














arms in meiosis I due to Haspin kinase activity (Quartuccio et al.,
2017), is involved in this process. Here, Haspin kinase inhibition did
block DNA damage-induced Mad1 recruitment to kinetochores,
and further work is needed to investigate this association. In support
of its involvement is the loss of aurora C from chromosome arms in
MII (Sharif et al., 2010; Shuda et al., 2009), a period here marked
with loss of the ability of DNA damage to cause meiotic arrest.
Additionally, kinetochore and pericentromeric chromatin appear to
overlap in MI (see Fig. 6C), and other oocyte proteins do fulfil
specific functions only in MI, such as Meikin and Emi1 (Kim et al.,
2015; Marangos et al., 2007). Second, the unique chromatin
architecture of the reductional division might endow the oocytewith
sensitivity to DNA damage by virtue of the k-fibre pulling forces
being spread across most of the length of the bivalent in MI
(Fig. 9B) so accentuating the tension-sensing component of the
SAC. However, this model is not preferred, as we did not detect any
change in stretch across the bivalent or centromere following DNA
damage. Therefore, if this mechanism is the case, the reduction in

tension does not translate into changes we can measure here. Third,
the sensitivity might be due to the unique structure of the co-
segregating sister kinetochore pair inMI, which appears to allow both
simultaneous k-fibre attachment and recruitment of SAC proteins
(Brunet et al., 2003; Lane and Jones, 2014; Lane et al., 2012).

Historically, we and others have thought of the SAC in oocytes as
being weak or ineffectual at detecting errors in bivalent biorientation
(Gui and Homer, 2012; Jones and Lane, 2013; Kolano et al., 2012;
Lane et al., 2012; Nagaoka et al., 2011; Sebestova et al., 2012;
Touati and Wassmann, 2016). This is because several misaligned
bivalents have no impact on the timing of progression through MI
(Lane et al., 2012). This clearly, if extrapolated to humans, would
help to explain the high rates of aneuploidy observed in human eggs
and embryos. In contrast, no obvious morphometric changes are
present in DNA-damaged oocytes that go on to show a robust
meiosis I arrest. As such, it may be misplaced to describe the SAC as
a weak or ineffectual checkpoint in oocytes. It provides an effective
checkpoint with respect to DNA damage, and can respond to levels

Fig. 8. DNA-damaged mature eggs can complete meiosis II. (A,B) Representative time-lapse images of Mad1-GFP recruitment to the chromosomes of a
meiosis I oocyte (A) and metII egg (B), following etoposide and nocodazole addition. Oocytes co-express H2B-mCherry. (C) Quantification of kinetochore-
associated Mad1 after etoposide addition to oocytes or eggs. Fluorescence was normalised for each cell with respect to its maximal value following nocodazole
addition. Error bars indicate s.d. Different letters indicate statistically different groups (P<0.0001, ANOVA with Tukey’s multiple comparison test).
(D) Parthenogenetic egg activation rates following either etoposide or nocodazole addition as indicated. Number of oocytes used indicated in parentheses;
different letters indicate statistically different groups (P<0.005, Fisher’s exact test with Bonferroni correction for multiple comparisons).
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of DNA damage present in endometriosis (Hamdan et al., 2016).
We propose that the SAC sensitivity to DNA damage comes as a
result of the unique kinetochore or chromosome architecture of
bivalents, likely involving meiosis-specific proteins. We present
clear evidence here using knockout mice, that it does not involve the
ATM and ATR DNA damage pathway. The existence of such a
response in oocytes in MI provides a mechanism by which the
formation of DNA-damaged embryos is prevented. It points to the
SAC in meiosis being important for preventing not only whole
chromosome aneuploidies but also the propagation of damaged
chromatin.

MATERIALS AND METHODS
Reagents
All chemicals and reagents were from Sigma-Aldrich (UK) unless otherwise
stated.

Animals and oocyte culture
All micewere used in accordancewith local and UKHomeOffice regulations
on the use of animals in research. Three- to four-week-old C57Bl6 female
mice (Charles River, UK) were used. Germinal vesicle-stage oocytes were
released from the ovaries of hormonally primed females 44-52 h following
intraperitoneal injection of 10 IU pregnant mares’ serum gonadotrophin
(Centaur Services, UK). M2 medium supplemented with milrinone (1 µM)
was used for collection to maintain prophase arrest (Yun et al., 2014).
Oocytes were mechanically stripped from surrounding cells. For maturation,
oocytes were washed into fresh M2 media and cultured for ∼14-16 h.

For metII eggs, female mice were induced to superovulate by
intraperitoneal injections of 10 IU pregnant mares’ serum gonadotrophin,
followed 48-52 h later by 10 IU human chorionic gonadotrophin (Centaur
Services, UK). Cumulus oocyte complexes were collected 18 h later from
the oviduct into M2 medium and briefly incubated in 300 IU ml−1

hyaluronidase (#H4272) to remove cumulus cells.
In some experiments, oocytes and eggs were exposed to 300 nm UV-B

using a UV transilluminator (Hoefer Macrovue UV20; Fisher Scientific,
UK) for a 30 s incubation time (Collins et al., 2015).

