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Following DNA damage, the cell cycle can be slowed or halted to allow
for DNA repair. However, the mechanisms underpinning mitotic delay in
response to DNA damage are unclear. Through an unbiased high-
throughput screen, here, we have identified superoxide dismutase 1 (SOD1)
as an essential factor mediating mitotic delay in response to DNA damage.
Cells with damaged DNA arrest at metaphase, indicating involvement of
the spindle assembly checkpoint (SAC); however, this response is lost fol-
lowing SOD1 depletion. Furthermore, whilst depletion of SAC proteins
promotes rapid cell division (often less than 10min) in all conditions,
SOD1 depletion has no impact on mitotic progression either in unper-
turbed mitosis or in response to spindle poisons and does not decrease the
mitotic transit time beyond the normal rate. Cells depleted of SODI1 dis-
play damaged centromeres and mitotic defects but no longer exhibit DNA-
damage-induced mitotic delay. SOD1 has previously been shown to medi-
ate redox control of phosphatases such as PP2a. In response to DNA dam-
age, we observed elevated phosphorylation of SAC protein BubR1 and the
kinetochore protein KNLI1. Dephosphorylation of these proteins is
required for SAC silencing, and PP2a has previously been implicated in
this. Following SOD1 depletion, we observed elevated PP2a activity and
decreased phosphorylation of BubR1 and KNLI1. We propose that, in
response to damage, SODI restrains PP2a activity, resulting in elevated
BubR1 and KNLI phosphorylation leading to persistent SAC activation.

Introduction

It is vital that cells maintain genomic integrity in order
to pass on a faithful copy of their genetic material to
the next generation. All the cells in the body are

Abbreviations

continuously exposed to genotoxic threats, with tens
of thousands of DNA-damaging events occurring in
each cell every day. The cellular response to DNA

ACA, anti-centromere antibody; APC/C, anaphase-promoting complex/cyclosome; Aph, aphidicolin; ATM, ataxia telangiectasia mutated; ATR,
ataxia telangiectasia and Rad3 related; BubR1, Bub1-related kinase 1; Carbo, carboplatin; CDK, cyclin dependent kinase; CENP B,
centromere protein B; Chk2, checkpoint protein 2; H,0,, hydrogen peroxide; IR, irradiation; KNL1, kinetochore scaffold 1; KO, knock out;
Mad2, mitotic arrest deficient 2; MELT, methionine-glutamine-leucine-threonine; pH3, phosphorylated histone H3; Plk1, polo-like kinase 1;
PP1, protein phosphatase 1; PP2a, protein phosphatase 2a; Redox, reduction-oxidation; SAC, spindle assembly checkpoint; siRNA, small
inhibitory RNA; SOD1, superoxide dismutase 1; TMZ, temozolomide; Wee1, G2 checkpoint kinase Wee1; WT, wild-type; XRCC4, X-ray
repair cross complementing protein 4; yH2AX, phosphorylated histone 2A X.
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SOD1 slows mitosis in response to DNA damage

damage involves careful coordination of cell cycle con-
trol, DNA repair and programmed cell death in order
to maintain genomic integrity.

In response to DNA damage, the phosphatidylinosi-
tol 3-kinase-related kinases ATM and ATR activate
cell cycle checkpoints throughout interphase, resulting
in cell cycle arrest at the G1/S and G2/M boundaries
and slowing of DNA replication in S phase via inhibi-
tion of the cyclin-dependent kinases (CDKs) [1].
Whilst cell cycle control and activation of DNA repair
are well-characterized in interphase, how and, in fact,
whether the cell cycle responds to DNA breaks in
mitotic cells remains unclear. Despite published evi-
dence of slowed mitotic transit in response to DNA
damage [2-5], it is generally accepted that there is no
DNA damage-induced checkpoint in mitosis [6]. The
reasoning for this is twofold. First, whilst the inter-
phase checkpoints all act through the inhibition of the
various CDKSs necessary for cell cycle progression [7],
there are several mechanisms that prevent this from
happening in mitosis; there is little transcription in
mitosis, meaning that p21 cannot be induced to inhibit
the CDKSs. Furthermore, the mitotic kinase Plkl
directly inhibits Weel and Claspin, which are required
for the inhibitory phosphorylation of CDKI1 at Tyro-
sine 15 [6]. Second, the canonical DNA damage repair
pathway is largely inhibited in mitosis [8], which has
led to the hypothesis that there is no requirement for a
mitotic DNA damage checkpoint. Whilst the signaling
cascade that responds to DNA double-strand breaks
in interphase is initiated in mitosis, the cascade has
been shown to be attenuated in mitotic cells, resuming
in full following the completion of mitosis [8]. How-
ever, despite the restriction of the canonical break
repair pathways, recent evidence has highlighted
break processing in mitotic cells. Broken chromosomes
are ‘tethered’ together in mitosis to allow for faithful
segregation of fragmented chromosomes [9,10] and
DNA synthesis and recruitment of repair proteins in
mitosis have been observed in response to DNA
breaks induced in mitotic cells [11-13].

In 2000, Smits et al. demonstrated that mitotic
DNA damage inhibits Plk1 in mitosis and significantly
delays mitotic exit in U20S cells [2]. They concluded
that Plk1 is an important target of the DNA damage
checkpoint leading to cell cycle arrest in mitosis. The
mechanism, however, was vague, and Mikhailov et al.
set out to expand upon this a few years later [3]. They
hypothesized that there were three possibilities: (a)
DNA damage prevents activation of the APC/C via
downregulation of Plkl activity, (b) DNA damage
directly prevents Cyclin A degradation, which is
required for metaphase/ anaphase transition and (c)
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DNA damage does not prolong mitosis via a DNA
damage checkpoint but instead through the spindle
assembly checkpoint. They demonstrated that whereas
extensive DNA damage in mitosis led to metaphase
delay, normal spindle formation and cyclin A degrada-
tion were observed. Furthermore, the metaphase block
was not affected by caffeine, indicating that the meta-
phase block is ATM independent. They went on to
demonstrate that cells blocked in metaphase by DNA
damage had at least one Mad2-positive kinetochore
and rapidly exited mitosis upon microinjection of a
dominant-negative Mad2 mutant. They concluded that
extensive DNA damage compromises kinetochore
function, leading to prolonged activation of the SAC
[3].

