repaired by Nucleotide Excision Repair (NER) [38, 39]. 
Again, no difference in survival rate was observed between WT and NSE2 null cells (Figure 5C).

Because we found a physical interaction between the SMC5/6 complex and TOP2A, we 
wondered whether the absence of NSE2 would influence the repair of replication induced DNA 
damage. To this end we exposed the cells to etoposide, a cytotoxic agent that acts during DNA 
replication by forming a complex with the DNA and the Topoisomerase II enzyme [40, 41]. In 
normal conditions, Topoisomerase II enzymes nick one DNA strand in order to unwind the 
DNA double helix, enabling replication without stalled replication forks or replication induced 
joint molecules caused by DNA supercoiling [42]. Because etoposide prevents re-ligation of 
the DNA strands after nicking [40, 41], etoposide treatment will lead to an increase in replica-
tion induced DSBs. Indeed, when exposed to 1 hour of increasing doses of etoposide, NSE2 null 
cells showed a reduced viability compared to WT cells (Figure 5D). 

 

Discussion

Previous studies have found several bands for SMC6 on western blot [14, 30] suggesting 
the existence of several isoforms or posttranslational regulation of SMC6. Using mass spec-
trometry, we now convincingly identify the band with the lowest electrophoretic mobility, i.e. 
the largest protein, as full length SMC6. Interestingly, the smaller band detected by the SMC6 
Ab antibody, appears to represent the cytoplasmic protein SEC23IP. Because of the differential 
subcellular localization of SMC6 and SEC23IP on both western blot and immunocytochemistry, 
it is unlikely that the pull down of SEC23IP was a result of a physical interaction with the SMC5/6 
complex. Instead, we conclude that the cytoplasmic staining present when using the SMC6 
Ab antibody is caused by binding of the SMC6 Ab antibody to SEC23IP. This protein has been 
previously found to be involved in spermiogenesis [43], which explains its high abundance in 
testis lysates [14]. In addition, we exclusively detected this band to be present in brain, kidney 
and liver [14], which implies that these tissues do not contain SMC6 but actually SEC23IP. Mo-
reover, these data indicate that cleaved cytoplasmic forms of SMC6, lacking the SMC6 nuclear 
localization sequence, do not exist. Strict nuclear localization of SMC6 was confirmed by im-
munocytochemistry and the use of our SMC6 GP antibody, detecting the N-terminus of SMC6. 

In contrast to the U2OS cells, the rat spermatogonial GC-6spg cells were not consistently 
positive for SMC6. Extensive experimentation varying all components of the staining and cul-
ture protocols did not reveal any technical aspect as a potential cause for this inconsistency, 
and a biological component is more likely to cause the observed variation in the presence of 
SMC6. Because SMC6 starts to be expressed as soon as spermatogonia start to differentiate 
[14], the observed variation in presence of SMC6 might be a reflection of the differentiation 
status of the GC-6spg cells. We concluded that, despite our constant culture conditions, we 
were unable to control this variation of the GC-6spg cells accurately enough to use this sper-
matogonial cell line for further biochemical analysis. 

To study the SMC5/6 complex in an experimental setup, we used the CRISPR-Cas9 system 
to target the SMC6 and NSE2 genes that encode for the SMC6 and NSE2 subunits of the SMC5/6 
complex in U2OS cells. Unlike RNAi, which represses gene translation at mRNA or non-coding 
RNA level and typically leads to variable knockdown, the CRISPR-Cas9 system works at the ge-
nomic DNA level and can result in heritable and permanent alterations in the target genome 
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[44, 45]. 
For NSE2, we did not get complete knockout after the first round of transfection. The results 

were not unexpected, given that U2OS is a cell line with chromosome counts in the hypertri-
ploid range, and that CRISPR-induced targeting efficiency normally decreases in genes with 
multiple copy numbers [45]. As a consequence, a second round of gene targeting and single 
cell expansion was performed. Eventually we established a bona fide cell line devoid of NSE2. 
In the case of Smc6, however, we were unable to generate any CRISPR-modified cells. Possible 
explanations for this observation are that SMC6 might be essential for cell survival or that the 
Smc6 genomic locus is more difficult to target efficiently due to chromatin structure [46]. In 
our study, we selected sgRNAs with the highest specificity to coding exons of Smc6 and NSE2. 
Later, we analyzed the 10 top-ranking potential off-target sites in the established NSE2 null cell 
line by sequencing, and detected no off-target mutations. The results are in line with recent 
papers showing low frequency of CRISPR-induced off-target alterations in human cells [47, 48]. 
Hence, although the possibility of off-target effects in modified cells cannot be fully obviated, 
we believe that the differential responses between NSE2 null and WT cells authentically mirror 
gene function.

We found clear differences in growth characteristics of the NSE2 null cells compared to WT 
cells. They have a prolonged cell cycle, and a clear portion of cells arrests in the G0/1 phase. Be-
cause this latter fraction is still equally present after an extensive time in culture and multiple 
passages, it must be continuously supplemented by cells exiting the cell cycle. Finally, inde-
pendent of IR, the NSE2 null cell line continuously displayed 10% more SMC6 foci-positive cells 
than the WT cell line. Combining the observed 10% increase in SMC6 foci-positive cells with 
the presence of the G0/1-arrested cells, the overall slower growth rate and reduced plating 
efficiency of NSE2 null, it is plausible that the absence of NSE2 is not immediately lethal to the 
majority of the cells, yet poses severe growth challenges already in normal culture conditions 
that will ultimately arrest the cell. 

These data are remarkably in line with a recent study performed in human breast cancer 
cells (MCF-7), in which the depletion of NSE2 by RNA interference caused a slower cell growth 
and increased percentage of G1 phase cells (70% vs 55-59% in WT) [49]. Interestingly, deple-
tion of NSE2 led to reduced levels of E2F1 protein and its downstream target genes, which are 
required for G1-S transition. This decreased growth rate was rescued by ectopic expression of 
Flag- NSE2 but not its SUMO ligase-inactive mutant, suggesting that the SUMO ligase activity 
of NSE2 ensures proper G1-S transition in these human cancer cells [49]. 

