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Abstract

During fertilization, an egg and a sperm fuse to form a new embryo. Eggs develop from oocytes in
a process called meiosis. Meiosis in human oocytes is highly error-pronel-2, and defective eggs are
the leading cause of pregnancy loss and several genetic disorders such as Down’s syndrome3->.
Which genes safeguard accurate progression through meiosis is largely unclear. Here, we
developed high-content phenotypic screening methods for the systematic identification of
mammalian meiotic genes. We targeted 774 genes by RNAI within follicle-enclosed mouse
oocytes to block protein expression from an early stage of oocyte development onwards. We then
analysed the function of several genes simultaneously by high-resolution imaging of chromosomes
and microtubules in live oocytes and scored each oocyte quantitatively for 50 phenotypes,
generating a comprehensive resource of meiotic gene function. The screen generated an
unprecedented annotated dataset of meiotic progression in 2,241 mammalian oocytes, which
allowed us to analyse systematically which defects are linked to abnormal chromosome
segregation during meiosis, identifying progression into anaphase with misaligned chromosomes
as well as defects in spindle organization as risk factors. This study demonstrates how high-
content screens can be performed in oocytes, and now allows systematic studies of meiosis in
mammals.

Reprints and permissions information is available at www.nature.com/reprints.Users may view, print, copy, and download text and
data-mine the content in such documents, for the purposes of academic research, subject always to the full Conditions of use:http://
www.nature.com/authors/editorial_policies/license.html#terms

!Corresponding author Correspondence to: Melina Schuh (mschuh@mrc-Imb.cam.ac.uk) .

Contributions

All authors analysed data. S.P. microinjected the majority of siRNA mixes, and identified, validated and characterised most genes;
M.P. microinjected siRNA mixes, compared the developmental capacity and expression profile of in vitro and in vivo grown oocytes,
and identified, validated and characterised several genes; V.K. microinjected siRNA mixes and wrote software in OriginPro to
quantify phenotypes; T.T. validated and characterised Dusp7; B.S. did all bioinformatics analyses; V.K. and M.S. developed and
established the strategy of the screen; M.S. wrote the manuscript; S.P., M.P., T.T. and B.S. commented on and edited the manuscript;
M.P. and M.S. prepared the revised manuscript; M.S. supervised the study.

Supplementary Information is linked to the online version of the paper at www.nature.com/nature.

Data deposition
RNA-Seq data have been submitted to NCBI GEO under the accession number GSE68150.

Competing financial interests
The authors declare no competing financial interests.


http://www.nature.com/reprints
http://www.nature.com/nature

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Pfender et al.

Page 2

Meiosis is still much more poorly understood than mitosis, especially in mammals.
Systematic screens have greatly increased our understanding of mitosis. However, high-
content screens for mammalian meiotic genes have so far been precluded by various
technical challenges. For instance, mammalian oocytes are only available in small numbers;
genetic screens in mammals are slow; and RNAI in oocytes is inefficient due to large
amounts of stored protein. Oocytes accumulate proteins while they grow within follicles in
the ovary®. Thus, we established a protocol that allowed us to block protein expression by
RNA. during follicle growth and to subsequently assess gene function by quantitative live
imaging (Fig. 1a). Briefly, we microinjected siRNAs into small follicle-enclosed oocytes
and grew the follicles in vitro, combining and modifying previous methods’-°. When the
oocytes had reached their full size, we isolated and labelled them, and imaged meiosis live
for around 18 h on confocal microscopes using automated imaging routines.

The in vitro grown oocytes resembled in vivo grown oocytes: firstly, the efficiency of
nuclear envelope breakdown (NEBD) and polar body extrusion, as well as the timing of
meiotic progression were similar (Fig. 1b-d; Extended Data Fig. 1d, €); secondly, their
transcriptome was related (Extended Data Fig. 2a-c; Supplementary Table 1); thirdly, they
developed into blastocysts with similar efficiency upon fertilisation (Extended Data Fig. 1f,

9)8.

Follicle culture and microinjection are labour-intensive, precluding genome-wide screens.
Instead, we preselected 774 target genes that were highly expressed in mouse oocytes, while
excluding mRNAs stored for embryo development. To this end, we took advantage of two
microarray data sets1%11 which compare the expression profile of oocytes with the profiles
of other cell types and preimplantation mouse embryos, respectively (Fig. 1f). Only genes
that were significantly upregulated in oocytes in both data sets were selected for the screen.

To achieve high-throughput, we targeted twelve genes simultaneously (Fig. 1a, e). Co-
depletion of several genes led to the expected phenotype for genes with known functions.
For instance, mixes targeting one of the zona pellucida genes (Zpl, Zp2, or Zp3) together
with 11 other genes prevented formation of the zonal? (Extended Data Fig. 1h, i), and mixes
targeting spindle assembly checkpoint proteins led to the expected earlier onset of anaphase
(e.g. Mix 33P1-2-3-4-5-6 targeting Bubl in Supplementary Table 2).

The targeting of all 774 genes resulted in videos of 2,241 individual oocytes, including
1,210 RNAi-treated and 1,031 control oocytes. We scored every oocyte for 41 possible
defects and determined 5 characteristic meiotic time points as well as the spindle length and
width in meiosis | and 11 (Supplementary Table 3; Scored parameters are described in
Extended Data Fig. 3). The frequencies with which different defects were observed in
RNA.-treated and control oocytes are plotted in Fig. 2 and Extended Data Figs. 4a-i and 5.
To identify significant hits, we calculated the Z-score of individual mixes for different
categories. These quantifications resulted in a comprehensive annotated resource of defects
(Supplementary Tables 2 and 3; Extended Data Fig. 2d). Supplementary Table 2 allows
users to easily query if sSiRNA mixes targeting their gene of interest resulted in defects in
oocyte meiosis or to identify mixes causing defects in the stage of meiosis that they are
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studying. This table also includes hyperlinks to the original video files for further
assessment.

