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Actin limits egg aneuploidies associated with female reproductive aging
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Abstract: Aging-related centromeric cohesion loss underlies premature separation of sister
chromatids (PSSC) and egg aneuploidy in reproductively older females. Here we show that F-actin
maintains chromatid association after cohesion deterioration in aged eggs. F-actin disruption in
aged mouse eggs exacerbated PSSC, while its removal in young eggs induced extensive chromatid
separation events generally only seen in advanced reproductive ages. In young eggs containing
experimentally reduced cohesion, F-actin removal accelerated PSSC in a microtubule dynamics-
dependent manner, suggesting that actin counteracts chromatid-pulling spindle forces.
Consistently, F-actin stabilization restricted PSSC even when cohesion was acutely depleted by
targeted protein degradation. We conclude that actin mitigates PSSCs arising from age-related
cohesion depletion by limiting microtubule-driven chromatid separation. This is supported by a

spindle-specific disruption of F-actin in aged mammalian eggs.

One-Sentence Summary: Actin counteracts microtubule-based pulling forces to reduce the

effects of chromosome cohesion loss in aged mammalian eggs.
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Main Text:
Healthy mammalian embryo formation and development critically hinges on the accuracy of sister

chromatid segregation in eggs (/, 2). Until fertilization occurs, a tight linkage between sister
chromatids’ centromeres resists their premature separation by microtubule fibers (/, 2). This
association is predominantly achieved by Rec8-containing cohesin complexes that link sister
chromatids centromeres (/, 3-7). Such tug-of-war between microtubule-based pulling forces and
centromeric cohesion effectively generates tension between the sister chromatids’ kinetochores
(8). Unprogrammed cohesion loss can therefore cause premature sister chromatid separation and
increase the likelihood of aneuploidy (/, 9-11). Indeed, gradual cohesin depletion in female
reproductive aging (/, 12, 13) is considered a major cause of egg aneuploidies broadly associated
with human infertility and genetic disorders (7, 9, 14, 15). However, such progressive cohesion
loss does not satisfactorily explain the almost exponential increase in egg aneuploidy that is
observed near the end of female reproductive life (/4, 15). Since the actin cytoskeleton is a
meiosis-specific functional component of the mammalian chromosome segregation machinery
(16-19), we addressed whether its dysfunction in eggs could explain this striking reproductive
aging phenomenon.

To examine the impact of reproductive aging on cellular F-actin integrity, we first applied
quantitative super-resolution microscopy and visualized fluorescent Phalloidin labelled (/7) actin
structures in eggs isolated from reproductively young (6-12 weeks old) and aged (58-62 weeks
old) mice. This revealed a significant reduction in spindle F-actin fluorescence intensity in aged
eggs (Fig. 1, a and b, and Fig. Sla) that did not result from decreased spindle microtubule
populations (Fig. S1, b and c). This analysis further showed that cytoplasmic F-actin network
density was not disrupted in aged eggs (Fig. S1, d and e). Reproductive aging in females is

therefore accompanied by meiotic spindle-specific disruption of F-actin in mammalian eggs.
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To test whether F-actin loss can exacerbate egg aneuploidies that are generally caused by gradual
cohesin depletion during aging, we visualized meiotic spindles, chromosomes, and centromeres in
aged eggs — isolated from reproductively aged (35-39 weeks old) mice — by high-resolution 3D
immunofluorescence microscopy. We then identified sister centromere pairs using automated spot
detection in Imaris (Fig. 1c¢) and counted prematurely separated chromatids. Consistent with
previous studies of aging-related centromeric cohesion loss (/0), this approach revealed 10/26 of
DMSO-treated control aged eggs had at least two prematurely separated chromatids (Fig. 1, d and
e). By stark contrast, Cytochalasin D-mediated F-actin disruption (/6, 20) caused untimely
chromatid separation in 17/21 of aged eggs (Fig. 1, d and ¢). These data strongly suggested that F-
actin limits the extent of chromatid separation in aged females, suggesting that it may mitigate the
effects of age-related cohesion depletion.

To investigate the effect of F-actin removal on chromatid cohesion in young eggs, we performed
similar analysis in eggs of reproductively younger (6-12 weeks old) mice. Compared to 2/20 of
DMSO-treated control eggs, 12/25 of Cytochalasin D-treated young eggs displayed at least two
prematurely separated chromatids (Fig. 1, d and e), which is notably comparable to incidence of
chromatid separation in control aged eggs (Fig. 1e). Importantly, we were able to reproduce this
high incidence of centromeric cohesion loss by treating metaphase II-arrested young eggs with
Latrunculin B, a mechanistically distinct F-actin disrupting compound (20-23) (Fig. S2a).
Similarly, quantification of chromatid linkage in independent chromosome spreads confirmed that
F-actin removal predisposes eggs to centromeric cohesion loss (Fig. 1, fand g, and Fig. S2, b and
¢). Collectively, these results demonstrate that disruption of F-actin in young eggs is sufficient to
induce a high incidence of premature sister chromatid separation similar to that seen in eggs from
aged females. Notably, our quantitative immunofluorescence microscopy assays of oocyte meiosis

