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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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