Proof-of-principle experiments demonstrated that defects observed upon targeting several
genes simultaneously could be allocated to individual genes by stepwise splitting of SIRNAs
into smaller pools (Fig. 1g; Extended Data Fig. 4j). Several of the identified genes have not
yet been implicated in mouse oocyte meiosis, demonstrating that this screening strategy is
suitable to identify new meiotic genes. Hits were verified typically three times when the
SiRNA mixes were split to track down the genes that caused the phenotype of interest. To
confirm the observed defects, siRNAs were microinjected again upon gene identification. In
addition, specificity was confirmed by microinjection of individual siRNAs and rescue
experiments as detailed below.

The screen identified several genes that control meiotic progression, including Dusp7, a
poorly characterized dual-specificity phosphatase. More than 40% of Dusp7-depleted
oocytes failed to undergo NEBD (Fig. 3a, b; Supplementary Video 1). In the remaining
60%, NEBD was significantly delayed (Fig. 3c). NEBD could be rescued by wildtype
EGFP-DUSP7, but not by the catalytically inactive EGFP-DUSP7 C333S mutant (Fig. 3b),
indicating that DUSP7’s phosphatase activity is essential for NEBD. EGFP-DUSP7 was
excluded from the nucleus (Fig. 3d), suggesting that it promotes NEBD by
dephosphorylating cytoplasmic proteins. Together, these data identify Dusp7 as a
phosphatase essential for NEBD in oocytes.

Also Eifdenifl was essential for meiotic progression. Mutations in Eif4enifl have recently
been detected in a family with premature ovarian failurel3. The mechanism by which
Eifdenifl affects fertility is unclear. Our results show that Eif4enifl is essential for NEBD
and resumption of meiosis (Extended Data Fig. 6a, b).

The screen also provided insights into causes of chromosome segregation errors in oocytes.
Several genes were essential for accurate chromosome segregation, including the
uncharacterized genes Fam46b and Famd6c (family with sequence similarity 46), Aspmi4
(Extended Data Fig. 7 and Supplementary Video 2), Birc5 (Survivin)!® (Extended Data
Figs. 6), Ttk6 and Mastl (Fig. 3e, g). MASTL was also required to prevent exit from
meiosis after anaphase | (Fig. 3e, f), but dispensable for meiotic resumption, progression
into anaphase, chromosome condensation or cytokinesis (Fig. 3h, i; Extended Data Fig. 8),
consistent with a recent studyl’.

The screen also allowed us to analyse on a global level how chromosome segregation errors
arise in oocytes. With data from 2,241 oocytes, it generated the largest existing data set of
meiosis in mammalian oocytes (Supplementary Table 2). Evaluation of the control data set
identified progression into anaphase with misaligned chromosomes as major contributor to
chromosome segregation errors: misaligned chromosomes only delayed but did not prevent
progression into anaphase (Fig. 4a, b). This is consistent with the model that the spindle
assembly checkpoint in mammalian oocytes is less stringent than in mitosis*®.

We were also able to analyse systematically which defects in the oocyte precede
chromosomes that lag behind during anaphase. This is of particular interest because lagging
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chromosomes can lead to inappropriate partitioning of chromosomes upon cytokinesis and
are a major cause of aneuploidy1819. We identified chromosome alignment,
individualization and stretching as well as spindle defects as risk factors (Fig. 4c). A
systematic representation of how different defects in oocytes were linked is shown in
Extended Data Figs. 9 and 10.

In summary, we have established an experimental system that now allows systematic studies
of meiosis in mammals. The screening approach is scalable and could also be adapted to
investigate fertilization or embryo development. The follicle-based RNAi method will also
be a powerful tool for individual gene studies, as it allows proteins with low turnover to be
depleted in oocytes and preimplantation embryos. The techniques presented in this study
should thus facilitate a more rapid build-up of knowledge about meiosis and early embryo
development in mammals, which is crucial to improve methods for treating fertility
problems in humans.

METHODS

Preparation, microinjection and culture of follicles

All mice were maintained in a specific pathogen-free environment according to UK Home
Office regulations. Ovaries were dissected from two to five 10-12 day old (C57BL x CBA)
F1 females. To obtain individual follicles, the ovaries were incubated in modified MEM-
alpha medium optimized for in vitro culture of follicles (MEM-alpha (Gibco 12000-014)
supplemented with 0.026M NaHCO3 (Sigma), 5678U/100 ml Penicillin G (Sigma) and
8265U/100ml Streptomycin (Sigma), 1x ITS (Insulin/Transferrin/Selenium Solution; Sigma;
Stock is 100x), 5% FBS (Fetal Bovine Serum; Gibco 16000044) and 0.01 ug/ml FSH
(Follicle Stimulating Hormone; National Hormone and Peptide Program, NDDK-0FSH-20)
that was supplemented with 2 mg/ml collagenase (Roche) for about 30-40 minutes total.
During incubation with collagenase, the ovaries were pipetted up and down every 10
minutes to facilitate dissociation and then washed through several droplets of follicle culture
medium without collagenase. The follicles where then randomly allocated into control
siRNA and RNAI mix injection groups. Intact follicles were then loaded into a
microinjection chamber prepared with two double stick tapes as spacer and microinjected as
previously described” in culture medium supplemented with HEPES (Sigma). Upon
microinjection, they were cultured at 37°C in 5% CO, on membrane inserts in 6 well or 12
well culture dishes filled with follicle culture medium (see above). For most experiments,
collagen-coated inserts from Corning were used (Transwell® COL), but also Transwell-
Clear inserts that were coated with 10 pg/cm? collagen solution Type | from rat tail (Sigma),
BD Matrigel™ Basement Membrane (BD Biosciences; thin coating method) as well as BD
BioCoat™ filters were successfully used (Extended Data Fig. 1c). Medium surrounding the
filter was replaced with fresh medium every 3-4 days. Oocytes were isolated from follicles
after 10-11 days of in vitro culture. To this end, the oocytes were stripped with a small glass
pipette and released into modified M2 medium that contained 10% FBS instead of BSA as
well as 100 ng/ml FSH and dbcAMP. Oocytes were subsequently microinjected with
MRNAs encoding mMEGFP-a-tubulin (spindle) and H2B-mRFP (chromosomes). Upon
microinjection, oocytes were cultured for up to 3.5 hours at 37°C until fluorescent proteins
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were expressed. Oocytes were then released from prophase arrest by transferring them into
medium without dbcAMP. In vivo grown control oocytes from 5 week old (C57BL x CBA)
F1 females were obtained by puncturing isolated ovaries with hypodermic needles and then
microinjected with mRNAs as described above.