In this manuscript, we demonstrate that mitotic
transit is significantly slowed for up to 16 h post expo-
sure to a range of DNA damaging agents and not just
when DNA is damaged directly in mitotic cells.
Through an unbiased, high-throughput siRNA screen,
Superoxide dismutase (SODI1) was identified as an
essential factor for mitotic delay following exposure to
DNA damaging agents. Furthermore, we show that
cells with reduced SODI levels exhibit higher PP2a
activity and reduced BubR1 and KNLI1 phosphoryla-
tion, indicating a potential mechanism for spindle
checkpoint control by SODI. SODI1 is most known
for its role in the conversion of toxic superoxide radi-
cals (O;) to the more stable and less toxic hydrogen
peroxide and dioxygen [14]. More recently, SODI has
also been implicated in the DNA damage response
[15,16] although the mechanism for this is unknown.

Results

An siRNA screen for proteins involved in a
mitotic DNA damage checkpoint

To investigate the mitotic cell cycle response to DNA
damage, HeLa cells were treated with DNA damaging
agents followed by live cell time-lapse microscopy
analysis. We observed that the average time spent in
mitosis was significantly increased following the intro-
duction of DNA damaging agents and replication
inhibitors (Fig. 1A, Videos S1 and S2). Mitotic transit
time was assessed as the duration between mitotic cell
rounding and cytokinesis (Fig. 1B). Unlike in previous
studies [3], this observed delay was not restricted to
cells inflicted with DNA damage whilst in mitosis, as
the delay was observed upwards of 16h post irradia-
tion, indicating that cells can traverse earlier inter-
phase checkpoints and still experience mitotic
difficulties. Comet assays on asynchronous vs. mitotic
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cells (Fig. 1C,D) and visualization of chromosomes by
DAPI staining (Fig. 1E,F) revealed that at 16 h post
irradiation, mitotic cells had both persistent DNA
breaks and chromosomal abnormalities. To investigate
whether the mitotic response to DNA damage was cell
line specific, three other cell lines were exposed to 5Gy
IR and analysed by live cell microscopy for mitotic
duration. All cell lines tested exhibited an observable
increase in mitotic transit time following exposure to
irradiation (Fig. 1G).

DNA damage induced mitotic delay was also
observable as an increase in cells expressing the mitotic
marker protein phosphorylated Histone-H3, 16 h after
IR treatment (Fig. 2A,B) allowing for the development
of a high-throughput siRNA screen to uncover mem-
bers of the DNA damage response involved in a
potential mitotic DNA damage checkpoint. We found
that increasing the dose of radiation further increased
the mitotic duration (Fig. 2C) and therefore, 10Gy IR
was used for the screen in order to enhance the effects.
The screening conditions were optimized using siRNA
to the spindle assembly checkpoint protein, BUBRI,
to reduce the number of cells in mitosis and siRNA to
anaphase-promoting complex protein, CDC20,
to increase the number of cells in mitosis (Fig. 2D).
Whilst the percentage of mitotic cells determined by
the automated software was different from the levels
previously detected by flow cytometry, we were satis-
fied that the decrease in the mitotic population after
siBubR1 and the increase upon incubation with
siCdc20 meant that the methodology was sufficient for
the screen. The screen was performed five times, and
data were rank-filtered by the mean ordered Z-score
(Fig. 2E). A stringent Z-score cut-off of 2 was applied,
identifying 11 siRNAs that significantly reduced the
mitotic population. A secondary screen using live cell
imaging to assess mitotic transit time after 10Gy IR
was conducted to specifically identify siRNAs that
reduced the number of cells in mitosis due to a reduc-
tion in mitotic transit time (Fig. 2F). Four siRNAs
were excluded at this point as they had an impact on
interphase progression, meaning no cells progressed to
mitosis. The secondary screen revealed that siRNA
against the nonhomologous end joining protein,
XRCC4, and the reactive oxygen species reducing pro-
tein, SODI, both significantly reduced mitotic
transit time.

The impact of screen hits on the canonical SAC

As the key regulator of cell cycle progression in
mitosis is the spindle assembly checkpoint (SAC)
which assesses kinetochore attachment prior to

SOD1 slows mitosis in response to DNA damage

mitosis, we investigated whether XRCC4 and SODI
had an impact on the canonical SAC. Cells were
treated with the indicated siRNAs for 48h and then
exposed to the spindle poison nocodazole
(200 pg-mL™") prior to the initiation of live cell imag-
ing. In the population treated with the control
siRNA, nocodazole induced either mitotic arrest
(Video S3) or death in mitosis (Video S4) in almost
100% of cells, whereas the vast majority of cells trea-
ted with siRNA to BUBRI underwent a process
known as mitotic slippage (Video S5), whereby cells
exit mitosis without undergoing cytokinesis. siRNA
to SOD1 was found to have similar effects on mitosis
in the presence of nocodazole as in the siControl,
with the vast majority of cells undergoing either
mitotic arrest or death in mitosis (Fig. 3A). To
exclude the possibility that the phenotype was caused
by high concentrations of nocodazole, we exposed
paired HeLa SODI1 wild-type (HeLa-SODIWYT) and
SODI knockout (HeLa-SOD1%9) cells to 10-fold less
nocodazole and found similar effects remaining
between them (Fig. 3B). siRNA-mediated depletion
of XRCC4, however, resulted in a similar effect to
depletion of BubR1, with the majority of cells under-
going mitotic slippage (Fig. 3A). Western blotting
revealed no changes in expression of the key SAC
proteins following siRNA-mediated depletion of
SODI1 in response to either nocodazole (Fig. 3C) or
IR (Fig. 3D) exposure; however, following depletion
of XRCC4, marked depletion of Mad2 and other
Mitotic Checkpoint Complex proteins was observable
(Fig. 3C). Taken together, this indicates that whilst
siRNA-mediated depletion of XRCC4 impacts the
canonical SAC, the impact of SODI1 on mitosis is
through another level of signaling.