[ — when cohesion proteins can be more readily visualized along chromosome arms — did not reveal
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decreased Rec8-containing cohesin complexes in Cytochalasin D-treated oocytes or their
corresponding chromosomal spreads (Fig. S3, a to e, and movies S1 and S2). We therefore
conclude that F-actin loss leads to chromatid separation without directly disrupting canonical
chromosome cohesion pathways.
To uncover how F-actin disruption accelerates chromatid separation, we implemented the TRIM-
Away system (24-31) (Fig. 2a) to artificially deplete Rec8 in young eggs. To induce aging-like
sister chromatid separation via this approach, we microinjected control IgGs or low concentrations
of Rec8 heavy-chain antibodies (to only partially degrade Rec8) into TRIM21-expressing,
metaphase Il-arrested young eggs. High-resolution live imaging of chromatids at 5-minute
intervals showed that partial Rec8 depletion in this experimental system caused modest separation
and dispersion of sister chromatids (Fig. 2b, Fig. S4a, and movie S3). To quantify this, we
performed 3D iso-surface reconstruction (movie S4) and object-oriented bounding box analysis in
Imaris software to identify the minimal cuboid volume that contained all chromatids at each live
imaging timepoint (Fig. 2b). We then plotted this volume measurement over a three-hour
observation time as readout for premature separation and scattering of sister chromatids. This
analysis showed that partial Rec8 degradation in DMSO-treated control eggs caused gradual sister
chromatid separation with most single chromatids remaining near the spindle equator during the
three-hour observation time (Fig. 2, ¢ and d, Fig. S4b, and movie S5), and with some dispersed
chromatids often re-establishing alignment with the main chromosome mass (movie S6). By
contrast, partial cohesion removal after F-actin disruption dramatically accelerated chromatid
separation and caused persistent scattering of single chromatids in Cytochalasin D-treated eggs
(Fig. 2, ¢ and d, Fig. S4b, and movies S7 and S8). This finding demonstrated that aging-like
centromeric cohesion depletion is more likely to cause extensive aneuploidies when F-actin is

absent.
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To test the effect of F-actin loss on chromatid motility, we tracked prematurely separated
chromatids in 3D by high temporal resolution live imaging and measured their frame-to-frame
displacement away from the metaphase II spindle equator. This analysis showed that most
prematurely separated chromatids in Cytochalasin D-treated eggs migrated away from the spindle
equator at significantly faster instantaneous speeds than in DMSO-treated control eggs that
contained F-actin (Fig. 2e). This is consistent with a greater effect of chromatid-pulling
microtubule forces when F-actin is disrupted. Importantly, ~62% of misaligned chromatids in
control eggs became realigned at the spindle equator within the three-hours observation period
(Fig. 2f). By contrast, only ~31% of previously scattered chromatids re-established correct
alignment in the absence of F-actin (Fig. 2f). Persistently misaligned chromatids are more likely
to be mis-segregated in anaphase II (/6). We thus conclude that the actin cytoskeleton plays a
critical, two-pronged role in the prevention of chromatid scattering: firstly, it acts as a brake against
accelerated separation of sister chromatids by microtubules; secondly, it promotes the realignment
of scattered single chromatids.
Having established that F-actin disruption predisposes weakly-linked sister chromatids to
extensive separation (Fig. 1e), we tested whether it enrichment could help to keep them together
in cohesin deficient eggs. We first stabilized F-actin in young eggs using high concentrations of
SiR-Actin (16, 17), a fluorescence-labelled derivative of Jasplakinolide (32) that marks the actin
cytoskeleton in living cells (33). We then fully degraded centromeric cohesin using highly
concentrated Rec8 antibodies in our TRIM-Away strategy (Fig. 2a and movie S9). In DMSO-
treated control eggs, this caused extensive separation and scattering of sister chromatids (Fig. 3, b
and c, Fig. S4c, and movie S10), which is consistent with substantial depletion of cohesin from
centromeric regions. In comparison, despite lack of robust cohesion, sister chromatids in SiR-