In vitro fertilization

Oocytes grown for 10-11 days within follicles in vitro or obtained from adult (C57BL x
CBA) F1 females (7-12 weeks old) were denuded and matured in follicle-culture medium
(see above). MII oocytes were placed in 50 pl of EmbryoMax® HTF medium (Millipore)
and fertilized with 10 pl of sperm suspension from 5-13 week old (C57BL x CBA) F1
males. The sperm suspension was prepared by dissecting two cauda epididymus from one
male in 2 ml of HTF medium. After 4-6 h, zygotes were transferred to KSOM+AA
(Millipore) and cultured for 5 days at 37°C.

Expression constructs and mRNA synthesis

To generate constructs for in vitro mMRNA synthesis, the previously published protein coding
sequences of Mastl? and a-tubulin?! were fused with mEGFP and inserted into pPGEMHE
for in vitro transcription. The Mus musculus Dusp7 ORF (derived from NM_153459) was
amplified by PCR from mouse oocyte cDNA. The resulting product of around 1300 base
pairs contained a 5’-Xhol and a 3’-EcoRI restriction site, which were used to insert it into
pGEMHE-EGFP carboxyterminally of the EGFP tag. These constructs as well as pGEMHE-
H2B-mRFP122, pGEMHE-EGFP-MAP422 and pGEMHE-EGFP-LaminB123 were
linearised with Ascl. Capped mRNA was synthesized using T7 polymerase (mMessage
mMachine kit, following manufacturer’s instructions, Ambion) and dissolved in 11 pl water.
MRNA concentrations were determined on ethidium bromide agarose gels by comparison
with an RNA standard (Ambion).

Confocal microscopy

Images were acquired with a Zeiss LSM710 confocal microscope equipped with a Zeiss
environmental incubator box or a Zeiss LSM780 confocal microscope equipped with a
Tokai Hit Stage Top Incubator, with a 40x C-Apochromat 1.2 NA water immersion
objective lens for live oocytes, and a 63x C-Apochromat 1.2 NA water immersion objective
for fixed oocytes as previously described?2. In some images, shot noise was reduced with a
Gaussian filter. Z-projections were generated in Zeiss’ Zen software.

Measurement of chromosome volumes

Oocytes were fixed for 30 min at 37°C in 100 mM HEPES (pH 7) (titrated with KOH), 50
mM EGTA (pH 7) (titrated with KOH), 10 mM MgS04, 2% formaldehyde (MeOH free)
and 0.2% Triton X-100, based on previously published methods. DNA was stained with 0.05
pg/ml Hoechst 33342 (Molecular Probes). All stainings were performed in PBS, 0.1% Triton
X-100, 3% BSA. Chromosome volumes were determined in 3D volume reconstructions
using the surface function in Imaris (Bitplane).
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All siRNAs were purchased from QIAGEN. siRNAs were diluted in 96-well plates to a
concentration of 6.6 UM and stored at —80°C. To preselect genes, we took advantage of two
microarray data sets1%11 which compare the expression profile of oocytes with the profiles
of other cell types and preimplantation mouse embryos, respectively. Only genes that were
highly significantly upregulated in oocytes in both data sets were selected for the screen,
independently of whether they had previously been implicated in mitosis or meiosis to avoid
any bias. We targeted each gene with a low complexity siRNA pool (3 siRNAS per gene)
(Supplementary Table 4), which on average leads to fewer off-target effects and higher
penetrance of phenotypes than individual siRNAs24:25, For the primary RNAI screen,
siRNAs targeting different genes were mixed and microinjected to a final concentration of 5
nM each in the oocyte. For the functional characterisation of individual genes, siRNA
concentrations of up to 0.2 uM final in the oocyte were used. Protein ablation should always
be assessed by secondary assays, because proteins that are generated in the very early stages
of meiosis may still not be efficiently depleted if they do not turn over, even if the targeted
transcript is reduced.

Quantitative real time PCR

MRNA was extracted using an RNeasy Mini Kit (Qiagen) and cDNA was generated using
the High Capacity RNA-to-cDNA Kit (Applied Biosystems). Real-time PCR was performed
with the 7900 HT Real-Time Fast PCR System (Applied Biosystems) using SYBR Green.
GAPDH mRNA was used for normalization.

RNA sequencing

Total RNA was isolated using NucleoSpin® RNA XS (Macherey-Nagel) from in vitro
grown oocytes after 10 days of follicle culture or from oocytes obtained directly from adult
(C57BL x CBA) F1 females (7-11 weeks old). A total of 50 oocytes with an intact nucleus
per sample were used and 3 samples per group were collected. RNA was extracted using
NucleoSpin RNA XS (Macherey-Nagel). A cDNA library was prepared using SMARTer®
Ultra™ Low Input RNA for Sequencing (Clonetech Laboratories) and the samples were
processed by BGI Tech Solutions. The cDNA product was synthesized and amplified using
SMARTer PCR cDNA Synthesis Kit (Clontech) from the total RNA (10 ng) of sample. The
cDNA was fragment by Covaris E210 (Covaris) and the median insert length was about
200bp. The paired-end cDNA library was prepared in accordance with Illumina’s protocols
with an insert size of 200 bp and sequenced for 100 bp by HiSeq2000 (Illumina).