Although NSE2 is frequently linked to the DNA repair function of the SMC5/6 complex [33-
37, 50, 51], the survival capacity of NSE2 null cells is only slightly affected after increasing doses 
of IR. Likewise, IR induced DSBs marked by γH2AX appear with similar kinetic properties in WT 
and NSE2 null cells. We therefore conclude that NSE2 is not crucial for the repair of IR induced 
DSBs. Nevertheless, the recruitment of SMC6 to DSBs within 5 minutes post irradiation sug-
gests that the SMC5/6 complex is involved in the early repair of DSBs.

When subjected to IR, the survival capacity of NSE2 null cells seemed only slightly more 
affected than that of WT cells. However, since this experiment was only performed once, more 
technical replicates are required to assess the significance of the difference observed. Nonet-
heless, because we did not see any major effects of the ablation of NSE2 after IR, we extended 
our analysis of DNA repair with other DNA damaging agents. For instance, the sensitivity to 
cisplatin, a bifunctional alkylator that causes DNA adducts and crosslinks that are generally 
repaired by Nucleotide Excision Repair (NER) has been found to be increased in NSE2-deficient 
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chicken DT40 cells [34]. However, absence of NSE2 had no effect on the survival capacity of 
our cells when subjected to cisplatin, indicating that, based on our experiments, mammalian 
NSE2 does not seem to be involved in NER. However, many studies describe that cells lacking 
functional NSE2 have increased sensitivity to UV [33-37], which induces damage whose repair 
also relies on NER. The redundancy of DNA repair mechanism clearly makes it difficult to discri-
minate between different repair pathways using different genotoxic agents. However, experi-
ments using double mutants, e.g. NSE2 plus a gene specific and essential for one type of DNA 
repair, could provide more insight in the involvement of NSE2 in DNA repair. 

In contrast, the survival capacity of NSE2 null cells appeared to be clearly impaired when 
exposed to increasing doses of the topoisomerase inhibitor etoposide. In normal conditions, 
the TOP2A enzyme nicks one DNA strand in order to unwind the DNA double helix to prevent 
supercoiling during DNA replication [42, 52]. Etoposide acts as a cytotoxic agent by forming 
a complex with the DNA and the TOP2A enzyme, thereby preventing re-ligation of the DNA 
strands after nicking [40, 41]. Etoposide treatment will therefore lead to an increase in repli-
cation induced DSBs. The increased sensitivity for etoposide of NSE2 null cells is intriguing, 
especially in the light of the interaction between SMC5/6 and TOP2A found in this study. Even 
though interplay between TOP2A and the SMC5/6 complex has been suggested by several 
studies in mouse and yeast [17, 53-56], physical interaction between them has not been confir-
med so far. Here, we unequivocally demonstrate that TOP2A is indeed associated to both SMC6 
and SMC5. The absence of a detectable band for TOP2A in the SMC6 GP IP is most likely due to 
the lower efficiency of the SMC6 GP antibody, which is supported by the observation that the 
SMC5 protein pulls down more SMC6 than SMC6 GP itself. 

Topoisomerase I and II (TOP1 and TOP2) are enzymes creating single-strand nicks and dou-
ble-strand breaks, respectively, to release topological tension. Topological stress is conceived 
when DNA molecules become supercoiled, for instance superseding an advancing replication 
fork during chromosome duplication. This positive supercoiling has to be removed in order for 
the replication fork to proceed. One way to release the supercoiling is to nick the DNA double 
helix ahead of the fork by TOP1 and TOP2, thereby allowing the unwinding of the supercoiled 
helix. A second mechanism to avoid accumulation of supercoiled DNA ahead of the fork is to 
allow the replication fork to proceed in a rotating manner following the turn of the helix. This 
will indeed prevent the accumulation of supercoils ahead of the fork, but simultaneously indu-
ces the formation of sister chromatid intertwinings (SCI) behind the fork. Because, topological 
tension increases with the length of the chromosome, topoisomerases are supposed to be 
more important for replication of longer chromosomes. Indeed, budding yeast cells lacking 
functional topoisomerase I show a length dependent delay in replication [57]. In line with the 
observed interaction between SMC5/6 and TOP2A, also association of budding yeast Smc5/6 
with chromosomes during S-phase is linearly correlated with chromosome length, indicating 
that Smc5/6 somehow measures chromosome length, probably by sensing topological ten-
sion [57, 58]. Moreover, Smc5/6 seems to also play a role in topological strain release, since 
budding yeast cells lacking functional Smc6 or Nse2 show a delay in replication similar to Top2 
mutants [57, 58]. Our own data, showing that inhibition of topoisomerase activity has a more 
profound effect on cells harboring an impaired SMC5/6 complex, together with physical inter-
action between the SMC5/6 complex and TOP2A, further supports the presumed co-operation 
between TOP2A and SMC5/6 at replication forks. 

Considering the two mechanisms of tension release, SMC5/6 could function both before 
and after the replication fork. Ahead of the fork, SMC5/6 could be responsible for the correct 
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repair of the TOP2A induced DSBs. When the ligase function of TOP2A is inhibited by etopo-
side, re-initiation of replication might rely more on SMC5/6, which will be challenged when 
NSE2 deletion impairs SMC5/6 function. On the other side of the fork, SMC5/6 might be re-
quired to stabilize the SCIs, as proposed previously [57]. In this model, SMC5/6 associates to 
SCIs, thereby fixating them and allowing fork rotation, reducing topological tension. At the 
same time, budding yeast Top2 is essential for the removal of SCIs that would otherwise lead to 
segregation errors during the subsequent M-phase [59-61]. Since both induction and removal 
of SCIs involve the transferring one DNA double helix through another via transient formation 
and repair of a DSB [52], it could therefore very well be possible that SMC5/6 is also working 
together with TOP2A at the level of SCIs. 

Furthermore, in budding yeast, Top2 activity relies on sumoylation and failure to sumoylate 
Top2 disrupts the ability of Top2 to separate replicated chromosomes [62]. Additionally, also 
human TOP2 is found conjugated to SUMO [63]. Although RANBP2 seems to be the major 
SUMO E3 ligase for TOP2A in mouse [64], also the SMC5/6 subunit and SUMO E3 ligase NSE2 
appears to have TOP2 as a substrate (Aragón, oral presentation at the 2015 SMC meeting in 
Vienna). SMC5/6 function at the replication fork might therefore involve NSE2 mediated su-
moylation of TOP2A, explaining the interaction between SMC5/6 and TOP2A and the effect 
seen in NSE2 null cells.