Double knockout mice for Atr and Atm, generated on a mixed genetic
background of 129/Sv and MF1 strains, were produced by mating Atr+/−

Atm+/− Cretg/+ males with Atrflox/flox Atmflox/flox females. Atmflox/flox mice
were obtained from the Jackson Laboratory, USA (strain 021444). The Atm
flox allele contains two loxP sites flanking exons 57 and 58, which contain
the core PIKK kinase domain of ATM. Cre-lox-mediated recombination of
the Atm flox allele leads to the removal of these essential kinase domain-
encoding exons (Callén et al., 2009). Atrflox/flox mice were as described
(Ruzankina et al., 2009).

Inhibitors
Etoposide (40 µM) was added to oocytes for 15 min before NEB, or to
maturing oocytes for the times as indicated. 5-Iodotubercidin (Cambridge
Bioscience, CAY10010375) was dissolved in 100% ethanol and diluted in
media at 1:1000 to give a working concentration of 0.5 µM. Other additions
were nocodazole (400 nM); ZM447439 (10 µM; Bio-Techne, MN, USA),
Mps1 inhibitor AZ3146 (2 µM; Bio-Techne), MG132 (10 µM), KU55933
(10 µM; Merck-Millipore, UK), bleomycin (1 µM; Abcam, UK) and ATR
kinase inhibitor II (10 µM; Merck-Millipore, UK). All drugs were dissolved
in DMSO and supplemented with the neutral detergent 200 µg ml−1

pluronic acid to aid dispersion, and used at dilutions of 0.1% or below.

Parthenogenetic activation
Eggs were exposed to 0.1% DMSO, 40 µM etoposide or 400 nM
nocodazole for 15 min. After washing, oocytes were either incubated in
M2 for 6 h at 37°C or Ca2+-freeM2 containing 10 mM SrCl2 (#439665) and
5 µg ml−1 cytochalasin B (#C6762) to make them diploid for 2.5 h followed
by M2 for 3.5 h. Oocytes treated with nocodazole were exposed throughout
the 6 h activation. Oocytes were fixed as described below, stained briefly in
DAPI and examined for evidence of pronuclei.

Kinetochore-microtubule attachment assay
Following 6 h maturation, oocytes were placed in ice-cold M2 medium for
4 min, fixed for 15 min in PBS containing 2% formaldehyde and 0.05%
Triton X-100, and were then permeabilised for 15 min in PBS containing
0.05% Triton X-100 (Lane et al., 2012). Fixing and permeabilisation were
performed at room temperature and oocytes were extensively washed with
PBS between steps. Oocytes were incubated in a blocking buffer of 3%
bovine serum albumin in PBS supplemented with Tween-20 and primary
antibody for 1 h [anti-centromere antigen (ACA), Immunovision USA,
#HCT-0100, 1:400] (Lane et al., 2012). Following several washes, oocytes
were incubated with Alexa Fluor-555-conjugated secondary antibody (Life
Technologies, UK, #A-21433, 1:500) and anti-α-tubulin-FITC (Sigma-
Aldrich, UK, #F2168, 1:100) for 90 min. Antibody incubations were carried
out at 37°C in blocking solution. Oocytes were briefly counterstained with
DAPI (10 µg ml−1) to label chromatin before being mounted on glass slides
with refractive index-matched Citifluor (#CFMAF1-10, Citifluor, UK).

Homologue tension assay
Germinal vesicle-stage oocytes were microinjected with 500 and
600 ng µl−1 mRNA encoding Spc24-mCherry and TALE Major Satellite-
mClover (Maj.Sat.-mClover; Addgene plasmid #47878, deposited by
Maria-Elena Torres-Padilla; Miyanari et al., 2013; Thanisch et al., 2014),
respectively. Spc24-mCherry was made by PCR from testis cDNA and
restriction enzyme cloning into pRN3 derivative plasmid with C-terminal
mCherry. Maj.Sat.-mClover binds directly to the major satellite repeat DNA
sequence. Oocytes were matured in M2 media to metaphase, 7 h after NEB,
and then counterstained with Hoechst (20 µg ml−1). Confocal image stacks
were taken with a z separation of 300 nm and x and y pixel size of 0.036 µm.
Images were processed in ImageJ (NIH, USA). A Gaussian blur (sigma=2)
was applied and the centre of mass of each signal was determined using an
in-house macro that utilised the Foci_Picker3D Plugin (Version 1.0, CAS,
China) (Du et al., 2011). Data were exported to Excel (Microsoft, USA) and
distances between foci were calculated using 3D Pythagoras.