Expression analysis

NOISeq: RNA-Seq based measurements of transcript abundances at the level of genes were
represented by FPKMs (Fragments Per Kilobase of transcript per Million fragments
mapped). FPKM is conceptually similar to the reads per kilobase per million reads
sequenced (RPKM) measure, but it is easily adaptable for sequencing data from one to
higher numbers of reads from single source molecules. In order to identify significantly
differentially expressed genes between in vitro and in vivo grown oocytes, we used a non-
parametric method encoded in NOISeq. For this purpose we first filtered for low count or
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abundance using the “CPM” low count filter of NOISeq. This yielded a reduction from the
original 16,343 genes to 11,470 genes. Significant differential expression between oocytes
grown invivo and in vitro was determined using NOISeq with the following parameters: (1)
“tmm”, Trimmed Mean of log2 FPKM, normalization. (2) Biological replicates data and (3)
Probability of differential expression g being set to 0.8 or above and log2 values being
greater than or equal -1 or 1 for upregulated and downregulated genes respectively in the in
vitro group. This yielded 146 up- and 67 downregulated genes in in vitro grown oocytes.
The vast majority of genes (11,110) was unchanged between the two conditions.

DESeq2: RNA-Seq counts were considered with two “conditions” i.e. in vivo and in vitro
with three replicates. The standard protocol for DESeq?2 differential expression analyses was
followed with default settings. We deemed genes to be up- or downregulated if log2 values
were greater than or equal -1 or 1 for up- and downregulated genes respectively in in vitro
group with false discovery rate (FDR or padj of DESEQ2) less than 0.01 or 1%. We
considered a particularly low value of false discovery rate because of overall low expression
levels for transcripts. Hence, we used a more stringent FDR value. This yielded 282 up- and
163 genes downregulated in vitro.

Average (mean), s.d. (standard deviation) and statistical significance based on Student’s t—
test or Fisher’s exact test (two-tailed) were calculated in Microsoft Excel, assuming normal
distribution and similar variance. No statistical methods were used to predetermine sample
size. All error bars show standard deviation. All box plots show median (line), mean (small
square), 5th, 95th (whiskers) and 25th and 75th percentile (boxes). Z-scores were calculated
as the deviation of the mean of a single siRNA mix to the mean of all controls of the RNAI
screen, normalized to the standard deviation of all controls. SiRNA mixes were sorted
according to their z-score. The dashed line in Fig. 2 and Extended Data Fig. 4 delineates
mixes with a z-score higher than two standard deviations above the average value of all
controls.

Data analysis

Phenotypes were evaluated manually by browsing the data in Zeiss’ Zen software. Defects
and measurements (time points and spindle parameters) were then recorded on a home-made
user interface in OriginPro 8.0 and processed in Microsoft Excel. Averages, standard
deviation and statistical significance were calculated in Excel. Z scores were calculated as
the deviation of the mean of a single mix to the overall mean of all controls, normalized to
the standard deviation of all controls. Oocytes that died during imaging were not analysed
and do not contribute to data set.

For Fig. 4c, we analysed data from all 2,241 oocytes, because lagging chromosomes are not
very common in control oocytes, but likely to be triggered by various defects such as those
induced by RNA. in the screen.

For the Jaccard index heatmap in Extended Data Fig. 9, RNAI screen phenotypes from both
mix and control experiments were collected and wherever there were numerical values they
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were converted appropriately into “yes” and “no” values based on mean and standard
deviation of the distribution of numerical values. Further, “yes” values were categorized into
“+” and “~* groups based on whether a numerical entry was greater than (mean + standard
deviation) or whether it was smaller than (mean — standard deviation). This information was
converted to a network representation such that there are two types of nodes in the network
oocytes and phenotypes (Extended Data Figure 9¢c An edge was made between oocyte and
phenotype if a given oocyte scored “yes” for a given phenotype. This yielded a network that
we termed Phenotype-Oocyte network, which included 5,203 edges (or associations)
between 53 phenotypes and 1,504 oocytes. The distribution of the number of oocytes against
the number of distinct phenotypes scored in them suggested that over 75% of oocytes,
namely 1,195, have two or more phenotypes scored, suggesting that there were widespread
multiple phenotypes scored for in the vast majority of oocytes, as expected. Hence, we
sought to estimate the extent of co-occurring phenotypes across oocytes as a first step
towards phenotype correlations. We calculated the Jaccard index between all possible pairs
of phenotypes in the Phenotype-Oocyte network. The Jaccard index between phenotype i
and phenotype j was defined as

[(Oocytes exhibiting Phenotype i) N(Oocytes exhibiting Phenotype j)]
[(Oocytes exhibiting Phenotype i) U(Oocytes exhibiting Phenotype j)]

M denotes “intersection” between sets of oocytes with phenotypes i,j. U denotes “union”
between sets of oocytes with phenotypes i,j.

The above formula for the Jaccard index captures the fraction of co-occurrence of
phenotypes i and j in oocytes over the total observed number of instances of phenotypes i or
J- The numerator denotes the number of oocytes in which phenotypes i and j were observed,
while the denominator indicates the total number of oocytes in which either phenotypes i or j
have been observed. The values of a Jaccard index range between 0 and 1. Zero signifies
poor co-occurrence while “1” signifies high co-occurrence. We calculated the Jaccard index
for all possible pairs of phenotypes in the Phenotype-Oocyte network. Out of a possible
1,378 (53C5), we could obtain 844 pairs that displayed a Jaccard index greater than zero. We
then clustered the profile of the Jaccard index between phenotypes represented as a matrix
or table. For this purpose, we used pheatmap (http://cran.r-project.org/web/packages/
pheatmap/index.html) with “mean” clustering and “Pearson correlation” options. In this
way, we obtained three major clusters of phenotype correlations.