Our findings, demonstrating a physical interaction between SMC5/6 and TOP2A and an 
increased sensitivity of NSE2 null cells to etoposide, suggest that the SMC5/6 complex plays 
a role in the resolution of replication-induced DSBs. Since this physical interaction is already 
present in cells that are not challenged by IR or cytotoxic agents, SMC5/6 and TOP2A seem to 
also function together during S-phase under normal non-challenged circumstances. In this 
respect, it is plausible that the fraction of NSE2 null cells arrested in G0/G1 phase is actually a 
representation of cells with stalled or collapsed replication forks very early in the replication 
process, which occur naturally, yet cannot be resolved properly due to a lack of NSE2. While in 
WT cells these replication forks are normally repaired and restarted by SMC5/6, the absence of 
NSE2 first induces a delay in early replication progression, explaining the increased cell cycle 
duration of NSE2 null cells. Secondly, residual repair defects may trigger a cell to eventually 
arrest in G0. In this respect, several studies in yeast have suggested that SMC5/6 mutated cells 
will undergo cell division despite the presence of chromosomal abnormalities caused by de-
fective DNA repair mechanisms [33, 53, 56, 65, 66]. Yet over time, the amount of chromosomal 
abnormalities within a cell will accumulate, eventually leading to cell cycle arrest. 

In order to elucidate the exact role of SMC5/6 during replication, it would be useful to se-
parate its DNA repair function from other potential structural functions such as stabilizing SCIs 
or activation of TOP2A by sumoylation. One way to confirm or rule out whether the reduced 
cell survival in NSE2 null cells in response to etoposide correlates with the amount of DSBs is to 
subject the cells to a prolonged exposure. Etoposide only inhibits the ligase activity of TOP2A, 
not its cleavage capacity that occurs prior to ligation [40, 41]. Therefore, longer exposure to 
etoposide will increase the total amount of DSBs. If SMC5/6 is indeed involved in the repair of 
TOP2A-induced DSBs, the observed effect of NSE2 ablation should be more pronounced when 
more DSBs are present. Additionally, the cytotoxic agent ICRF-193, a catalytic inhibitor of TOP2, 
could be used. ICRF-193 also inhibits TOP2 activity, yet in contrast to etoposide does not result 
in the persistence of DSBs at the replication fork [40, 67]. Comparing etoposide treatment with 
ICRF-193 treatment will therefore shed light on whether the function of SMC5/6 is restricted to 
the repair of replication induced DSBs.
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The supposed requirement of NSE2 in replication induced DSB repair can be confirmed by 
treating the cells with hydroxyurea (HU). HU is a ribonucleotide reductase inhibitor that decre-
ases the dNTP levels required for DNA chain elongation thereby inducing an arrest or reduced 
rate of replication [68, 69]. Prolonged exposure to HU will render the cells unable to restart 
stalled replication forks, which will result in DSBs that are being repaired by HR mediated repair 
[70]. If NSE2 is indeed required to resolve DSB-repair intermediates that are generated during 
replication, NSE2 null cells should be more sensitive to prolonged HU treatment than WT cells. 
This would not only confirm our own results, but would also support the numerous studies 
observing hypersensitivity to HU in cells with mutated SMC5/6 subunits (reviewed in [71]). Fi-
nally, co-localization studies will provide confirmation about the functional interplay between 
SMC5/6 and TOP2A at sites of stalled replication forks, and the role of NSE2 herein.

In conclusion, considering the presented data, we propose that the SMC5/6 complex func-
tions in the resolving of TOP2A-mediated DSB-repair intermediates that are endogenously ge-
nerated early during DNA replication in mammalian cells.
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General discussion and implications for future research

Genome integrity maintenance during the reproductive cycle is a steering force behind 
evolution and essential for species survival and health. Yet, how genome integrity is effecti-
vely maintained during mammalian gametogenesis, the development of reproductive cells, is 
complex and not completely understood. The aim of this thesis was to gain understanding in 
the mechanisms that shape, protect and prepare our genome for reproduction. In this context, 
we focused our research on the higher structure chromatin architecture of developing mam-
malian reproductive cells and, more specifically, the function and regulation of the chromatin 
protein complex SMC5/6 in rodent and human spermatogenesis.

Spermatogonial differentiation

An important step during the development of male gametes, a process called spermato-
genesis, is differentiation of spermatogonia; the mitotic germ cells in the testis that include 
the spermatogonial stem cells [1]. After differentiation, the spermatogonia are committed to-
wards meiosis and subsequent spermiogenesis and their further spatiotemporal development 
is strictly bound to the specific developmental stages of spermatogenesis. Using immuno-
histochemical localization studies, we identified a distinct SMC6-positive subpopulation of 
spermatogonia in both rodent and human testes. Based on the fact that these SMC6-positive 
spermatogonia lack expression of LIN28 [2] and are absent in testes that exclusively contain 
undifferentiated spermatogonia, we were able to identify these SMC6-positive cells as diffe-
rentiating spermatogonia in rat and mouse. In contrast to the mouse, human undifferentiated 
and differentiating spermatogonia are morphologically indistinguishable and markers for hu-
man spermatogonial differentiation are lacking [3]. A subgroup of human type A spermato-
gonia, expressing a certain protein marker possibly reflecting their differentiation status, has 
therefore not been observed previously. However, considering our rodent data showing that 
SMC6 expression coincides with spermatogonial differentiation, it is plausible that also hu-
man spermatogonia can be classified as differentiating or undifferentiated based on SMC6 
expression. If this is correct, our data suggest that 25% of human spermatogonia is differen-
tiating. Human type A spermatogonia exist in two forms; the quiescent Adarks having strongly 
condensed chromatin and the actively proliferating Apales [4-6]. Being quiescent, the Adarks are 
sometimes assumed to exist only in an undifferentiated state, whereas only the dividing Apales 
would be differentiating. However, if SMC6 expression indeed marks spermatogonial differen-
tiation, Adark and Apale spermatogonia harbor equal ratios of undifferentiated and differentiating 
spermatogonia. Although against the current dogma, this idea is not illogical, since all Adark 

spermatogonia can rapidly convert into Apale spermatogonia when the pool of Apales is depleted, 
e.g. due to irradiation or genotoxic stress [7]. Having a pool of already differentiating (SMC6-
positive) spermatogonia would then result in a faster recovery of spermatogenesis in response 
to damage and hence in faster recovery of the ability to reproduce. 