There have been reports of SAC proteins, particu-
larly Mad2, being sensitive to siRNA duplexes with no
sequence homology [17]. We therefore concluded that
the impact of siRNA-mediated depletion of XRCC4
on the mitotic response to nocodazole was likely due
to off-target effects of the siRNA duplexes on MAD?2
and did not pursue this further.

SOD1 is required for DNA damage induced
mitotic arrest

As with nocodazole treatment (Fig. 3A), and in con-
trast to BubR1 depletion, SOD1 depletion was found
to have no effect on mitotic progression in the
absence of DNA damage (Fig. 4A.B). Following
exposure with 5Gy IR, the mean time spent in mito-
sis increased from 52.56 to 62.47 min in the cells trea-
ted with siControl; however, this was not observed in
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N. Li et al. SOD1 slows mitosis in response to DNA damage

Fig. 1. Slowed mitotic transit in response to DNA damage. (A) DNA damaging agents induce mitotic delay in Hela cells. Hela cells treated
with the indicated agents were viewed by time lapse microscopy. Time in mitosis was scored from time cells rounded up in mitosis to time
to cytokinesis. Error bars represent mean + SEM of three independent experiments (n > 150) and were analysed by one way ANOVA with
Dunnetts post test. ****P<0.0001. (B) Images from representative time lapse movies, time indicated in minutes. Scale bar indicates
50 um. (C) Hela cells were treated as indicated and then analysed using the neutral comet assay. Red bars represent mean of three
independent experiments and datasets were analysed using the students ttest (*##%P<0.0001). (D) Representative images from neutral
comet assay. Scale bars indicates 100 um. (E) Hela cells were fixed 16 h after 5Gy irradiation and analysed by fluorescence microscopy for
chromosomal abnormalities. Error bars represent mean + SD of three biological replicates (n> 150). (F) Representative images of (E). Scale
bars indicate 50 pm. (G) HEK293, MCF7 and MRC-5 Cells treated as indicated were viewed by time lapse microscopy. Time in mitosis was
scored from time cells rounded up in mitosis to time to cytokinesis. Red bars represent mean of three independent experiments (n > 150)
and datasets were analysed using a One-Way ANOVA with Tukey's post-test. *P<0.05, ***P <0.001. Where statistics are not annotated,

assume nonsignificance.

cells treated with two independent siRNAs to SODI1
(Fig. 4A.B, Videos S6 and S7). Ectopic overexpres-
sion of Myc-tagged SOD1 was sufficient to fully
restore mitotic delay in response to DNA damage,
demonstrating that SOD1 is responsible for this effect
(Fig. 4C,D). This data was further corroborated
by exposing the paired HeLa-SODIWT and HeLa-
SODI1X© cells to 5Gy IR, whereby the wild-type cells
exhibited arrest, whereas the SODI1 knockout cells
did not (Fig. 4E). SOD1 was also found to be
responsible for arrest in response to other DNA dam-
aging agents tested (Fig. 4F). Taken together with
Fig. 3, this demonstrates that the impact of SOD1 on
mitotic progression is specific to DNA damage.

Previous studies have suggested that DNA damage
induced in mitosis results in metaphase arrest through
persistent SAC activation resulting from unattached
spindles due to direct damage of kinetochores [3,13].
Whilst we also saw elevated DNA breaks specifically
at kinetochores in response to DNA damage, this was
also the case in the absence of SODI1 (Fig. 5A,B).
Moreover, in the absence of SODI, there was a signifi-
cant increase in various mitotic defects compared with
the control in the presence of DNA damage (Fig. 5C).
This mitotic dysfunction correlates with elevated
53BP1 foci in the following G1 compared to the con-
trol cells (Fig. 5D.E), suggesting these cells prioritize
completion of mitosis for repair in the following cell
cycle. The use of a GFP tagged H2B protein construct
allowed for greater depth analysis of the DNA and
mitotic progression in the presence of DNA damage.
This revealed that SODI-dependent DNA damage
induced mitotic arrest from damage induced outside
mitosis also occurs in metaphase (Fig. SF-I), indicat-
ing involvement of the spindle assembly checkpoint.
However, with depletion of SODI, an extra level of
signaling overrides the activation of the spindle assem-
bly checkpoint, leading to mitotic progression despite
DNA damage.

SOD1 depletion leads to increased PP2a activity
and reduced BubR1 and KNL1 phosphorylation in
response to DNA damage

The cell cycle is largely regulated by phosphorylation
and dephosphorylation of protein cascades, dependent
on kinases and phosphatases. The key phosphatase
regulating the spindle assembly checkpoint and mitotic
exit is PP2a [18,19]. Previous studies have shown that
phosphatases are sensitive to redox inhibition; H,O,
can directly oxidize cysteines in the active site of PP2a,
leading to a reduction in activity [20]. This oxidation
and subsequent reduction in PP2a activity were found
to be SODI1 dependent [21] either due to the role of
SODI in producing H,O, from superoxide radicals
[21] or through direct oxidation of thiol groups by
SOD1 [22]. Recent studies have identified a
proteome-wide thiol redoxome of SOD1-derived H,O,
vital for defense against antioxidants [23].