Measurement of oocyte diameter, spindle length and spindle width

Oocyte diameter, spindle length and width in metaphase | and metaphase 11 were measured
using the Measurement function in Zeiss’ Zen software. To accurately measure the oocyte
diameter, measurements were always taken in the centre of the oocyte as determined by the
maximum radius of the oocyte. Spindle length and width were only measured in oocytes in
which the spindle was parallel to the confocal imaging plane.
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Extended Data Figure 1. Efficiency of follicle growth and comparison of in vitro and in vivo

grown oocytes

(a) Follicles before (top panel) and after in vitro culture (bottom panel). The perimeter of
oocyte and granulosa cells are highlighted on the right. The follicle diameter increases from
103.4£11.3 um to 314.1+104.0 um during in vitro culture. This lies between the diameter of
in vivo grown early antral (~248 um) and Graafian (~424 um) mouse follicles?8, The
diameter of n follicles was measured before and after in vitro culture and is displayed as
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meanzs.d. Measurements from 3 or 2 independent experiments for before and after culture,
respectively. (b) Diameter of in vivo or in vitro grown oocytes. Data from 2 and 7
experiments, respectively. The box plot shows median (line), mean (small square), 5th, 95th
(whiskers) and 25th and 75th percentile (boxes). (c) Efficiency of follicle growth on
different culture substrates. The number of independent experiments is 343, 56, 11 and 3
from left to right. The total number of follicles is specified in italics. Error bars show
standard deviation. (d) Live oocyte expressing EGFP-MAP4 (green, microtubules) and
H2B-mRFP (magenta, chromosomes). The characteristic time points of oocyte maturation
that were determined for each oocyte in the screen (2,241 oocytes in total from 70
experiments) are listed above the representative images. Quantification of timing in (e).
Scale bar, 10 um. (e) The timing of bipolar spindle assembly, chromosome alignment during
M, anaphase, polar body extrusion and chromosome alignment during MI1 were quantified
in oocytes obtained from five-week-old (C57BL x CBA) F1 females or in oocytes from the
same strain grown in vitro within follicles. Data from 4 independent experiments. Error bars
show standard deviation. (f) Transmitted light images of blastocysts derived from fertilized
(C57BL x CBA) F1 oocytes grown in vitro within follicles (left) or in vivo (right). Scale bar,
20 pm. Quantifications in (g). (g) (C57BL x CBA) F1 oocytes grown in vitro within follicles
(left) or in vivo (right) were denuded, matured in vitro, and fertilised. The percentage of all
oocytes (fertilised and unfertilised) that developed into 2-cell embryos (2-cell from total),
and 2-cell embryos that developed into blastocysts (blastocyst from total) was quantified.
Developmental rates are consistent with previous studies, in which in vitro matured denuded
oocytes were fertilised27-28, 179 in vivo grown and 180 in vitro grown oocytes were
analysed in total. Data from 3 independent experiments for each group. Error bars show
standard deviation. (h) Transmitted light images of control oocytes and oocytes
microinjected with an sSiRNA mix targeting Zp3 together with 11 other genes (RNAi Mix
against Zp3) or an siRNA mix microinjected at the same time that targeted 12 other genes
(RNAI mix against other genes). Highlighted region is magnified below. Scale bar: 10 pm.
Quantification of phenotypes in (i). (i) The presence of the zona pellucida was scored in
oocytes microinjected with control SiRNA (Control), an SiRNA mix targeting one of the
three Zp genes (Zpl, Zp2 or Zp3) together with 11 other genes and an SiRNA mix
microinjected at the same time that targeted 12 different genes (RNAi mix against other
genes). The number of analysed oocytes is specified in italics.
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Extended Data Figure 2. Transcriptome analysis of in vivo and in vitro grown oocytes
(a-c) Transcriptome analysis of in vitro and in vivo grown oocytes. (a) Differentially

expressed genes in oocytes grown in vitro based on evaluation using NOISeq algorithm.
Transcript abundances are reported in transcript Fragments Per Kilobase per Million
fragments mapped (FPKM). Only about 2% (213 out of 11,470) of genes were differentially
expressed. (b) Differentially expressed genes in oocytes cultured in vitro based on
evaluation using DESeq2 algorithm. Only about 4% (445 genes out of 10,597) of genes
were differentially expressed after applying filters in both (b) and (c). The blue lines indicate
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genes with at least 2-fold change in expression. Red colour indicates differentially expressed
genes with the denoted probability. For details, please see Methods section. (c). The overlap
between NOISeq and DESeq?2 results, presented as Venn diagrams. There is at least over
80% overlap in genes in either up- or downregulated groups for both NOISeq and DESeq2.
(d) Qualitative network of phenotypes in oocytes microinjected with siRNA mixes. Blue
nodes represent sSiRNA mixes, purple nodes represent phenotypes. Grey lines between mixes
and phenotypes denote if at least one oocyte microinjected with a given mix displayed the
phenotype. The clusters indicate close relationship between a set of phenotypes and mixes.
The clusters were obtained using ClusterViz (https://code.google.com/p/clusterviz-
cytoscape/) of Cytoscape, which encodes the MCODE method to identify clusters of closed
related nodes based on the topology of the network. The network contains 6 clusters
identified by ClusterViz.

Nature. Author manuscript; available in PMC 2016 February 13.


http://https://code.google.com/p/clusterviz-cytoscape/
http://https://code.google.com/p/clusterviz-cytoscape/

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Pfender et al.