Another question that arises is whether spermatogonial differentiation relies on SMC6 ex-
pression, or whether SMC6 expression is merely a consequence of spermatogonial differen-
tiation. The first scenario is supported by the fact that SMC proteins are known to regulate 
gene transcription. The related SMC1/3 complex, named cohesin, is known to affect chroma-
tin conformation together with the chromatin binding protein CTCF, leading to altered gene 
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expression [8-10]. Moreover, cohesin co-localizes with pluripotency-related transcription fac-
tors in embryonic stem cells, thereby preventing differentiation [11]. Considering the strong 
similarities in structure between SMC5/6 and cohesin, it could be hypothesized that SMC5/6 
functions as the testis-specific analogue of cohesin, affecting gene transcription of specific 
differentiation factors. Interestingly, a testis-specific paralogue of CTCF (CTCF-like or CTCFL), 
which shows only minor overlap with CTCF DNA binding sites, was recently identified. Where 
cohesin-binding sites largely co-localize with those of CTCF, they only co-localize with rela-
tively few CTCFL-binding sites, despite strong similarities DNA-binding consensus sequence 
between CTCF and CTCFL [11-13]. Theoretically, if not cohesin, the SMC5/6 complex could 
work together with CTCFL in order to regulate specific gene expression required for spermato-
gonial differentiation. This hypothesis is further supported by the observation that CTCFL, like 
SMC6, only starts to be expressed late during spermatogonial development [13]. 

Alternatively, SMC6 expression might be a consequence of spermatogonial differentiation. 
Once spermatogonia start differentiation, they irreversibly commit towards meiosis, a process 
that includes induction of meiotic DNA double-strand breaks (DSBs), synapsis of homologous 
chromosomes, meiotic recombination and subsequent chromosome segregation (reviewed in 
[14]). In preparation for this series of crucial processes, the chromatin of differentiating sper-
matogonia undergoes drastic changes, which in rodents is visible as an increasing amount of 
heterochromatin at the nuclear borders [15, 16]. The increasing amount of heterochromatin at 
this stage might induce the presence of SMC5/6, since the SMC5/6 complex has been linked 
to heterochromatin maintenance [17-22]. Indeed we describe in this thesis that, already in dif-
ferentiating spermatogonia, SMC6 localizes at condensed chromatin regions surrounding the 
centromeres, the pericentromeric heterochromatin [23]. Considering its versatile functions in 
meiotic cells, it can also be hypothesized that the components of the SMC5/6 complex are 
merely synthesized in preparation for the complex processes of meiosis. 

Meiosis

The complex localization pattern of SMC5/6 in both mouse and human spermatocytes 
supports the thought that SMC5/6 plays important and diverse roles during meiosis. Firstly, 
we and others found SMC5/6 to be present at the synaptonemal complex (SC) on synapsed 
homologous chromosome regions in both mouse [18] and human spermatocytes [24]. While 
dependent on the SC protein SYCP1, the loading of SMC5/6 onto the SC is independent of 
the central element proteins SYCE1-3, TEX12 (located in the center of the SC) and the meiosis 
specific cohesin subunits REC8 and Smc1β [18] and might be dictated by chromosome struc-
ture, as has been suggested in mitotic cells [25]. The longitudinal localization pattern along the 
mammalian synapsed axes could suggest that SMC5/6 facilitates SC assembly, chromosome 
synapsis or recruitment of other SC-associated proteins.

Secondly, both in mouse and human, we found SMC6 at the centromeres in meiotic me-
taphase cells [23, 24]. Co-localization of SMC6 with TOP2A in foci proximal to the sister kineto-
chores both in meta- and anaphase I and II spermatocytes, suggests that the SMC5/6 complex 
may regulate sister-chromatid centromere cohesion [18]. This observation is in line with data 
from budding yeast, where Smc5/6 is regulating sister-chromatid cohesion at centromeres and 
is required for the timely removal of meiotic cohesin from chromosomal arms, a strictly or-
chestrated process required to subsequently segregate homologous chromosomes and sister 
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chromatids during meiosis I and II [26].
In addition, SMC5/6 was found to localize at the XY body in both mouse and human sper-

matocytes. In mouse spermatocytes, similar to γH2AX, SMC6 evenly stains the chromatin of the 
entire XY body [18], which suggests a role for SMC5/6 in meiotic sex chromosome inactivation, 
the meiotic silencing of genes on the unsynapsed regions of the sex chromosomes [27, 28]. In 
human spermatocytes, however, SMC6 is only present in foci on the unsynapsed axes of the X 
and Y chromosomes, similar to DMC1 foci that mark meiotic DSBs. Interestingly, not only the 
unsynapsed XY chromosomes, but also unsynapsed regions of autosomal chromosomes exhi-
bit side by side foci of both DMC1 and SMC6 [24]. It is known that induction of meiotic DSBs is 
continued on unsynapsed chromosomes, which therefore require continuous DSB repair [29]. 
Although the SMC5/6 complex is strongly linked to DSB repair, SMC6 does not co-localize with 
DMC1 during zygonema (prior to synapsis), when DSBs are induced to facilitate meiotic re-
combination. Hence, we suggest that the SMC5/6 complex is involved in the repair of meiotic 
DSBs that are induced later during meiosis in chromosomes that have failed to synapse in time. 
Interestingly, in the mouse, SMC5/6 was found to be present at the pericentromeric hetero-
chromatin, the condensed regions of repetitive sequences that surround the centromeres [18, 
23]. This localization, which already starts in differentiating spermatogonia and lasts throug-
hout all meiotic stages and round spermatids, might reveal an additional function of the 
SMC5/6 complex during meiosis. Because the pericentromeric regions are rich in repetitive 
sequences they are prone to form intra-chromosomal recombination structures, leading to se-
gregation problems during M-phase. This is why meiotic recombination around the centrome-
res is generally suppressed by a yet unknown mechanism [30]. We show that pericentromeric 
heterochromatin is not only enriched for SMC6, but is at the same time depleted of HR events, 
marked by Rad51 foci [23]. In line with data obtained in Drosophila and yeast, showing that 
SMC5/6 prevents HR in heterochromatin and rDNA regions by inhibiting Rad51 [17, 21, 22], 
we propose that also in mouse spermatocytes, SMC5/6 is likely to protect the pericentromeric 
heterochromatin against aberrant meiotic recombination events.