We found that, consistent with the published litera-
ture [20], SODI1 knockdown resulted in elevated PP2a
activity (Fig. 6A). In order to test whether PP2a is
responsible for mitotic delay in the presence of DNA
damage, we assessed mitotic transit time after IR treat-
ment following PP2a overexpression (Fig. 6B) and
inhibition (Fig. 6C). We found that inhibition of PP2a
activity via LB100 was sufficient to induce mitotic
delay independently of DNA damage or SODI status
and that ectopic overexpression of PP2a completely
prevents mitotic delay in the presence of DNA
damage.

Together with its B56 regulatory subunit, PP2a
interacts with the spindle assembly checkpoint protein
BubR1 at the Serine 670 (S670) residue in mitosis
[24,25]. Both improper phosphorylation and dephos-
phorylation of BubR1 at S670 have been shown to
result in mitotic delay [26]. This localized phosphatase
activity at the kinetochore is required to silence the
SAC through removal of Plkl leading to
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Fig. 2. siRNA screen for DNA repair factors involved in DNA damage-induced mitotic delay. (A) Cells were treated as indicated then
harvested and stained for pH3 and propidium iodide prior to analysis via flow cytometry 16h post irradiation. Mean + SEM of three
independent experiments. Error bars represent standard deviation of six individual repeats and were analysed by one way ANOVA with
Dunnetts post test. ****P<0.0001. (B) Representative images of (A). Scale bars indicate 50 um. (C) Hela cells treated as indicated were
viewed by time lapse microscopy. Time in mitosis was scored from time cells rounded up in mitosis to time to cytokinesis. Red bars
represent mean of three independent experiments (n> 150) and were analysed by one way ANOVA with Tukey's post test. *#**f <0.0001.
(D) Cells incubated with the indicated siRNAs for 48 h were harvested 16 h post 10Gy irradiation then stained for pH3 and DAPI prior to
analysis via fluorescence microscopy. Error bars represent standard deviation of four individual repeats and were analysed by one way
ANOVA with Dunnetts post test. **P<0.01. (E) HelLa cells were plated in 96-well plates containing the Dharmacon DNA damage siRNA
library and incubated for 48 h. Plates were then irradiated (10Gy) and incubated for a further 16 h prior to staining for pH3 and PI. Analysis
was performed via high-throughput microscopy. Graph depicting rank ordered mean Z-scores from siRNA screen. Data points represent
mean Z scores from five biological replicates (n>25). (F) Hela cells incubated for 48 h with the indicated siRNAs prior to exposure to
jonizing radiation (10Gy) were viewed by time lapse microscopy. Time in mitosis was scored from time cells rounded up in mitosis to time
to cytokinesis. Red bars represent mean of three independent experiments (n> 150) and were analysed by one way ANOVA with Dunnetts
post test. **P<0.01, ***+*P<0.0001.
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Fig. 3. siRNA-mediated depletion of SOD1 does not impact the canonical spindle assembly checkpoint. (A) Cells were transfected with
indicated siRNAs for 72 h. Cells were visualized by live cell imaging following treatment with 200 ng-mL~" Nocodazole for the remaining
16h and cell fate was scored. Error bars represent SEM of three individual repeats (n=150). (B) HeLa-SOD1"" and Hela-SOD1X® cells
were treated with 20 ng-mL~" Nocodazole and visualized by live cell imaging for 16 h and cell fate was scored. Error bars represent SEM of
three individual repeats (n=150). (C) Hela cells were incubated with the indicated siRNAs for 48 h prior to treatment. 16 h post nocodazole
cells were lysed and proteins were analysed by western blot. Representative data of n=3. (D) Hela cells were incubated with the
indicated siRNAs for 48h prior to treatment. 16h post irradiation, cells were lysed and proteins were analysed by western blot.
Representative data of n=3.

dephosphorylation of the kinetochore protein KNLI the MELTS motif (Fig. 7C,D) at mitotic kinetochores
[27]. Here, we show increased BubR1 phosphorylation in response to DNA damage, both of which are signifi-
at S670 (Fig. 7A,B) and KNLI1 phosphorylation on cantly reduced in cells depleted of SODI.
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N. Li et al. SOD1 slows mitosis in response to DNA damage

Fig. 4. Slowed mitotic transit induced by DNA damage is SOD1-dependent. (A) Images from representative time lapse movies of siSOD1
cells. Scale bars indicate 50 um. (B), time indicated in minutes. (B) HelLa cells incubated with the indicated siRNA were viewed by time
lapse microscopy with and without irradiation. Mean + SEM of three independent experiments (n> 150) and were analysed by one way
ANOVA with Dunnetts post test. **#*%f<(0.0001. (C) HelLa cells incubated with the indicated siRNA and cDNA were viewed by time
lapse microscopy with and without irradiation. Mean + SEM of three independent experiments (n> 150) and were analysed by one way
ANOVA with Dunnetts post test. ***P<0.001, ****P<0.0001. (D) Western blotting images from (C). (E) Paired HelLa-SOD1™T and
Hela-SODX® cells were viewed by time lapse microscopy with and without irradiation. Red bars represent mean of three independent
experiments (n > 150) and datasets were analysed by one way ANOVA with Dunnetts post test. ****P<0.0001. (F) HelLa cells incubated
with the indicated siRNA and cDNA were viewed by time lapse microscopy with and without treatment as indicated. Red bars represent
mean of three independent experiments (n>150) and datasets were analysed by one way ANOVA with Dunnetts post test.

wxxx P < (0.0001.

Furthermore, we see corresponding increased levels of
PIkl at kinetochores in response to IR (Fig. 7E.F)
indicating that the increased phosphorylation of
BubR1 and KNLI1 results in a stronger and prolonged
SAC response.

We propose that in response to DNA damage,
SODI1 restrains PP2a activity, leading to reduced PP2a
at kinetochores. This results in elevated BubR1 and
KNLI1 phosphorylation and Plkl recruitment, leading
to prolonged activation of the SAC.