a | Types of Defects |
General Morphological Anaphase/ Spmdle/ Chromosome
Defects ‘ ‘ Sbinde/Crromosome Defec iniMi Division Defects Defects in Mil
) \) \) \9
Prophase Spindle Spindle Polar Body Metaphase Il
Arrest Assembly Relocation Extrusion Arrest
b Type of Defect Defect Description of Defect
General Morphological [More Pigment Granules Pigment granules were defined as dark spots within the oocyte's
Defects Pigment Granules only at Cortex and qu i analysed before nuclear envelope
Pigment Granules only in Centre breakdown.
Static Cytoplasm by i ing pigment granule movement
within the cytoplasm before nuclear envelope breakdown.
Eccentric Nucleus Nuclei were only classified as eccentric if they were positioned
within 10 pm from the cortex
Non-surrounded Nucleolar Chromatin Oocytes without a perinucleolar heterochromatin rim
Configuration
No Nuclear Envelope Breakdown Oocytes that stayed arrested in prophase for at least 18 hours after
release from prophase arrest
Spindle Defects No Spindle Oocytes in which the spindle was absent
in land |Few Oocytes in which the number of microtubles was reduced
I
No Ball Stage Oocytes that directly formed a bipolar spindle after nuclear envelope
breakdown or failed to form a proper microtubule ball with the
chromosomes arranged on the ball's surface
Arrest in Ball Stage Oocytes that showed a mi ball with
arranged in a belt-like structure for at least 18 hours after nuclear
envelope breakdown
Spindle Pole Defects Comprises multi- and monopolar spindles, and spindles with
altered spindle pole morphology
- Muttipolar Spindle Spindles with more than two focussed poles
- Monopolar Spindle Spindles with only one focussed pole
- Altered Spindle Pole Morpholos
Spindle Relocation Defect (only M
Spindle Collapse (only Mi) before
a spindle, sometimes not
Other Spindle Defects (only MI) Altered M spindles which could not be classified in any of the above
categories
Chromosome Defects |Chromosome Aggregates Chromosomes that failed to separate
in land |Chror Stretching Defect Chromos that were abnormally short
Metaphase I [Chromosome Misalignment Chromosomes that were not aligned at the spindle equator
Chre ) Lost in Cytopl Chr that were to the spindle or separated
from the majority of chromosomes if a spindle was missing
Anaphase Defects  |Metaphase | Arrest Oocytes that showed a bipolar spindle with aligned chromosomes
and failed to progress into anaphase for at least 18 hours after
nuclear envelope breakdown
Lagging Chromosomes Movement to spindle poles of some chromosomes during anaphase |
was slower than that of the majority of chromosomes
Anaphase Spindle Collapse Mi spindle mi that ized during polar
body extrusion
Division Defects Cytokinesis Defects Comprises polar body retractions, symmetric division failures and
unsuccessful cytokinesis
- Polar Body Retraction Half of the chromosomes were extruded in a protrusion resembling
a polar body that subsequently retracted without cell division into
polar body and egg
- Division Failure Unsuccessful i with furrow ingression in oocyte's centre
Symmetric Division Division into two cells of equal size
Random Cortical Contractions Simultaneous ingression of multiple furrows around the cortex
during polar body extrusion
Joined Spindle (only MIl) Following chromosome segregation in anaphase, chromosomes
fuse again and arrange in a joined spindle
c
Nu mlyri;:'ir\‘;al e Numerical Value Description of Numerical Value
Meiotic Time Points |Nuclear Envelope Breakdown Time of nuclear envelope breakdown as evident from
disappearance of nucleolus
@polar Spindle Formation First time a clear spindle axis is visible
Cl First time chre congres: in plate
Anaphase Onset Onset of chromosome segregation
Polar Body Extrusion Time a polar body becomes visible
MIl Spindle Assembly Time when a bipolar metaphase Il spindle has assembled
Spindle P: [§pind[e length (MI/MIT) Longest distance between the two spindle poles
[Spindle width (MI/MI) Diameter of spindle in region of plate

Extended Data Figure 3. Description of defects scored in screen
(a) Scheme illustrating the main categories of defects that were quantified in the screen. (b)

Table listing the main categories of defects and their subcategories as well as a description
of each defect. (c) Table listing the numerical values that were measured in the screen and a

description of each numerical value.
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Primary Screen 2™ Round 3 Round Identification
Gja4 Follicle Growth ~ No Growth
1 Zp1 No Zona Pellucida
Zp2 Oocyte No Zona Pellucida
1 Zp3 Morphology | No Zona Pellucida
Uhrft Pigment Granule Enrichment at Cortex
1 Dusp7 No Nuclear Envelope Breakdown
1 Eif4enif1 No Nuclear Envelope Breakdown
1 Zfp420 Meiotic Maintenance of Prophase Arrest
] - Progression MI Arrest
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1 Mast! Mil Arrest Override
1 No Microtubule Ball Stage
] - 2 Spindle Pole Defects
i = 8 5 | FewMicrotubuies, Monopolar I Spindie
) Fam46b B33 Spindle; cl
1 Fam46c o g3 Spindle; Mi ci
1 Fmn2 g § 8 Spindle Relocation Defect; Cytokinetic Defect
1 Birc5 0 g f Instable Spindle; Misaligned Chromosomes
1 Aspm S - Lagging Chromosomes
1 Myo5b Spindle Relocation Defect

Extended Data Figure 4. Defectsduring meiosis |1 in ssIRNA-treated oocytes
(a,d,g) The frequency of cytokinetic defects (a), spindle defects in metaphase I1 (d), and

chromosome defects in metaphase I1 (g) were scored in siRNA treated oocytes. The absolute
number of oocytes with each defect is shown in italics. Data from 70 independent
experiments. Corresponding control data are shown in Extended Data Fig. 5. (b,eh)
Examples of defects in live oocytes. Chromosomes (magenta) were labelled with H2B-
mRFP, microtubules (green) with mEGFP-a-tubulin. Quantifications in (a,d,g). Scale bars:
10 um. (c,f,i) z-scores we calculated as the deviation of the mean of a single sSiRNA mix to
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the mean of all controls of the RNAI screen, normalized to the standard deviation of all
controls. sSiRNA mixes were sorted according to their z-score. The dashed line delineates
mixes with a z-score higher than two standard deviations above the average value of all
controls. (j) List of genes that were tracked down to the individual gene level in RNAI
screen. Please note that defects caused by depletion of some proteins such as Zfp420 or
Uhrfl may reflect the function of more proximal genes under the control of these proteins.
We were able to allocate 16 out of 20 tested defects to individual genes. Defects that could
not be tracked down to individual gene level are show as grey bars ending after the 2" or
3 round. S
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Extended Data Figure 5. Frequency of M| and M1 defectsin oocytestreated with control
siRNAs