Replication induced topological stress and DNA damage

Because targeting and studying germ cells is technically challenging, we decided to use 
human U2OS cells to study the cell biology and biochemical regulation of the SMC5/6 complex 
in a more manageable experimental setting. Because this cell line has been regularly used for 
studies in DNA repair as well as for SMC5/6 research [31-33], experimental results will in our 
view provide a solid base line understanding of the functioning of SMC5/6. 

The most striking data we observed when studying SMC5/6 in U2OS cells was the functio-
nal interplay between TOP2A and the SMC5/6 complex. Not only did we find a physical interac-
tion between SMC5/6 and TOP2A, which has been suggested before yet never proven, we also 
observed increased sensitivity to the topoisomerase inhibitor etoposide upon CRISPR-Cas9 
targeting of the SMC5/6 subunit NSE2. The functional interplay between TOP2A and SMC5/6 
has been discussed before, describing yeast SMC5/6 to be involved in the topological stress 
relief required for chromosome replication and segregation during mitosis [34]. First, a fission 
yeast Smc6 mutant appeared synthetically lethal with mutations in Top2 [35]. Later also bud-
ding yeast Smc6 and Nse2-sumo-ligase mutants showed synthetic growth defects when com-
bined with mutations in Top2 [36, 37]. Our own data, showing that inhibition of topoisomerase 
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activity has a more profound effect on cells harboring an impaired SMC5/6 complex, together 
with physical interaction between the SMC5/6 complex and TOP2A, further supports the pre-
sumed combined function of TOP2A and SMC5/6 at replication forks. 

During mouse spermatogenesis, TOP2A has been reported to co-localize with SMC6 on the 
centromeres during the entire process of meiosis [18]. When TOP2A was inhibited by etopo-
side administration to these mice, lagging chromosomes were induced during the second 
meiotic division, indicating a segregation problem of sister chromatids. Interestingly, both 
SMC6 and TOP2A were located at stretched strands connecting these lagging chromatids at 
the site of the kinetochores [18], indicating that SMC5/6 is required for proper regulation of 
sister chromatid centromere cohesion or to resolve intertwined sister chromatids. Moreover, 
Smc5 localization in budding yeast seems to depend on meiotic DNA replication, and in the 
absence of TOP2, Smc5 localization is aberrant [26]. Hence, during both mitosis and meiosis, 
SMC5/6 and TOP2A seem to function synergistically during replication induced topological 
stress, centromere cohesion and proper chromosome segregation.

Implications for future research

To conclude, this study has yielded many potential functions of SMC5/6 during spermato-
genesis and even gametogenesis in general. Even though exact mechanisms have yet to be 
elucidated, the wide variety of conserved localization patterns strongly suggest essential roles 
for this complex during germ cell development. Future studies will hopefully reveal the exact 
mechanisms by which SMC5/6 is safeguarding genome integrity and chromatin architecture 
during this highly dynamic process.

Based on our studies, in mouse and rat, SMC6 expression can now be used as a novel mar-
ker for spermatogonial differentiation. In humans this is still debatable, because other diffe-
rentiation markers for human spermatogonia are lacking and hence confirmation of the cor-
relation between SMC6 expression and human spermatogonial differentiation is currently not 
possible. Future studies should focus on determining other differentiation markers in human 
spermatogonia and subsequent analysis of their relation to SMC6 expression. Although tech-
nically challenging due to the difficulties in culturing human spermatogonia and the induction 
of differentiation of these cells, such research would potentially be useful to the field of human 
spermatogonial stem cell research.

Future studies aimed at elucidating whether SMC5/6 indeed regulates gene transcription 
in spermatogonia and whether CTCFL is aiding in this process, might prove valuable for novel 
insights into the regulation of spermatogonial differentiation, as well as to shed light on the 
potential gene-regulatory function of SMC5/6. 

Without a doubt, the potential roles for the SMC5/6 in mammalian meiosis are numerous. 
However, in order to confirm the functions suggested by localization in the studies descri-
bed in this thesis, conditional knockout or mutant mouse models should be generated. The 
first step should be to create a conditional knockout mouse model, in which subunits of the 
SMC5/6 complex are specifically removed from germ cells. Analyzing these animals will provi-
de answers to the question for which germ cell developmental processes SMC5/6 is inadmissi-
ble. Although our U2OS model has given us some valuable insight into a molecular mechanism 
by which SMC5/6 functions during DNA replication, these promising data may not be fully 
translatable to germ cells. Another approach could for instance involve the generation of tar-
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geted germ cells in vitro. Combining a culture system for spermatogonial stem cells [38] with 
upcoming, highly efficient and effective gene targeting strategies such as CRISPR-Cas9 [39], 
genetically modified germ cells can be generated in a quicker manner. However, since mei-
osis in culture has not been achieved, these targeted cells require transplantation in order to 
study alterations in meiotic processes. Even though these two approaches are without a doubt 
labor-intensive and require specific technical skills (e.g. for testicular cell transplantation), they 
will in all probability provide a large and necessary increase in our understanding of the roles 
the SMC5/6 complex plays during germ cell development. 