Actin-treated eggs largely remained near the spindle equator during three hours of observation
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(Fig. 3, b and c, Fig. S4c, and movie S11). Supporting our earlier conclusion that F-actin might act
as a brake against their accelerated separation, most poleward migrating chromatids also moved at
significantly slower speeds when F-actin was stabilized (Fig. 3d). These data therefore collectively
define a new function of F-actin in restricting the poleward movement of prematurely separated
chromatids in eggs with reduced centromeric cohesion (Fig. 3e).
Microtubules are well-established drivers of chromosomal separation during cell division (18, 34).
Linking a decline in microtubule function with egg aneuploidy, defective microtubule dynamics
were recently found to contribute to chromosomal abnormalities in aged eggs (35). We therefore
asked whether microtubule dynamics also power chromatid movement in our experimental system
of robust cohesion disruption. Consistent with earlier results, TRIM-Away-mediated acute
depletion of Rec8 in DMSO-treated control eggs caused extensive dispersion of separated
chromatids throughout the meiotic spindle (Fig. 3f, and movie S12). This was confirmed by
bounding box analyses of chromatid mobility (Fig. 2b and 3g, and Fig. S4d). In contrast, blocking
of microtubule dynamics prior to Rec8 degradation by treating eggs with high concentrations of
SiR-Tubulin — a cell permeable and fluorogenic derivative of the microtubule stabilizing drug
Docetaxel (33, 36) — significantly slowed down the movement of separated chromatids and
restricted their mobility to only near the spindle equator (Fig. 3, f to h, Fig. S4d, and movie S13).
These results demonstrated that microtubule dynamics drive the complete disengagement and
scattering of sister chromatids following centromeric cohesion loss (Fig. 31).
Spindle F-actin abundance directly impacts microtubule organization and dynamics in mouse eggs
(16). To investigate whether more effective microtubule pulling in the absence of F-actin
underpins chromatid separation in cohesion deficient eggs, we combined Cytochalasin D and SiR-
Tubulin compounds in our experimental system of reproductive aging-like centromeric cohesion

depletion (Fig. 2b). In line with our earlier data (Fig. 2, c to e), TRIM-Away-mediated partial Rec8
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degradation caused rapid and extensive chromatid scattering only in eggs that did not contain F-
actin (Fig. 4, a to c, Fig. S4e, and movies S14 and S15). Consistent with results showing that partial
depletion of Rec8 causes only modest events of chromatid scattering (Fig. 2, c to e), SiR-Tubulin-
mediated blocking of microtubule dynamics in these eggs had negligible effect on the dispersion
of prematurely separated chromatids (Fig. 4, a and b, Fig. S4e, and movie S16). Similarly, the
movement of unpaired chromatids was unaffected when microtubules were stabilized in eggs that
were partially depleted of Rec8 (Fig. 4c). In striking contrast, blocking microtubule dynamics in
eggs that did not contain F-actin — and thus experienced high incidence of chromatid scattering —
significantly reduced both the extent of chromatid dispersion (Fig. 4, a and b, Fig. S4e, and movie
S17) and speed of chromatid mobility (Fig. 4c). These data collectively indicate that pulling forces
mediated by microtubule dynamics — normally insufficient to fully disengage weakly-bound
chromatids — can cause complete chromatid separation when F-actin is lost (Fig. 4d).

Our findings indicate that spindle F-actin mitigates the effects of age-related cohesin depletion.
Removal of F-actin in aged eggs with naturally reduced centromeric cohesion exacerbates
premature chromatid separation. Consistently, experimentally reducing centromeric cohesion in
young eggs only modestly causes untimely chromatid separation, unless F-actin is also disrupted.
Because persistently misaligned chromatids in F-actin disrupted eggs are frequently mis-
segregated in anaphase II (/6), we propose that aging-related F-actin dysfunction can explain the
sudden rise in embryo aneuploidy rate at advanced reproductive ages (/, /4, 15). This would be
consistent with the spindle-specific physiological reduction of F-actin that we have identified in
aged eggs.

Results from our combined cytoskeletal manipulation experiments indicate that F-actin exerts this
previously unknown function by modulating microtubule dynamics. We previously showed that

meiotic spindle F-actin stabilizes kinetochore-bound microtubules to promote accurate
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chromosome segregation (/6). Furthermore, increasing the F-actin content of meiotic spindles
substantially limits microtubule dynamics and reduces chromosomal separation in mouse oocytes
(16). Our new data are consistent with a model where spindle-associated actin filaments generally
dampen forces generated by dynamic microtubules (Fig. 4¢). In young eggs with strongly linked
chromatids, this would supplement cohesion-mediated resistance to pulling forces exerted by
dynamic microtubules, thus robustly generating inter-kinetochore tension. Such force limitation
would more critically resist microtubule-based chromatid pulling in aged eggs where cohesion is
depleted (Fig. 4¢). This would explain why F-actin disruption in aged eggs leads to extensive
separation of sister chromatids. Consistent with this model, female reproductive aging is
accompanied by aberrant microtubule dynamics in mouse oocytes (35) that are proposed as a
cohesion-independent cause of meiotic aneuploidy (37). Thus, our findings also define F-actin
disruption as a new link between cohesion deterioration and microtubule dysfunction in aging
eggs.

F-actin and its associated proteins promote microtubule stability and organization in various
cellular contexts, including in female meiosis (16, 38-43). Moreover, recent findings show that F-
actin is also a component of mitotic spindle machineries that separate sister chromatids (44, 45).
Spindle-associated actin filaments might thus have similar roles in non-reproductive cell division

where aging is also associated with aneuploidies (46-50).

References

1. M. Herbert, D. Kalleas, D. Cooney, M. Lamb, L. Lister, Meiosis and maternal aging: insights
from aneuploid oocytes and trisomy births. Cold Spring Harb Perspect Biol 7,a017970 (2015).
2. B. Mogessie, K. Scheffler, M. Schuh, Assembly and Positioning of the Oocyte Meiotic Spindle.