Discussion

Following the observation in 2000 that DNA damage
leads to Plk1 inhibition in mitosis [2], Mikhailov et al.
set out to assess the mitotic response to DNA damage
in detail. They observed that most previous studies
had used mitotic spindle poisons in their assays, which
complicates events by prolonging the spindle assembly
checkpoint regardless of DNA damage. Their assays
focussed on inducing DNA damage directly in mitotic
cells. They observed that only major DNA damage
was capable of instigating a prolonged mitosis, and
they found no standard DNA checkpoint inhibitors
were able to override this arrest, leading them to con-
clude that DNA damage induced metaphase arrest is
not a DNA damage checkpoint response. The only
thing they found able to prevent arrest was a domi-
nant negative Mad2 construct, leading them to con-
clude that cells were arrested by the canonical spindle
checkpoint in response to DNA damage, despite nor-
mal spindles [3]. More recent studies have also
observed that mitotic DNA synthesis in response to
mitotic DNA breaks induces mitotic arrest, which is
dependent on the spindle checkpoint [13].

Whilst our experiments have a key difference to those
by Mikhailov et al., in that we study cells which have
entered mitosis following exposure to damage in inter-
phase as opposed to directly inducing damage
in mitosis, we also observed that DNA damage-induced

mitotic arrest occurs at metaphase indicating involve-
ment of the spindle checkpoint. Furthermore, we found
that blocking the spindle checkpoint, through depletion
of spindle checkpoint protein BubR1, could override
DNA damage-induced metaphase arrest; however, we
found that the rapid mitotic transit time in response to
BubR1 depletion occurred regardless of DNA damage.
In contrast, depletion of SOD1 has no impact on nor-
mal mitosis or on cells exhibiting mitotic arrest due to
spindle disruption; however, it abolishes mitotic delay in
response to DNA damage. We also found that whilst
DNA breaks at kinetochores were evident in response
to DNA damage, which could lead to the kinetochore
dysfunction proposed by Mikhailov et al., these were
still apparent in cells depleted for SODI1. Taken
together, these data indicate that mitotic arrest in
response to DNA damage requires an extra level of sig-
naling control outside of the canonical SAC.

SODI1 is most known for its role in the conversion
of toxic superoxide radicals (O;) to hydrogen peroxide
and dioxygen [14]. More recently, SODI1 has been
implicated in the DNA damage response with elevated
levels of DNA damage seen in SOD1 mutant cells [15]
and overexpression of SOD1 leading to activation of
the DDR in SOD1 mutant cells [16]. Loss of SODI
has also been shown to confer sensitivity to DNA
damaging agents and lead to downregulation of the
ATM pathway in yeast [28]. In addition, SODI has
also been implicated in regulation of gene expression.
SOD1 was found to be activated by DDR proteins
ATM and Chk2 [29-31] and in turn, acted as a tran-
scription factor to initiate gene expression of redox
and DNA damage related proteins [29].

SODI1 has previously been shown to regulate phos-
phatases, including PP2a, through the production of
H,0, leading to oxidation of cysteine residues in the
active site [20,21] to control growth factor signaling
[21] and apoptosis [32]. Our data was consistent with
this observation as we demonstrated elevated PP2a
activity in cells depleted of SOD1. Whilst the evidence
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N. Li et al. SOD1 slows mitosis in response to DNA damage

Fig.5. SOD1 depletion abolishes DNA damage-induced metaphase arrest and results in elevated DNA damage and chromosomal
abnormalities. (A) Hela cells plated on coverslips were transfected with the indicated siRNAs for 72h and harvested 16h post 5Gy
irradiation. Slides were stained for the proteins indicated and yH2AX-positive centromeres were scored. Errors bars represent mean + SEM
of three individual repeats (n= 150). Results analysed by one way ANOVA with the Tukey post test. *P<0.05, **P<0.001, ***P<0.0001.
(B) Representative images of (A). White scale bar indicates 5 pm. Black scale bars indicate 500 nm. (C) Hela cells, transfected for 48 h with
the indicated siRNAs were fixed 16 h after 5Gy irradiation and analysed by fluorescence microscopy for chromosomal abnormalities. Error
bars represent mean &+ SD of three independent experiments (n> 150). (D) Hela cells were transfected for 48 h with the indicated siRNAs.
Mitotic cells were then collected 16 h after incubation with 0.4 pm aphidicolin, incubated for 150 min to allow to progress to G1 and stained
for 53BP1 foci. The images were analysed using IMAGE J. Error bars represent mean +SD of three independent experiments (n> 150)
Results analysed by one way ANOVA with the Tukey post test. *P<0.05. (E) Representative images of (D). Scale bar indicates 5 pum. (F-H)
Hela cells expressing the H2B-GFP construct were incubated with the indicated siRNA and viewed by time lapse microscopy with and
without irradiation (5Gy). Mean + SEM of three independent experiments (n> 150) and were analysed by one way ANOVA with Dunnetts
post test. *P< 0.05, **P<0.01. (I) Representative images of (F-H). Scale bar indicates 50 pm.
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Fig. 6. SOD1 represses PP2a activity to control mitotic progression. (A) Cells were incubated with the indicated siRNAs for 72 h and analysed using
PP2a activity assay (Sigma Aldrich). Mean £ 5 individual repeats. Each dataset normalized to the untreated control. Analysed by unpaired t-test.
*=P<0.05. (B) HelLa cells incubated with the indicated siRNA and cDNA were viewed by time lapse microscopy with and without irradiation.
Mean + SEM of three independent experiments (n> 150) and were analysed by one way ANOVA with Dunnetts post test. **##f<0.0001. (C)
HeLa-SOD 1T and HeLa-SOD1XC were viewed by time lapse microscopy with and without irradiation and PP2a inhibitor LB100. Mean + SEM of
three independent experiments (n > 150) and were analysed by one way ANOVA with Dunnetts post test. *##*f < 0.0001.

for PP2a involvement in mitotic exit is quite well shown to delay spindle assembly and SAC silencing
established, there is conflicting data around the [19,33]; however, other studies have found that
involvement of PP2a in the spindle checkpoint. siRNA dephosphorylation of CDK1 substrates required for
to either PP2a or its binding partner B56 has been mitotic progression is unaffected by PP2a inhibition

The FEBS Journal (2025) © 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of 1
Federation of European Biochemical Societies.