The importance of SMC5/6 for mammalian spermatogenesis supported by the work in this 
thesis, triggers the question whether dysfunction in SMC5/6 might contribute to the currently 
unexplained cases of spermatogenic failure. In mouse, knockout of SMC6 leads to embryonic 
lethality and mutations in its ATP hydrolysis motif do not result in fertility problems [40]. It is 
therefore unlikely that patients with spermatogenic failure harbor neither a complete absence 
of SMC6 nor the absence of the highly similar SMC5. Interestingly, a recent case report descri-
bes two adult females both affected by a double frameshift mutation in the NSE2 gene, leading 
to reduced levels of NSE2 [41]. These two patients not only suffer from primordial dwarfism 
and extreme insulin resistance, but also show gonadal failure. Primary dermal fibroblast of 
these patients showed nuclear abnormalities such as nucleoplasmic bridge formation and im-
paired S-phase progression after replication fork stalling, phenotypes that were rescued by 
expression of WT NSE2 but not SUMO-ligase mutated NSE2. Aside from these severely affected 
NSE2-mutated individuals, no case reports have been published involving any of the subunits 
of the SMC5/6 complex, which could indicate that mutations in these genes are embryonically 
lethal and these people simply do not exist. On the other hand, mutations leading to an ex-
tremely mild phenotype could go unnoticed. It is actually not impossible that this latter group 
of hypothetical patients could suffer from spermatogenic failure and be amongst the patients 
visiting the IVF clinic for fertility treatment. In this respect, NSE4 is particularly interesting, be-
cause in humans, NSE4 has two paralogs: NSE4α, which is present in somatic cells, and the 
testis specific NSE4β [42]. In contrast to the other SMC5/6 subunits, which are present in every 
cell, it could be possible for NSE4β to be completely mutated, thereby affecting the testis, but 
simultaneously leaving the somatic cells unaffected. Exome or whole genome sequencing of 
patients with spermatogenic failure may provide an answer whether mutations – either reces-
sive or de novo – in any of the SMC5/6 complex subunits contribute to human spermatogenic 
failure cases.

Finally, also the role of SMC5/6 in oocytes, during oogenesis or the maintenance of centro-
meric cohesion during dictyate arrest, has not yet been addressed. In oocytes, cohesin mole-
cules mediate meiotic chromosome cohesion, which is required for proper meiotic chromo-
some segregation. Even though human oocytes are often arrested for several decades, the 
cohesin molecules are not replenished during this time and deterioration of these important 
cohesin molecules might be one of the mechanisms causing ovarian aging [43-45]. In yeast 
meiosis, SMC5/6 has been found essential for the regulation of sister chromatid cohesion at 
centromeres and for the timely removal of cohesin from chromosome arms [26]. Moreover, 
SMC5/6 has been proposed to provide centromere cohesion in mouse and human male germ 
cells [18, 23, 24]. Knowing this, deciphering the contribution of SMC5/6 in regulating oocyte 
quality during dictyate and ovarian aging would be an interesting and promising direction for 
further research.

Even though many questions remain, the work presented in this thesis has contributed 
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significantly in understanding SMC5/6 biology, and successfully combines the field of SMC5/6 
research with germ cell development biology, thereby providing novel insights to both disci-
plines. 
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Summary

The aim of this thesis was to gain understanding in the mechanisms that shape, protect 
and prepare the genome for reproduction, one of the most complex and challenging, yet 
essential, processes of species survival. We especially focused on one of the three Structural 
Maintenance of Chromosomes (SMC) protein complexes called SMC5/6, known to be involved 
in the dynamic structure of chromatin during genome replication and DNA damage repair. 
Even though this protein complex is found to be involved in numerous processes critical for 
genome integrity maintenance, its role in germ cell development is poorly understood. We 
therefore investigated the possible roles of SMC5/6 in rodent and human spermatogenesis, 
and concluded that this complex is likely to be involved in many important spermatogenic 
processes, such as spermatogonial differentiation, meiotic recombination and homologous 
chromosome synapsis and segregation. 

In chapter 1 we introduce the stages of spermatogenesis, with special emphasis on meiosis 
and meiotic recombination. It furthermore provides an overview of the SMC protein families 
and the known (somatic) functions of the SMC5/6 complex. 

In chapter 2, we have investigated the role of SMC6 during rodent spermatogenesis. We 
showed that rodent SMC6 expression coincides with the transition of undifferentiated to dif-
ferentiating spermatogonia. Throughout mouse spermatogenesis we found SMC6 to localize 
to pericentromeric heterochromatin regions, chromatin domains that contain densely packed, 
repetitive DNA sequences surrounding the centromeres. Because we found these domains to 
lack DNA repair or recombination sites (marked by γH2AX or Rad51 respectively), we hypo-
thesize that SMC5/6 plays a role in the prevention of aberrant recombination events between 
pericentromeric regions during the first meiotic prophase that would otherwise cause chro-
mosomal aberrations leading to apoptosis, meiotic arrest or aneuploidies. 

In chapter 3, we aimed to translate the recent findings considering the SMC5/6 complex 
in mouse spermatogenesis to the human situation. Indeed, also the human testis contained 
subpopulations of SMC6 negative and positive spermatogonia, which were equally distribu-
ted amongst type Adark and type Apale spermatogonia, potentially reflecting the differentiation 
status of spermatogonia. In contrast to the mouse, human SMC6 was not located at pericen-
tromeric heterochromatin, suggesting species dependent differences in the maintenance of 
genomic integrity at the repetitive pericentromeric regions. In addition, we found SMC5 and 
SMC6 to locate at synapsed homologous chromosomes during the first meiotic prophase and 
at centromeres during meiotic metaphases. Finally, unsynapsed chromosomes (including 
the sex chromosomes) exhibited side by side SMC6 and RAD51 foci, indicating that SMC5/6 
could be involved in DNA double strand break repair on these chromosomes. Taken together, 
our data clearly indicate that the SMC5/6 complex is involved in a variety of crucial processes 
during human spermatogenesis, including spermatogonial development, synaptonemal com-
plex assembly or stability and meiotic centromere cohesion.

Chapter 4 provides an overview of the many meiotic functions of SMC5/6 described using 
models from yeast to man, thereby underlying both the complexity of the process of meiosis 
and the versatility of the SMC5/6 complex. Nevertheless, when comparing the diverse meiotic 
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(and mitotic) functions of SMC5/6, at least one clear common denominator was found: the ca-
pacity to resolve recombination intermediates that occur after repair of DSBs by homologous 
recombination.