(a-g) The frequency of scored general morphological defects (NEBD — nuclear envelope
breakdown) (a), spindle defects in Ml (b), chromosome defects in Ml (c), defects in
anaphase | (d), defects during cytokinesis (e), spindle defects in MII (f) and chromosome
defects in MII (g) were scored in oocytes microinjected with control siRNAs. The absolute
number of oocytes with each defect is shown in italics.
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Extended Data Figure 6. Eifdeniflisrequired for release from prophase arrest and Birc5 for

spindleintegrity

(a) Live oocytes microinjected with control sSiRNA (Control) or siRNAs targeting Eif4enifl
(Eifdenifl RNAI) expressing mEGFP-a-tubulin (green, microtubules) and H2B-mRFP
(magenta, chromosomes) merged with DIC. Region of spindle and chromosomes is
magnified without DIC below. Quantification of phenotype in (b). Scale bar, 10 um. (b)
Live oocytes microinjected with control sSiRNA or Eifdenifl siRNAs were monitored by
long-term time-lapse microscopy as shown in (a) and the efficiency of NEBD was scored.
The number of analysed oocytes is specified in italics. P-value was calculated with Fisher’s
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exact test in Excel. Data from a total of 3 experiments. (c) Live oocytes microinjected with
control siRNA (Control) or siRNAs targeting Birc5 (Birc5 RNAI) expressing mEGFP-a-
tubulin (green, microtubules) and H2B-mRFP (magenta, chromosomes) merged with DIC.
Region of spindle and chromosomes is magnified without DIC below. Quantification of
phenotypes in (d-g). Scale bar, 10 um. (d) Live oocytes microinjected with control SiRNA
(control), a mix of three different Birc5 siRNAs (siRNA 1-3) or two Birc5 siRNAs
individually (siRNA 1,2) were scored for temporary or permanent disintegration of the
meiotic spindle. The number of analysed oocytes is specified in italics. The P-value was
calculated with Fisher’s exact test comparing control and all Birc5 siRNA microinjected
oocytes from 5 experiments. (e-g) Live oocytes microinjected with control siRNA or Birc5
siRNAs were monitored by long-term time-lapse microscopy as shown in (c) and the
efficiency of NEBD (e), the presence or absence of misaligned chromosomes (f), as well as
the efficiency of chromosome segregation (g) were scored. The number of analysed oocytes
is specified in italics. P-values were calculated with Fisher’s exact test in Excel. Data (d-g)
from 5 independent experiments.
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Extended Data Figure 7. Aspm function in mouse oocytes
(a) Oocytes microinjected with siRNAs targeting Aspm or injected with control siRNA.

Microtubules in green, chromosomes in magenta. Arrows highlight lagging chromosomes.
Quantification of phenotypes in (b-g). Scale bar, 10 um. (b,c) Lagging (b) or misaligned
chromosomes (c) in oocytes microinjected with different Aspm siRNAs. (d-g) Live oocytes
microinjected with control siRNA (control) or Aspm siRNAs (Aspm RNAI) were monitored
by long-term time-lapse microscopy as shown in (a) and scored for progression through
anaphase (d), time of anaphase onset (e), polar body extrusion (f) and spindle length (g). The
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number of analysed oocytes is specified in italics. The P-value was calculated with Fisher’s

exact test (b, c, d, f) or Student’s t-test (e, g) comparing control and all Aspm siRNA

microinjected oocytes. The box plots in (e, g) show median (line), mean (small square), 5th,
95th (whiskers) and 25th and 75th percentile (boxes). Data from 4 independent experiments.
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Extended Data Figure 8. Mastl isrequired for metaphase |l arrest and accurate chromosome
segregation, but dispensable for cytokinesis and chromosome condensation in mouse oocytes

(a) Live oocytes microinjected with control siRNA (Control) or siRNAs targeting Mastl

(Mastl RNAI) expressing mEGFP-Lamin B1 (green, nuclear lamina) and H2B-mRFP
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(magenta, chromosomes) merged with DIC. Representative of 30 control and 16 Mastl
RNA. oocytes. Scale bar, 10 um. (b,c) Live oocytes microinjected with a mix of three
different Mastl siRNAs expressing human Greatwall fused with mEGFP (green) and H2B-
mRFP (magenta, chromosomes) merged with DIC. EGFP-GwI localized to the nucleus and
was released into the cytoplasm shortly before NEBD. Representative of 23 oocytes.
Quantification in Fig. 3f. (c), consistent with previous studies in mitotic cells 2930, Scale
bar, 10 um. (d-g) Live oocytes microinjected with control siRNA or Mastl siRNAs were
monitored by long-term time-lapse microscopy and scored for anaphase progression (d),
time of anaphase onset (e), successful formation or retraction of a polar body upon anaphase
(f) and the prolonged presence of a midbody upon cytokinesis (g). The number of analysed
oocytes is specified in italics. Data from 5 independent experiments (h) Maximum z-
projection (left) and 3D reconstruction (right) of chromosomes (Hoechst) in fixed mouse
oocytes microinjected with control siRNAs or siRNAs targeting Mastl were generated in
Imaris. Quantification in (i). (i) The chromosome volume was quantified in mouse oocytes
microinjected with control siRNAs or siRNAs targeting Mastl as shown in (h) in Imaris. The
number of analysed oocytes is specified in italics. Data from 2 independent experiments. (j)
Mastl mMRNA levels in control oocytes and oocytes microinjected with Mastl sSiRNAs were
quantified by real-time PCR. Mean values from two independent experiments. P-values
were calculated with Fisher’s exact test (d, f, g) or Student’s t-test (e, i). The box plots in (e,
j) show median (line), mean (small square), 5th, 95th (whiskers) and 25th and 75th
percentile (boxes).
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Extended Data Figure 9. Systematic analysis of phenotype correlationsin mouse oocytes
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(a.b) Heatmap representation of clusters of phenotypes generated based on Jaccard indices

between them. Jaccard indices, range between 0 and 1, were calculated as described in