Annu Rev Cell Dev Biol 34, 381-403 (2018).


https://doi.org/10.1101/2022.05.18.491967
http://creativecommons.org/licenses/by/4.0/

e e e o oy, 02 oo s o 1 g o

3. K. Tachibana-Konwalski et al., Rec8-containing cohesin maintains bivalents without turnover
during the growing phase of mouse oocytes. Genes Dev 24, 2505-2516 (2010).

4. N. R. Kudo et al., Resolution of chiasmata in oocytes requires separase-mediated proteolysis.
Cell 126, 135-146 (20006).

5. N. R. Kudo et al., Role of cleavage by separase of the Rec8 kleisin subunit of cohesin during
mammalian meiosis 1. J Cell Sci 122, 2686-2698 (2009).

6. K. Nasmyth, C. H. Haering, Cohesin: its roles and mechanisms. Annu Rev Genet 43, 525-558
(2009).

7. K. 1. Ishiguro, The cohesin complex in mammalian meiosis. Genes Cells 24, 6-30 (2019).

8. S. Hauf, Y. Watanabe, Kinetochore orientation in mitosis and meiosis. Cell 119, 317-327
(2004).

9. F. Pellestor, B. Andreo, F. Arnal, C. Humeau, J. Demaille, Maternal aging and chromosomal
abnormalities: new data drawn from in vitro unfertilized human oocytes. Hum Genet 112, 195-
203 (2003).

10. Y. Yun, S. I. Lane, K. T. Jones, Premature dyad separation in meiosis II is the major
segregation error with maternal age in mouse oocytes. Development 141, 199-208 (2014).

11. R. Angell, First-meiotic-division nondisjunction in human oocytes. Am J Hum Genet 61,
23-32 (1997).

12. L. M. Lister et al., Age-related meiotic segregation errors in mammalian oocytes are
preceded by depletion of cohesin and Sgo2. Curr Biol 20, 1511-1521 (2010).

13. T. Chiang, F. E. Duncan, K. Schindler, R. M. Schultz, M. A. Lampson, Evidence that
weakened centromere cohesion is a leading cause of age-related aneuploidy in oocytes. Curr

Biol 20, 1522-1528 (2010).


https://doi.org/10.1101/2022.05.18.491967
http://creativecommons.org/licenses/by/4.0/

et coriid by peer roview) s ihe authorlunder, who hat dranted bIoRxH A lEenSe o dispiay the preprint n perpetity. 1t o made
available under aCC-BY 4.0 International license.

14. T. Hassold, P. Hunt, To err (meiotically) is human: the genesis of human aneuploidy. Nat
Rev Genet 2, 280-291 (2001).

15. S. 1. Nagaoka, T. J. Hassold, P. A. Hunt, Human aneuploidy: mechanisms and new insights
into an age-old problem. Nat Rev Genet 13, 493-504 (2012).

16.  B. Mogessie, M. Schuh, Actin protects mammalian eggs against chromosome segregation
errors. Science 357, (2017).

17.  B. Mogessie, Visualization and Functional Analysis of Spindle Actin and Chromosome
Segregation in Mammalian Oocytes. Methods Mol Biol 2101, 267-295 (2020).

18.  B. Mogessie, K. Scheffler, M. Schuh, Assembly and Positioning of the Oocyte Meiotic
Spindle. Annu Rev Cell Dev Biol, (2018).

19.  B. Mogessie, Advances and surprises in a decade of oocyte meiosis research. Essays
Biochem 64, 263-275 (2020).

20. K. Scheffler, F. Giannini, T. Lemonnier, B. Mogessie, The prophase oocyte nucleus is a
homeostatic G-actin buffer. J Cell Sci 135, (2022).

21. I. Spector, N. R. Shochet, Y. Kashman, A. Groweiss, Latrunculins: novel marine toxins
that disrupt microfilament organization in cultured cells. Science 219, 493-495 (1983).

22. M. Coue, S. L. Brenner, I. Spector, E. D. Korn, Inhibition of actin polymerization by
latrunculin A. FEBS Lett 213, 316-318 (1987).

23.  W. M. Morton, K. R. Ayscough, P. J. McLaughlin, Latrunculin alters the actin-monomer
subunit interface to prevent polymerization. Nat Cell Biol 2, 376-378 (2000).

24.  A. P. Ziclinska et al., Meiotic Kinetochores Fragment into Multiple Lobes upon Cohesin
Loss in Aging Eggs. Curr Biol 29, 3749-3765 3747 (2019).

25.  D. Clift et al., A Method for the Acute and Rapid Degradation of Endogenous Proteins.

Cell 171, 1692-1706 e1618 (2017).

10


https://doi.org/10.1101/2022.05.18.491967
http://creativecommons.org/licenses/by/4.0/

et coriid by peer roview) s ihe authorlunder, who hat dranted bIoRxH A lEenSe o dispiay the preprint n perpetity. 1t o made
available under aCC-BY 4.0 International license.