In chapter 5, we first briefly studied the mechanism by which SMC6 might be regulated in 
germ cells. By mass spectrometry, we revealed a potential posttranslationally modified form 
of SMC6 to be the protein SEC23IP that non-specifically interacts with one of our SMC6 an-
tibodies. Additionally, and confirmed by immunoprecipitation, a strong physical interaction 
between the SMC5/6 complex and the DNA topoisomerase TOP2A was found. In order to study 
the role of the SMC5/6 complex in DNA repair and homologous recombination, we succes-
sfully targeted the SMC5/6 subunit NSE2 by CRISPR-Cas9 in a human cell line (U2OS). All NSE2 
null cells showed a delay in cell cycle progression and 10% of the cells arrested at G0/1. Sur-
prisingly, no clear difference in cell survival capacity was observed between WT and NSE2 null 
cells when exposed to DNA damaging agents ionizing radiation and cisplatin. However, NSE2 
null cells did show an increased sensitivity to the topoisomerase inhibitor etoposide. This, to-
gether with the observed interaction between SMC5/6 and TOP2A, suggests that the SMC5/6 
complex is specifically involved in resolving replication induced topological stress, likely by 
mediating repair of TOP2A induced DSBs. 

In chapter 6 we discuss the relevance of the obtained results and the implications for 
further research in genome integrity maintenance and male reproduction.
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Samenvatting

Het doel van dit proefschrift was om kennis te vergaren over de mechanismen die zorg 
dragen voor het vormgeven, beschermen en voorbereiden van het genoom tijdens de voort-
planting; één van de meest complexe, uitdagende en tegelijkertijd essentiële processen van 
overleving. In het bijzonder hebben wij ons gericht op één van de drie SMC eiwitcomplexen 
genaamd SMC5/6, welke voornamelijk verantwoordelijk is gebleken voor de dynamische 
structuur van chromatine die gepaard gaat met het herstel van DNA schade. Hoewel gevon-
den is dat dit eiwitcomplex betrokken is bij verschillende processen die essentieel zijn voor het 
behouden van een intact genoom, is de rol van SMC5/6 in ontwikkelende voortplantingscel-
len nog onduidelijk. Wij hebben daarom de potentiële rol van SMC5/6 tijdens de spermato-
genese onderzocht, en concluderen dat dit complex naar alle waarschijnlijkheid betrokken 
is bij meerdere belangrijke processen, waaronder spermatogoniale differentiatie, paring van 
homologe chromosomen tijdens de meiose, meiotische recombinatie en, uiteindelijk, chro-
mosoomsegregatie tijdens de twee meiotische celdelingen.

In hoofdstuk 1 introduceren we de verschillende stadia van spermatogenese, met extra 
aandacht voor meiose en meiotische recombinatie. Daarnaast geeft het een overzicht van de 
verschillende SMC eiwitcomplexen en de reeds bekende functies van het SMC5/6 complex.

In hoofdstuk 2 bestuderen we de rol van SMC6 tijdens spermatogenese in knaagdieren. 
We laten zien dat expressie van SMC6 gelijk op gaat met het differentiëren van spermatogonia. 
Gedurende de spermatogenese lokaliseert SMC6 op het pericentromerisch heterochromatine, 
chromatine domeinen rond de centromeren die dicht opeen gepakte, repetitieve stukken 
DNA bevatten. Omdat deze domeinen tevens géén DNA schade herstel of recombinatie laten 
zien (in de vorm van γH2AX en Rad51 foci), veronderstellen wij dat SMC5/6 een rol speelt in 
het voorkomen van foutieve recombinatie tussen pericentromerische regio’s tijdens de eerste 
meiotische profase. Meiotische recombinatie tussen deze domeinen zou anders tot chromoso-
male afwijkingen en vervolgens celdood, meiotisch arrest of aneuploïdie kunnen leiden. 

Het doel van hoofdstuk 3 is om de recente bevindingen van studies over de rol van 
SMC5/6 tijdens de spermatogenese van de muis te vertalen naar humane spermatogenese. 
Ook in de humane testis vinden we twee spermatogoniale subpopulaties: SMC6-negatieve 
en –positieve spermatogonia die mogelijk een afspiegeling zijn van de differentiatie status van 
humane spermatogoniën. In tegenstelling tot de muis, lokaliseert humaan SMC6 niet met pe-
ricentromerisch heterochromatine. Dit duidt er op dat in de mens SMC5/6 niet betrokken is bij 
de instandhouding van de integriteit van repetitieve pericentromerische DNA sequenties. Wel 
vinden we zowel SMC5 als SMC6 op de gepaarde homologe chromosomen tijdens de eerste 
meiotische profase, en op de centromeren tijdens de meiotische metaphases. Tenslotte laten 
ongepaarde chromosomen (inclusief de geslachtschromosomen) SMC6 en RAD51 foci zien, 
wat suggereert dat SMC5/6 betrokken is bij het herstellen van DNA-schade op deze chromo-
somen. Samenvattend laat onze data zien dat het SMC5/6 complex betrokken is bij een breed 
scala aan cruciale processen tijdens de humane spermatogenese, waaronder spermatogoniale 
differentiatie, synaptonemal complex opbouw of stabiliteit (paring van de homologe chromo-
somen) en centromeer cohesie tijden meiotische delingen. 
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Hoofdstuk 4 geeft een overzicht van de vele meiotische functies van SMC5/6 beschreven 
in studies van gist tot mens die zowel de complexiteit van meiose als de diversiteit van het 
SMC5/6 complex illustreren. Tijdens het vergelijken van de diverse meiotische (en mitotische) 
functies van SMC5/6, kan desondanks een gemene deler gevonden worden in het vermogen 
om complexe DNA structuren, die ontstaan tijdens DNA schade herstel middels homologe 
recombinatie, op te lossen.