QSURDIT suowwo)) aanear) aqesrjdde ayy £q pautaAoS a1 sadNIR YO (SN JO SINI 10J A1RIqIT 2uluQ AJ[IA\ UO (SUONIPUOD-PUB-SULIA)/ WO K[Im " Areiqi[aul[uo//:sd)y) suonipuo)) pue s ], 3y} 23S [S707/L0/1] uo Areiqry aurfuQ L[IA 1591 £q €810L°S92¥/1 1 11°01/10p/wod Kaim’ Kreiqiaurjuosqay//:sdny woiy papeojumod ‘0 ‘8S9HTHLI



17424658, 0, Downloaded from https://febs.onlinelibrary.wiley.com/doi/10.1111/febs.70183 by Test, Wiley Online Library on [14/07/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

'S91189100S [ed1wsyo0lg ueadoing JO UoleIopPa-

40 Jleyaq uo p17 suos R Aslipn uyor Ag paysiiand jeuinor Sg34 8yl “(S) oIy 8y GZ0Z ® (GZ0Z) [euInor Sg34 8yl

CEIETN] ™d VOV

T4qngd

T99H

1219 1N

ldva
(A9) yi
1d0S-eT1°H
0
00002 3
5
3
3
g
00007 &
2
- 00009
(@)

Idvd

dl Aog
ox1Ad0S-e19H

dl ADg
1mTA0S-e18H

paieasiun
0yTAOS-E19H

paieaniun
mTAOS-E19H

1)

EY-3ETIN]

dl ADg
0y1d0S-219H

dl Aog
1mTa0s-e1eH

pajeaiun
ox1d0S-e19H

paleasun
1mTAOS-e19H

(8)

S 0 (Ao) ¥l
(0)] 1M o) 1M TAOS-eT1=9H
| 1 °
: " -00002 m
: ’ ! 2
! ” 0000t )
” g
: -00009 Z
L | _ =
3k %k %k %k 3k %k %k %k
_ | 00008
5k %k %k k
(E)]
dl Aog

oxTA0S-e19H

dl Aog
1mTA0S-e18H

paieasun
ox1d0OS-e13H

pajeaJiun
1mTdOoS-e19H

TINYd T99H Idva (0)
S 0 (Ao) Hi
o 1M o 1M 1d0OS-e18H
1 1 1 1 0
3 :
L R L o000z w
H 2
4 s 8
2 B -
: 0000 3
> id
¥ g
-
. 7 ~00009 %
I
% % % % *
_ _ —-00008
* % % % (v)

cl

abewep yYNQ@ 01 @suodsal ul sIsoliw Smo|s LAOS



N. Li et al. SOD1 slows mitosis in response to DNA damage

Fig. 7. SOD1 knockout results in loss of DNA damage-induced phosphorylation of SAC effectors. (A) HeLa-SOD1"T and HeLa-SOD1X® cells
were harvested 16 h post 5Gy irradiation and stained for pBubR1 and Hec1, and were viewed by fluorescence microscopy. Images were
analysed for fluorescent intensity of pBubR1 at Hec1 sites using imace J. Red line dictates mean of three independent experiments (n > 150)
and were analysed by one way ANOVA with Dunnetts post test. *P< 0.01. ****P < (0.0001. (B) Representative images of (A). White scale
bars indicate 5pum, Green scale bars indicate 500 nm. (C) Representative images of (D). Scale bars indicate 5pm. (D) HelLa-SOD1" and
Hela-SOD1X° were harvested 16 h post 5@y irradiation and stained for pKNL1 and Hec1 were viewed by fluorescence microscopy. Images
were analysed for fluorescent intensity of pKNL1 at Hec1 sites using iMAGE J. Red line dictates mean of three independent experiments
(n>150) and were analysed by one way ANOVA with Dunnetts post test. ****P<0.01. (E) HelLa-SOD1"T and Hela-SOD1X°® were
harvested 16 h post 5Gy irradiation and stained for Plk1 and ACA were viewed by fluorescence microscopy. Images were analysed for
fluorescent intensity of PLK1 at ACA sites using imaGe J. Red line dictates mean of three independent experiments (n>150) and were
analysed by one way ANOVA with Dunnetts post test. ****P<0.01. (F) Representative images of (E). Scale bars indicate 5 pum.

[34], and PP2a inhibitors have no impact on progres- (A) SAC active
sion after nocodazole or in MCC maintenance [35].
More recent studies have shed light on this complex
signaling, demonstrating that specifically, outer kinet-
ochore localized PP2a-B56 is required for SAC silenc- guprt KN
ing. In response to BUBRI1 phosphorylation at S670,
BUBRI recruits Plkl to phosphorylate the MELT
domain on KNL1 to maintain SAC signaling; how-
ever, it also recruits PP2a. PP2a then recruits PP1 to
dephosphorylate BUBRI1 at serine 670, which in a
negative feedback loop leads to loss of PP2a at kinet- R —
ochores [33]. PP2a recruitment of PP1 also leads to

the dephosphorylation of KNL1 on the MELTS

motif, which results in the removal of Plkl from the (C) SAC satisfaction override