26. K. Scheffler et al., Two mechanisms drive pronuclear migration in mouse zygotes. Nat
Commun 12, 841 (2021).

217. C. B. Fant et al., TFIID Enables RNA Polymerase I Promoter-Proximal Pausing. Mol Cell
78, 785-793 €788 (2020).

28. C. J. Zhou et al., Loss of CENPF leads to developmental failure in mouse embryos. Cell
Cycle 18, 2784-2799 (2019).

29. L. M. Mehlmann, T. F. Uliasz, K. M. Lowther, SNAP23 is required for constitutive and
regulated exocytosis in mouse oocytes. Biol Reprod 101, 338-346 (2019).

30.  X.Chen et al., Degradation of endogenous proteins and generation of a null-like phenotype
in zebrafish using Trim-Away technology. Genome Biol 20, 19 (2019).

31. E. Weir, G. McLinden, D. Alfandari, H. Cousin, Trim-Away mediated knock down
uncovers a new function for Lbh during gastrulation of Xenopus laevis. Dev Biol 470, 74-83
(2021).

32.  A. Holzinger, Jasplakinolide: an actin-specific reagent that promotes actin polymerization.
Methods Mol Biol 586, 71-87 (2009).

33. G. Lukinavicius et al., Fluorogenic probes for live-cell imaging of the cytoskeleton. Nat
Methods 11, 731-733 (2014).

34.  J. K. Monda, I. M. Cheeseman, The kinetochore-microtubule interface at a glance. J Cell
Sci 131, (2018).

35. S. Nakagawa, G. FitzHarris, Intrinsically Defective Microtubule Dynamics Contribute to
Age-Related Chromosome Segregation Errors in Mouse Oocyte Meiosis-1. Curr Biol 27, 1040-
1047 (2017).

36.  J. Dubois et al., Fluorescent and biotinylated analogues of docetaxel: synthesis and

biological evaluation. Bioorg Med Chem 3, 1357-1368 (1995).

11


https://doi.org/10.1101/2022.05.18.491967
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.18.491967; this version posted May 18, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.
37.  A. 1. Mihajlovic, J. Haverfield, G. FitzHarris, Distinct classes of lagging chromosome
underpin age-related oocyte aneuploidy in mouse. Dev Cell 56, 2273-2283 ¢2273 (2021).

38. M. L. Pimm, J. L. Henty-Ridilla, New twists in actin-microtubule interactions. Mo/ Biol

Cell 32, 211217 (2021).

39.  A.Elie et al., Tau co-organizes dynamic microtubule and actin networks. Sci Rep 5, 9964
(2015).
40. M. Preciado Lopez et al., Actin-microtubule coordination at growing microtubule ends.

Nat Commun 5, 4778 (2014).

41.  A. W. Schaefer, N. Kabir, P. Forscher, Filopodia and actin arcs guide the assembly and
transport of two populations of microtubules with unique dynamic parameters in neuronal
growth cones. J Cell Biol 158, 139-152 (2002).

42.  D. Inoue et al., Actin filaments regulate microtubule growth at the centrosome. EMBO J
38, (2019).

43, A. Colin, P. Singaravelu, M. Thery, L. Blanchoin, Z. Gueroui, Actin-Network Architecture
Regulates Microtubule Dynamics. Curr Biol 28, 2647-2656 €2644 (2018).

44. M. Plessner, J. Knerr, R. Grosse, Centrosomal Actin Assembly Is Required for Proper
Mitotic Spindle Formation and Chromosome Congression. iScience 15, 274-281 (2019).

45.  A. M. Kita et al., Spindle-F-actin interactions in mitotic spindles in an intact vertebrate
epithelium. Mol Biol Cell 30, 1645-1654 (2019).

46. R. Li, J. Zhu, Effects of aneuploidy on cell behaviour and function. Nat Rev Mol Cell Biol,
(2022).

47. C. Lopez-Otin, M. A. Blasco, L. Partridge, M. Serrano, G. Kroemer, The hallmarks of

aging. Cell 153, 1194-1217 (2013).


https://doi.org/10.1101/2022.05.18.491967
http://creativecommons.org/licenses/by/4.0/

e e e o oy, 02 oo s o 1 g o

48. J. C. Macedo, S. Vaz, E. Logarinho, Mitotic Dysfunction Associated with Aging
Hallmarks. Adv Exp Med Biol 1002, 153-188 (2017).

49.  J. C. Macedo et al., FoxM1 repression during human aging leads to mitotic decline and
aneuploidy-driven full senescence. Nat Commun 9, 2834 (2018).

50.  R. M. Naylor, J. M. van Deursen, Aneuploidy in Cancer and Aging. Annu Rev Genet 50,
45-66 (2016).

51. M. Schuh, J. Ellenberg, Self-organization of MTOCsS replaces centrosome function during
acentrosomal spindle assembly in live mouse oocytes. Cell 130, 484-498 (2007).