Methods section and Extended Data Fig. 10. Jaccard indices calculated from control oocytes
(a) and RNAi-treated oocytes (b) are shown. The “red” and “blue” respectively correspond
to high and low Jaccard indices as indicated by the legend. Clusters of phenotypes were
generated using Pheatmap with “Pearson correlation” values and “average” clustering input

parameters.
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Extended Data Figure 10. Network of phenotypes and calculation of Jaccard indices
(a) Network of phenotype to oocytes was converted into phenotype-to-phenotype network

based on number of oocytes that display two phenotypes in question. The network consists
of 53 phenotypes and 867 connections between them. The nodes in the network denote
phenotypes and edges denote shared oocytes. This is a qualitative network and does not
consider the strength of connection, edge weight or number of oocytes in which a given pair
of phenotypes co-occurs. Nodes of identical colours denote a cluster (a group of related
phenotypes based on topological properties of the network). Phenotypes that are not part of
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any cluster are in the centre and indicated by squares (white). Related clusters (if they share
phenotypes) are marked by dashed circles considered as “super clusters”. Clusters were
identified by the NeMo method in Cytoscape. Network clusters are purely based on
topological properties and are in agreement with the clusters in the heatmap constructed
using quantitative measures of Jaccard indices (Fig 9a) e.g. two superclusters: top left and
top right respectively correspond to heatmap clusters at the top left and middle of Fig. 9a.
(b-d) Overview of computational approach with schematics to decipher phenotype clusters.
Oi, Mi and Ni correspond to oocyte i, mix i and numerical value of phenotype i,
respectively. (b) Conversion of yes, no and numerical data: depicts the way we converted a
combination of “yes”, “no” and numerical data (denoted by N1, N2, N3 and N4) of
phenotypes across oocytes into purely “yes” and “no” groups with the “yes” group further
classified as “yes+” and “yes—". (c) Reconstruction of phenotype-oocyte network: we
reconstructed a phenotype-oocyte network from the above data of “yes” and “no” values by
considering only the “yes” group. A non-linear decay relationship between the humber of
phenotypes and number of oocytes in the network is displayed as represented by two plots.
Details of the plots suggest a median value of 2 for phenotypes. (d) Network transformation
and calculation of Jaccard index matrix: illustrates our network transformation strategy from
a phenotype-oocyte network to a phenotype-phenotype network and the simultaneous
estimation of Jaccard indices between phenotypes. The matrix of Jaccard indices between
phenotypes was clustered using the pheatmap software in R package with the “Pearson
correlation” parameter and the “average” clustering method.
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Figure 1. RNAI screen in live oocytes

(a) Principle of the screen. (b-d) Meiotic progression in oocytes grown in vivo (5
independent experiments) and in vitro (42 independent experiments). The box plot in (d)
shows median (line), mean (small square), 5th, 95th (whiskers) and 25th and 75th percentile
(boxes). () MRNA depletion upon targeting 12 genes simultaneously by RNA..
Representative example for 4 independent experiments. Errors bars in (b-d) show standard
deviation.

(f) Selection of target genes. (g) Strategy to identify genes in mixes causing phenotypes.
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Figure 2. Defectsduring meiosis| in SSRNA-treated oocytes
(a,d,q,j) Frequency of defects in siRNA-treated oocytes. Number of oocytes in italics. 70

independent experiments.

(b,e,h,k) Representative examples of phenotypes quantified in (a, d, g, j). Chromosomes
(magenta; white in (b)), microtubules (green). NSN - non-surrounded nucleolus chromatin
configuration. Scale bar, 10 um.

(cf,i,) siRNA mixes sorted according to z-score in each category. Dashed line delineates
mixes with a z-score higher than two standard deviations above the average value of all
controls.
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Figure 3. Dusp7 and Mastl depletion phenotypes
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(a) Oocytes microinjected with control or Dusp7 siRNAs. Chromosomes in magenta.

Quantification of phenotype in (b, ¢). Scale bar, 10 pm.

(b,c) Efficiency (b) and timing of NEBD (c) in oocytes microinjected with Dusp7 siRNAS
alone or together with mRNA encoding EGFP-DUSP7 or EGFP-DUSP7 C333S.

(d) Localization of DUSP7 during oocyte maturation. Live oocytes expressing DUSP7 fused
with mEGFP (green) and H2B-mRFP (magenta, chromosomes). Scale bar, 10 pm.

Representative for 36 oocytes from 5 experiments.

(e) Oocytes microinjected with control or Mastl siRNAs. Microtubules in green,
chromosomes in magenta. Arrows highlight lagging chromosomes. Quantification of

phenotypes in (f-i). Scale bar, 10 pm.

(f-i) Oocytes microinjected with different Mastl sSiRNAs alone or together with mRNA
encoding human EGFP-MASTL were scored for formation of pronuclei (f), lagging

chromosomes (g), and efficiency (h) and timing of NEBD (i).

Number of oocytes in italics. P-values were calculated with Fisher’s exact (b, g, h) or
Student’s t-test (c, i). Data from 6 (b, c), 2 (f) or 5 (g, h, i) independent experiments. The

Nature. Author manuscript; available in PMC 2016 February 13.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Pfender et al.

Page 30

box plots in (c, i) show median (line), mean (small square), 5th, 95th (whiskers) and 25th
and 75th percentile (boxes).
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Figure 4. Factorsimplicated in chromosome segregation errors
(a,b) The efficiency (a) and timing (b) of progression into anaphase in control oocytes with

aligned and misaligned chromosomes. Number of oocytes in italics. P-value was calculated
with Fisher’s exact test. Data from 52 independent experiments. (c) Defects significantly
more likely to occur in oocytes with lagging chromosomes. Significance was calculated with
Fisher’s exact test by comparing the prevalence of other defects in oocytes with and without
lagging chromosomes, and is specified by asterisks next to arrows, with **** p < 0.0001,
*** p < 0.001; ** p <0. 01; * p <0.05. The circle area reflects the fraction of oocytes with
lagging chromosomes (specified in percent) in which each defect was observed.
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