kinetochore and the SAC being silenced so mitosis
can progress [27]. This complex system of positive
and negative feedback loops must require further reg-
ulation so the balance can be tipped one way or the
other to allow for arrest or progression. Our data
suggest that in response to DNA damage or ROS,
SODI restrains activity of PP2a, resulting in elevated
BubR1 phosphorylation and therefore elevated KNL1
pMELT phosphorylation leading to prolonged SAC l
activation (Fig. 8). Thus far, our studies have not Anap)ém
detected SOD1 at kinetochores, meaning it is unclear

whether SOD1 mediated restraint of PP2a is localized

or cell-wide. Overall, we have identified a novel sig- Fig. 8. Proposed mechanism for DNA damage-induced metaphase
naling pathway in mitosis which occurs in response a.rrest. (A) Upon entry t? mitosis, BubR1 is recruited to ’Fhe
to DNA damage. This pathway adds a level of con- kinetochore and along with KNL1, sequesters Plk1, preventing

(B) SAC satisfied

DNA Damage

PP2A  PLK1

K . anaphase onset. (B) Following proper kinetochore attachment,
trol over the standard spindle assembly checkpoint
which has no impact on the SAC under normal con-
ditions but can arrest cells with DNA damage in
metaphase to allow for DNA break processing and
repair.

Materials and methods

Cell culture and reagents

HeLa (RRID: CVCL_0030), MCF7 (RRID: CVCL_0031),
HEK293 (RRID: CVCL_0045) and MRC-5 (RRID:

BubR1 phosphorylation on S670 results in recruitment of PP2a
which then recruits PP1 for the dephosphorylation of BubR1 and
KNL1-MELTs, resulting in Plk1 release from the kinetochore,
allowing for anaphase progression. (C) In response to DNA
damage, SOD1 restrains PP2a activity, leading to elevated BubR1
and KNL1 phosphorylation, and retention of Plk1 resulting in
metaphase arrest.

CVCL_0440) cells (ATCC, Manassas, VA, USA) were cul-
tured as previously described [5]. Paired HeLa-SODI™T
and HeLa-SOD1¥© were a kind gift of Dr Carl LaFlamme
(Structural Genomics Consortium, Montreal Neurological
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SOD1 slows mitosis in response to DNA damage

Institute, Montreal, Canada). All experiments were per-
formed in mycoplasma-free cells. Irradiation was carried
out using the CIB/IBL 437 Cesium-137 irradiator. Where
indicated, cells were treated with Carboplatin (Sigma-
Aldrich, Burlington, MA, USA), LB100 (Stratech Scientific,
Ely, UK), Temozolomide (Sigma-Aldrich), H,O, (EMD
Millipore, Darmstadt, Germany), and aphidicolin (Santa
Cruz, Dallas, TX, USA) at indicated concentrations. Anti-
bodies against SOD1, BUBRI1, Phospho-BUBR1 (S670),
53BP1, MAD2, pH3, HECI/HEC, and Securin were
obtained from Abcam (Cambridge, UK); BUB3, CDC20,
Phospho-KNL1 (Thr943/Thr1155) and Myc-Tag from Cell
Signaling (Danvers, MA, USA); Actin, PLK, and CENP B
from Santa Cruz; XRCC4 from Proteintech (San Diego,
CA, USA); yYH2AX from Novus Bio (Littleton, CO, USA);
and p-Tubulin from Sigma-Aldrich. Appropriate secondary
antibodies conjugated to horseradish peroxidase (Agilent
DAKO, Santa Clara, CA, USA) were used for the western
blotting experiments, and Alexa-Fluor 488 and Alexa-Fluor
594 secondary antibodies (Invitrogen, Waltham, MA,
USA) were used for immunofluorescence.

Flow cytometry

Cells were fixed in 70% ethanol prior to staining. Fol-
lowing PBS washes to remove ethanol, cells were permea-
bilized by incubation in Flow Buffer 1 (0.5% BSA,
0.25% Triton-X). Flow Buffer 1 was removed by centri-
fugation, and the cells were incubated in pH3 antibody
(EMD Millipore, 3018868) diluted 1:100 in Flow Buffer
1 for 1h and 30min at room temperature. Cells were
washed 3 times in Flow Buffer 2 (0.25% Triton-X) then
resuspended in 100 pL of the appropriate FITC second-
ary antibody, diluted 1:100 in Flow Buffer 1, and incu-
bated for 30 min at room temperature in the dark. The
cell pellets were resuspended in 400 puL PI (10 pg-pL~"'
stock solution in PBS) containing RNAse A (80 pg-mL™")
and incubated for at least 30min at 4°C until
processing.

The samples were processed on a FACSCalibur (BD Sci-
ences, Franklin Lakes, NJ, USA) and analysed using
FLOWJO.

RNAi and DNA transfection

siRNA transfections were performed using Dharmafect 1
siRNA transfection reagent (Horizon, Cambridge, UK),
DNA transfections using Lipofectamine 2000
(Thermo-Fisher Scientific, Waltham, MA, USA) and
siRNA/DNA cotransfections using Dharmafect Duo (Hori-
zon) according to the manufacturer’s instructions. Cells
were treated 48 h post transfection. siControl, siBUBRI,
siCHAFI1A, SiAPEX2, siXRCC4, siMTOR, siLIG4,
siXRCC6, siSOD1 and siGenome SMARTpool siRNA
pools were from Horizon Discovery.