52. M. C. C. Silva, G. Wutz, K. Tachibana, J. M. Peters, Analysis of chromosomes from mouse

oocytes and mammalian cultured cells by light microscopy. Methods Cell Biol 144, 287-305

(2018).

Acknowledgments: We thank Mark Dodding for feedback on the manuscript; Kathleen Scheffler
for feedback on the manuscript, cloning, advice, technical input, and TRIM-Away expertise;
Michael Lampson (University of Pennsylvania) for a generous gift of Rec8 antiserum; and

members of the Mogessie lab for discussions.

Funding: This work was supported by a Sir Henry Dale Fellowship jointly funded by the
Wellcome Trust and the Royal Society [grant number 213470/Z/18/Z] to B.M. and a Wellcome
Trust PhD studentship [grant number 220082/Z/20/Z] to S.D. For the purpose of open access, the
corresponding author has applied a CC BY public copyright license to any Author Accepted

Manuscript version arising from this submission.

Author contributions:

Conceptualization: BM

Methodology: BM, SD


https://doi.org/10.1101/2022.05.18.491967
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.18.491967; this version posted May 18, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Investigation: SD

Visualization: BM, SD

Supervision: BM

Writing — original draft: BM

Writing — review & editing: BM, SD

Competing interests: Authors declare that they have no competing interests.

Supplementary Materials

Materials and Methods

Supplementary Text

Figs. S1to S4

References (57-52)

Movies S1 to S17

Materials and Methods

Mouse oocyte isolation, maturation, culturing, and microinjection

All animal work in this research was performed at the University of Bristol and approved by the
institution’s Animal Welfare and Ethical Review Body (AWERB). Mice were maintained in a
pathogen-free environment in accordance with UK Home Office regulations under the guidelines
of the University of Bristol Animal Services Unit. Oocytes were isolated from the ovaries of 8—
12-week CD1 or C57BL/6 (young) or 8-9 months CD1 or 13-14 months C57BL/6 (aged) mice,
cultured, and microinjected with 6-8 picolitres of in vitro transcribed mRNA as described in detail

recently (/7).
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C57BL/6 mice were used for comparison of cytoplasmic and spindle F-actin populations between
young and aged eggs as — owing to pandemic-associated supply chain failures — this was the only
aged mouse strain commercially available to us in the early stages of the project.
Cytoskeletal drug addition experiments
Metaphase II-arrested eggs (at least 4 hours after polar body extrusion) were treated for 4 hours
with: Cytochalasin D (C8273-1MG, Merck) at a final concentration of 5 pg/ml in M2 medium or
Latrunculin B (428020-1MG, Merck) at a final concentration of 5 pM in M2 medium (to disrupt
F-actin); SiR-Actin (SC001, Spirochrome) at a final concentration of 10 uM in M2 medium (to
stabilize F-actin). In our initial experiments, we used optimized concentrations of the microtubule-
stabilizing compound Taxol to effectively block microtubule dynamics in mouse eggs. However,
combination of Taxol with Cytochalasin D invariably disrupted meiotic spindles. We therefore
used the Docetaxel-derivative compound SiR-Tubulin (SC002, Spirochrome) at a final
concentration of 1 uM in M2 medium to stabilize microtubules. In simultaneous F-actin disruption
and microtubule stabilization experiments, eggs were treated with SiR-Tubulin (1 pM) for 2 hours
then with a combination Cytochalasin D (5 pg/ml) and SiR-Tubulin (1 pM) for 2 hours. In TRIM-
Away experiments, drug treatment was performed prior to antibody microinjection. All drugs were
dissolved in DMSO (D2650-5X5ML, Merck). In control conditions, DMSO was diluted in M2
medium identically to corresponding experimental conditions.
Generation of expression constructs and mRNA synthesis
To label chromosomes, H2B-mRFP mRNA was transcribed from pGEM-H2B-mRP(20). To
generate pGEM-SNAP-TRIM21 for TRIM-Away experiments, pGEM-N-SNAPf was first
constructed by removing SNAPf from pSNAPf (NEB, N9183S) with Agel-Xhol and inserting it
into the Agel-Xhol site of pGEM-HE (57). The coding sequence of mouse TRIM21 was then

transferred from pGEM-EGFP-TRIM21 (25) into pGEM-N-SNAPf by Gibson assembly using
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primers 5’TTAAACTCGAGCTCAAGCTTATGTCTCTGGAAAAGATG3’ and 5’
ATCCCGGGCCCGCGGTACCGTCACATCTTTAGTGGACAG3’.