Immunofluorescence
Oocytes were fixed for 30 min in PHEM (PIPES, HEPES, EGTA, MgCl)
buffer containing 2% formaldehyde and 0.05% Triton X-100, and were then

Fig. 9. Model to explain meiosis I-specific SAC arrest following DNA
damage. Possible mechanisms by which the SAC/DDR checkpoint functions
specifically in meiosis I. (A) A meiosis I-specific protein could transduce a
signal from sites of DNA damage in close proximity to the kinetochore to allow
SAC signalling on the kinetochore; alternatively, this might happen due to the
unique proximity of the two sister kinetochores in meiosis I. (B) The large
volume of chromatin under tension during meiosis I might make the bivalent
more sensitive to DNA damage compared with meiosis II or to mitosis.
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permeabilised for 15 min in PBS containing 1% polyvinylpyrrolidone and
0.05% Triton X-100. Fixing and permeabilisation were performed at room
temperature and oocytes were extensively washed with PBS buffer between
solutions. Oocytes were incubated at 4°C overnight in a blocking buffer of
7% goat serum in PBS supplemented with Tween-20 before primary
antibody incubation (rabbit anti-γH2AX, Abcam, #ab11174, 1:200; or
rabbit anti-Mad2, 1:1000, a kind gift from Dr R. H. Chen, Taipei, Taiwan;
and ACA, 1:400, #HCT-0100, Immunovision, USA). Following several
washes, oocytes were incubated with goat anti-rabbit Alexa Fluor-633 and
anti-human Alexa Fluor-555 secondary antibodies (Life Technologies, UK,
#a-21070, 1:50). These incubations were carried out at 37°C in blocking
solution. Oocytes were briefly counterstained with Hoechst (20 μg ml−1) to
label chromatin before being mounted on glass slides with Citifluor
(Citifluor, UK).

cRNA manufacture
cRNAwas transcribed in vitro from purified linear dsDNA templates. T7 or
T3 mMessage RNA polymerase kits (Ambion, Life Technologies, UK)
were used for in vitro transcription reaction (Lane et al., 2012). cRNA was
suspended in nuclease-free water and the concentration of RNA products
was determined by photospectroscopy.

Microinjection
Microinjections into oocytes were performed on the stage of an inverted
TE300 microscope (Nikon, Japan), using micromanipulators (Narishige,
Japan) and a 37°C heated chamber (Intracel, UK) (Yun et al., 2014). A
single injection with a 0.1-0.3% volume was achieved using timed injection
on a Pneumatic Picopump (World Precision Instruments, UK) and pipette
RNA concentrations of 100-1200 ng µl−1 (Lane et al., 2012; Yun et al.,
2014).

Immunofluorescence imaging
All images were acquired using a Leica SP8 fitted with hybrid detectors and
63× oil immersion lens. Fluorochromes were imaged sequentially. When
quantifying levels of γH2AX, a z stack of the nuclear region was taken
(∼30 µm) and acquisition settings were not altered throughout the
experiment. γH2AX staining was calculated as total nuclear fluorescence,
on an 8-bit scale, following background subtraction from a cytoplasmic
region of equal area in the same oocyte. For the kinetochore-microtubule
attachment assay, image stacks used a z resolution of 150 nm.

Time-lapse imaging
Images were acquired at 2 or 5 min intervals using a Leica SP8 fitted with
hybrid detectors, an environmental chamber set to 37°C, and a 63× oil
immersion lens. Image stacks used a z resolution of 1.5 µm. In-lab software
written in Python programming language was used to image multiple stage
regions and to track up to 30 oocytes in experiments using H2B and Mad1-
2GFP to ensure chromosomes stayed in the centre of a ∼26×26×24 µm
imaging volume (Lane et al., 2017).

Image processing
Time-lapse images from experiments with Mad1-2GFP were processed
using ImageJ macros. The images were blurred (Gaussian blur, sigma=2)
and background subtracted (subtraction of Gaussian blurred image,
sigma=10). The histone channel was then used to make a binary image,
which was dilated and used as a mask to filter out cytoplasmicMad1 signals,
leaving only Mad1 associated with the chromatin. A threshold was
calculated such that two foci could be visualised on most bivalents at a
suitable time point e.g. in prometaphase or after nocodazole addition. The
3D object counter plugin (Bolte and Cordelier̀es, 2006) was then used to
measure the volume of Mad1 associated with chromatin at each time point
using the pre-determined threshold.

Data analysis
All images were processed using ImageJ (NIH, USA) with extended
functionality provided by in-house macros (Lane and Jones, 2014; Yun
et al., 2014). For securin-YFP time-lapse experiments, fluorescence

intensities (arbitrary units on an 8-bit scale) were recorded in ImageJ and
subsequently analysed in Microsoft Excel.

Statistical analysis
Dichotomous data were analysed by Fisher’s exact test. Sample means were
compared using either a Student’s t-test or analysis of variance, with a post-
hoc test as stated. GraphPad Prism software (GraphPad Software) was used
for all tests.
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