N. Li et al.

Single siRNA sequences used were:
siControl: (UAAUGUAUUGGAACGCAUA)TT
siBUBRI1: (GATTTAGCACATTTACTAT)TT
siSOD1-5: (UCGUUUGGCUUGUGGUGUA)TT
siSOD1-7: (GUGCAGGGCAUCAUCAAUU)TT
siXRCC4-5: (UGACCGAGAUCCAGUCUAU)TT
siXRCC4-6: (AACCCAGUAUACCCCAUU)TT
PP2A-Myc-DDK ~ pCMV6  was  from  Origene
(NM_002715, RC201334, Herford, Germany). SOD1 opti-
mized construct was custom made by Eurofins (Luxembourg
City, Luxembourg) and subcloned into pCMV6 with a
Myc-DDK tag.

siRNA screen

HeLa cells (z-prime >0.5) were reverse-transfected in 384
plates using Dharmafect 1 and 50 nm each 3x siRNA pool
targeting one of 240 human DNA repair genes (Dharma-
con Human siGenome siRNA library DNA damage
response), negative (four individual nontargeting siRNA)
or positive controls BubR1 (for reduced mitotic popula-
tion) and Cdc20 (for increased mitotic population) siRNA.
Following a 48-h incubation, plates were exposed to 10Gy
IR and incubated for a further 16 h.

Cells were then washed in PBS using an ELx405 Select
Deep Well Washer and then fixed in 3% PFA for 20 min
before final PBS washing and stained with pH3 antibody
and 5pug-mL~! DAPI. Plates were then sealed using a Pla-
teLoc Velocity 11 and imaged on a Molecular Devices Ima-
geXpress Micro high-content microscope using a Multi
Wavelength Cell Scoring application on METAXPRESS (v5.3)
to analyse images. The whole screen was carried out three
independent times (biological repeats), with each
experimental repeat containing three siRNA replicates per
384-well plate. Potential hits were those that displayed sig-
nificantly reduced pH3-positive cells (z-score > 2) compared
to the control siRNA.

Western blotting

Cells were lysed using RIPA buffer and protein concentra-
tions determined using a Bradford Assay. Lysates were sep-
arated by SDS/PAGE and transferred to nitrocellulose.
Blots were blocked in 5% milk prior to overnight incuba-
tion with specified antibodies at 1: 1000 in milk.

Immunofluorescence

HeLa cells (5x10% were seeded directly onto coverslips
fixed in methanol or paraformaldehyde, permeabilized in
0.2% Triton-X100, blocked in 5% BSA, and stained with
the indicated antibodies. Alexa-Fluor 488 and Alexa-Fluor
594 secondary antibodies (Invitrogen) were used. In the
final wash, cells were incubated with DAPI (Life
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Technologies) and mounted to slides using Immu-mount
(Thermo Fisher Scientific). Images were captured using a
Nikon ECLIPSE Ti2 confocal microscope.

Live cell imaging

48 h post transfection with indicated siRNAs, cells were
trypsinized, exposed to ionizing radiation (IR) whilst in
suspension and reseeded to 24-well plates. Once adhered to
the plates (3—4h post IR), the cells were loaded into imag-
ing system, or following chemical administration as indi-
cated. Live cell images were captured using ZEISS Cell
discoverer 7 microscope every 5Smin for a duration of 20 h.
“Time in mitosis’ was scored from cell rounding to cytoki-
nesis. Any cells that were in mitosis at the start of the
experiment or that remained in mitosis beyond the end of
the experiment were excluded from final quantification.
Likewise, any cell which died during mitosis was excluded
as this was found to skew the mitotic transit time.

PP2a activity assay

The PP2a immunoprecipitation phosphatase assay kit
(Sigma-Aldrich) was used according to the manufacturer’s
protocol, and absorbance was measured using a
Multiskan™ FC Plate Photometer (Thermo Fisher
Scientific).

Comet assay

The neutral comet assay (R&D systems, Minneapolis, MN,
USA) was performed according to the manufacturer’s pro-
tocol; images were captured using a Nikon Eclipse TE200
fluorescent microscope and analysed using the COMETSCORE
software.

Metaphase spreads and analysis

Following treatment, mitotic cells were shaken off into
warm KCI (70 mM) and incubated for 10 min at 37 °C.
Cells were then loaded into a cytofunnel and centri-
fuged at 170 g in the cytospin. Slides were fixed for
10min in 4% PFA at room temperature, soaked
for 10min in KCM (120mm KCIl, 20mm NaCl, 10 mm
Tris/HCI pH 8.0, 0.5mm EDTA and 0.1% Triton X-
100) then blocked for 30min in 5% BSA (37°C in a
humified chamber). Slides were incubated with primary
and secondary antibodies at 1:100 in 5% BSA for
30min (37°C in humidified chamber) with three PBS
washes between each step. Slides were incubated with
DAPI (Life Technologies), coverslips were mounted,
and chromosomes were visualized using a Nikon
ECLIPSE Ti2 confocal microscope. Analysis was per-
formed using the IMAGE J (FUI1) software.

SOD1 slows mitosis in response to DNA damage

Statistical analysis

Statistical tests were performed in GRAPHPAD PRISM as
described in the figure legends.
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Video S1. Time lapse microscopy of untreated HeLa
cell. Cells were photographed every 5 min for 16 h.
Video S2. Time lapse microscopy of HeLa cell treated
with 5Gy IR. Cells were photographed every 5 min for
16 h after exposure to IR.

Video S3. Nocodazole-induced mitotic arrest. HeLa
cells were treated with 200 ng-mL~' Nocodazole and
were photographed every Smin for 16h after expo-
sure.

Video S4. Nocodazole-induced death in mitosis. HelLa
cells were treated with 200 ng-mL~" Nocodazole and
were photographed every Smin for 16h after expo-
sure.

Video S5. Nocodazole-induced mitotic slippage. HelLa
cells were treated with 200 ng-mL~" Nocodazole and
were photographed every Smin for 16h after expo-
sure.

Video S6. Time lapse microscopy of siSODI1 untreated
HeLa cell. Following 48 h incubation with the indi-
cated siRNA, cells were photographed every 5 min for
16 h.

Video S7. Time lapse microscopy of siSODI1 HeLa cell
following 5Gy IR. Cells were photographed every
Smin for 16 h after exposure to IR.
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