Capped mRNAs were synthesized using a T7 polymerase (mMessage mMachine kit, Ambion).
mRNA concentrations were measured using a Nanodrop spectrophotometer (Thermo Scientific).
Fixation and immunostaining of mouse oocytes and eggs

Cells were fixed in 100 mM HEPES, 10mM MgSQOs4, 50mM EGTA, 0.5% Triton X-100 (v/v) and
2% formaldehyde (v/v) for 30 minutes at 37°C, then blocked at 4°C overnight in PBS containing
0.3% Triton X-100 (v/v) and 3% Bovine Serum Albumin (BSA) (w/v). In CENP-A
immunostaining experiments, eggs were fixed at room temperature for 20 minutes, extracted in
PBS containing 0.25% Triton X-100 (v/v) at room temperature for 10 minutes, and incubated in
3% BSA-PBS (w/v) at 4°C overnight. In Rec8 immunostaining staining experiments, the zona
pellucida was removed before fixation by treating cells with Tyrode’s acidic solution (Merck,
T1788-100ML) as described previously (52). In both CENP-A and Rec8 immunostaining
experiments, fixed cells were incubated with A-phosphatase (NEB, P0753S) for 2 hours at 30°C
prior to immunostaining. Primary antibodies were: Rec8 rabbit antiserum (gift from Michael
Lampson produced as described previously (/3); 1:2000 dilution); CENP-A (Cell Signalling
Technology, 2048S; 1:200 dilution); Topoisomerase II (Abcam, ab52934; 1:200 dilution); Human
Anti-Centromere Antibody (Antibodies Incorporated, 15-234; 1:200 dilution). Secondary
antibodies and stains were: Alexa-Fluor-488-labelled anti-rabbit (Molecular Probes; 1:200
dilution); Alexa-488 phalloidin (Molecular Probes; 1:20 dilution) and Spg/ml Hoechst 33342
(Molecular Probes).

Metaphase chromosomal spreading, fixation and immunostaining

To facilitate chromosomal spreading, the zona pellucida was removed from metaphase I oocytes

or metaphase II-arrested eggs by washing cells through Tyrode’s acid solution (Merck, T1788-
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100ML) droplets covered with mineral oil (52). After washing out Tyrode’s solution in M2
medium, cells were recovered from acid treatment for a minimum of 5 minutes at 37°C. To spread
chromosomes, 2-3 cells were dropped by pipetting onto a well of 15-well Multitest slide (MP
Biomedicals, 096041505) containing water-based spreading solution (1% paraformaldehyde (v/v);
0.15% Triton-X100 (v/v); 3mM DTT; pH 9.2-9.4)) and air-dried in a non-transparent humidified
box. After incubation with A-phosphatase (NEB, P0753S) for 2 hours at 30°C, spreads were
blocked in 3% BSA (w/v) (Fisher Scientific, 11483823) in PBS. Immunostaining was performed
by washing out blocking solution in PBS followed by sequential incubation with primary and
secondary antibodies for 1.5 hours at 37°C. Primary antibodies were: Rec8 rabbit antiserum (as
described above and produced previously(/3); 1:2000 dilution); Human Anti-Centromere
Antibody (15-234, Antibodies Incorporated, 1:200 dilution). Secondary antibodies and stains were
Alexa-Fluor-488-labelled anti-rabbit (Molecular Probes; 1:200 dilution), Alexa-Fluor-488-
labelled anti-human (Molecular Probes; 1:200 dilution), and Spg/ml Hoechst 33342 (Molecular
Probes). Slides were prepared for microscopy by covering wells were Vectashield antifade
mounting medium (2B Scientific, H-1000-10), mounting with 22x22 mm glass coverslips (VWR,
631-0124) and sealing with nail varnish.

High-resolution confocal live microscopy

Confocal time lapse images of metaphase II-arrested mouse eggs were acquired using a Zeiss LSM
800 microscope equipped with an environmental chamber maintained at 37°C and a 40x C-
Apochromat 1.2 NA water-immersion objective. Image acquisition using ZEN2 software (Zeiss)
was performed at a temporal resolution of 5 minutes and with a Z-stack thickness of ~40 pm at
1.5 um confocal sections. Eggs were imaged in M2 medium (with or without cytoskeletal drugs)

under mineral oil as described previously (/7).
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Confocal, super-resolution and widefield immunofluorescence microscopy
Confocal immunofluorescence images were acquired using a Zeiss LSM 800 confocal microscope,
equipped with a 40x C-Apochromat 1.2 NA water immersion objective. Z-stacks were acquired
with a thickness of 2.5 um at 0.5 pm confocal sections (for spindle microtubule fluorescence
quantification), 15 um at 0.3 pm confocal sections (for single chromatid quantification) or 30 pm
at 0.5 um confocal sections (for Rec8 fluorescence quantification).
For spindle F-actin imaging, super-resolution 3D images of fluorescent phalloidin-labelled F-actin
structures were acquired at the middle of the meiotic spindle in 0.5 um steps over a range of 2.5
pum using the Airyscan module on a Zeiss LSM 800 microscope and a 40x C-Apochromat 1.2 NA
water immersion objective. Post-acquisition super-resolution images were obtained by 3D
Airyscan processing of raw images in ZEN2 software (Zeiss).
For cytoplasmic F-actin imaging, single section super-resolution images of fluorescent phalloidin-
labelled F-actin structures were acquired at hemispheric regions of each egg using the Airyscan
module on a Zeiss LSM 800 microscope and a 40x C-Apochromat 1.2 NA water immersion
objective.
3D Immunofluorescence images of metaphase chromosomal spreads were acquired at 0.5 pum steps
covering 5 um using a Leica DMI16000 inverted widefield microscope equipped with a 100x HCX
PL APO CS oil immersion objective.
Images in control and experimental conditions were acquired using identical imaging settings.
Eggs were imaged in M2 medium under mineral oil as described previously (/7).
Fluorescence intensity quantification of Rec8
3D volumes of metaphase I chromosomes were reconstructed in Imaris software (Bitplane) using

