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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.



85SMC5/6 in DNA replication and repair

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 



94 Chapter 5

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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