In hoofdstuk 5 beschrijven we eerst kort de mechanismen waarbij SMC6 mogelijk gere-
guleerd wordt in voortplantingscellen. Met massa spectroscopie laten we vervolgens zien dat 
een mogelijke post-translationeel gemodificeerde vorm van SMC6 in feite een aspecifieke in-
teractie van een van onze antilichamen met het eiwit SEC23IP blijkt te zijn. Daarnaast tonen we, 
met massa spectroscopie en immunoprecipitatie, een sterke fysieke interactie aan tussen het 
SMC5/6 complex en de DNA topoisomerase TOP2A. Om de rol van SMC5/6 in DNA schade her-
stel en homologe recombinatie te bestuderen, hebben we de SMC5/6 subunit NSE2 verwijdert 
uit een humane cellijn (U2OS) met CRISPR-Cas9. Alle NSE2 null-cellen laten een vertraging in 
cel cyclus zien en 10% van deze cellen stagneert in G0/1. Wanneer we DNA schade aanbrengen 
door middel van ioniserende straling of cisplatin, zien we echter geen groot verschil in over-
leving tussen de wildtype en NSE2 null-cellen. De NSE2 null-cellen blijken wel een verhoogde 
gevoeligheid te hebben voor de topoisomerase remmer etoposide. Samen met de gevonden 
interactie tussen SMC5/6 en TOP2A, suggereert dit dat het SMC5/6 complex specifiek betrok-
ken is bij het herstellen van DNA schade die gemaakt wordt door TOP2A gedurende replicatie.

In hoofdstuk 6 bespreken we de relevantie van de verkregen resultaten en de implicaties 
voor het onderzoek naar genoom integriteit en mannelijke voortplanting in de toekomst.
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List of Abbreviations

ALT  Alternative lengthening of telomeres
Cas9  CRISPR-associated protein 9
CO  Crossover
CRISPR  Clustered regulatory interspaced short palindromic repeats
DAPI	 	 4’6-diamidino-2-phenylindole•2HCl
dHJ  Double Holliday junction
dsDNA  Double-stranded DNA
DNA  Deoxyribonucleic acid
DSB  DNA double-strand break
DSBR  DNA double-strand break repair
HJ  Holliday junction
HR  Homologous recombination
HU  Hydroxyurea
IH  Inter-homolog
IP  Immunoprecipitation
IR  Ionizing radiation
IS  Inter-sister
JM  Aberrant joint molecule
MSCI  Meiotic sex chromosome inactivation
MSUC  Meiotic silencing of unsynapsed chromosomes
NCO  Non-crossover
NER  Nucleotide excision repair
NHEJ  Non-homologous end joining
NLS  Nuclear localization sequence
NSE  Non-SMC element
rDNA  Ribosomal DNA
RNA  Ribonucleic acid
SAC  spindle assembly checkpoint
SC  Synaptonemal complex
SCI  Sister chromatid intertwining
SDSA  Synthesis-dependent single-strand annealing
SEI  Single-end invasion
SMC  Structural maintenance of chromosomes
SSC  Spermatogonial stem cell
ssDNA  Single-stranded DNA
SUMO  Small ubiquitin-related modifier
TopoII  Topoisomerase 2
TOP2  Topoisomerase 2
VAD  Vitamin A-deficient
WT  Wildtype
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PhD Portfolio

PhD period:  01.09.2011 – 31.08.2015
PhD supervisors:  Prof. Dr. Sjoerd Repping
   Dr. Geert Hamer

1. PhD training  
Year 

Workload 
(hours/ 
ECTS) 

Courses 
Quantitative Fluorescence Microscopy (Cold Spring Harbor, NY) 2011 168/6.0 
Basic Laboratory Safety (AMC) 2012 12/0.4 
DNA Technology (AMC) 2012 60/2.1 
Mass Spectrometry, Proteomics and Protein Research (AMC) 2012 60/2.1 
Scientific Writing in English (AMC) 2013 42/1.5 
Gene Targeting and Transgenic Strategies (AMC) 2014 10/0.4 
Data Analysis in MATLAB (AMC) 2014 20/0.7 
Career Development (AMC) 2015 23/0.8 

Seminars, workshops and master classes 
Journal Club 2011-2015 32/1.1 
Weekly department seminars (ReproBioMedicine) 2011-2015 128/4.6 
Masterclass by Ian Chambers 2013 8/0.25 

Oral presentations (invited) 
6th Dutch Society for Stem Cell Research Meeting (Amsterdam) 2013 14/0.5 

Poster presentations 
Netherlands Institute of Regenerative Medicine conference 
(Amsterdam) 

2012 14/0.5 

American Testis Workshop (Texas, USA) 2013 14/0.5 
6th International Network for Young Researchers in Male Fertility 
Meeting (Barcelona, Spain) 

2013 14/0.5 

EMBO workshop: SMC proteins (Vienna, Austria) 2015 14/0.5 
(Inter)national conferences 

5th Dutch Society for Stem Cell Research Meeting (Amsterdam) 2012 8/0.25 
Netherlands Institute of Regenerative Medicine Conference 
(Amsterdam) 

2012 8/0.25 

American Testis Workshop (Texas, USA) 2013 32/1.0 
6th Dutch Society for Stem Cell Research Meeting (Amsterdam) 2013 8/0.25 
6th International Network for Young Researchers in Male Fertility 
Meeting (Barcelona, Spain)  

2013 24/0.75 

7th International Network for Young Researchers in Male Fertility 
Meeting (Elsinore, Denmark) 

2014 16/0.5 

8th Dutch Society for Stem Cell Research Meeting (Utrecht) 2015 8/0.25 
EMBO workshop: SMC proteins (Vienna, Austria) 2015 32/1.0 
Other activities   
One week visit: laboratory of Prof. Dr. C. Höög, Karolinska 
Institute, Stockholm, Sweden 

2013 40/1.4 

 
 
 
 
 
 
 
 

 
 

1. PhD Training
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1. Teaching  
Year 

Workload 
(hours/ 
ECTS) 

Teaching 
High school students 2011 8/0.25 

Student supervising 
Fenna Terweij (BSc student) 2012 32/1.0 
Nathalia Langedijk (BSc student) 2013 32/1.0 
Lok Lam Ngai (BSc student) 2014 64/2.0 

 
 

2. Parameters of Esteem  
Year 

 

 

Awards 
Best oral presentation  
at the 6th Dutch Society for Stem Cell Research Meeting 
(Amsterdam) 

2013  

 
 
Total  945/32,35 

 
 

2. Teaching

3. Parameters of Esteem
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