Hoechst 3342 immunofluorescence signal. Reconstructed surfaces were then used to mask
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chromosomes, remove background, and measure the mean fluorescence intensity of Rec8 on
individual chromosomes.
Rec8 fluorescence intensity in metaphase I chromosomal spreads was quantified from sum
intensity projections of Z-stacks (ImagelJ). Mean intensity measurements were performed in
Image]J by manually drawing a region of interest around each chromosome (Fig. S3g).
Mean fluorescence intensity measurements were normalized by dividing individual values in both
control and experimental groups by the average of mean fluorescence intensity values in control
groups.
Quantification of cytoplasmic and spindle F-actin fluorescence intensities in young and aged
mouse eggs
The ratio of spindle F-actin to cytoplasmic F-actin fluorescence intensity was determined from
sum intensity projected Z-stacks in Imagel. Spindle F-actin fluorescence was measured by
averaging the mean fluorescence intensities of 5 square regions of interest inside the spindle (Fig.
Sla). Cytoplasmic F-actin fluorescence was measured by averaging the mean fluorescence
intensities of 5 similarly sized square regions of interest in the area immediately surrounding the
spindle (Fig. S1a). Ratios were obtained for each egg by dividing the average mean fluorescence
intensity of spindle F-actin by the average mean fluorescence intensity of cytoplasmic F-actin.
Cytoplasmic F-actin fluorescence — not restricted to the region containing the meiotic spindle (Fig.
Sle) — was measured in ImagelJ by averaging the mean fluorescence intensities of 5 square regions
of interest inside each egg. Background removal was performed by subtracting the average mean
fluorescence intensity of 5 similarly sized square regions of interest — placed outside the image of
the cell and in regions that did not contain any phalloidin signal — from the averaged mean

fluorescence intensity of cytoplasmic F-actin (Fig. Sle). Mean fluorescence intensity
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measurements were normalized by dividing individual values in both control and experimental
groups by the average of mean fluorescence intensity values in control groups.
Quantification of spindle microtubule fluorescence intensity in young and aged mouse eggs
Spindle microtubule fluorescence was measured in ImageJ from sum intensity projected Z-stacks
by averaging the mean fluorescence intensities of 5 square regions of interest inside the spindle
(Fig. S1b). Background removal was performed by subtracting the average mean fluorescence
intensity of 5 similarly sized square regions of interest — placed in cytoplasmic regions that did not
contain any microtubule filament — from the averaged mean fluorescence intensity of spindle
microtubules (Fig. S1b). Mean fluorescence intensity measurements were normalized by dividing
individual values in both control and experimental groups by the average of mean fluorescence
intensity values in control groups.
Identification and quantification of prematurely separated sister chromatids
Chromatids in metaphase II-arrested eggs were identified by reconstructing the 3D volume of
Topoisomerase I immunofluorescence signal in Imaris software (Bitplane). Centromeres were
then identified using CENP-A immunofluorescence signal for spot detection in Imaris. Lastly,
neighboring centromeres were manually assigned as sisters using distance measurements and
reconstructed chromatid volumes as reference. Chromatids containing centromeres for which no
corresponding sisters were identified via this analysis were designated as prematurely separated
chromatids (Fig. 1c). Single chromatids in metaphase II spreads were identified via Hoechst
labelling and centromere distance measurements in combination with spot detection in Imaris
using the immunofluorescence signal of human anti-centromere antibody.
Partial and complete targeted degradation of Rec8 in TRIM-Away experiments
In partial Rec8 degradation TRIM-Away experiments, TRIM21 expressing, metaphase II-arrested

eggs were microinjected with 2-3 picolitres of Rec8 antiserum (/3) (1:30-1:50 dilution) and Alexa
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Fluor 488 Dextran 10,000 MW (to validate antibody microinjection by fluorescence imaging)
(Molecular Probes, D22910; 1:40 dilution) in 0.05% (v/v) NP40-PBS. In complete Rec8
degradation TRIM-Away experiments, TRIM21 expressing, metaphase Il-arrested eggs were
microinjected with 2-3 picolitres of Rec8 antiserum (/3) (1:2 dilution) and Alexa Fluor 488
Dextran 10,000 MW (Molecular Probes, D22910; 1:40 dilution) in 0.05% (v/v) NP40-PBS. In
simultaneous Rec8 degradation and cytoskeletal manipulation experiments, all TRIM-Away
microinjections were performed in M2 medium containing individual or a combination of
cytoskeletal drugs as appropriate.
3D chromatid surface reconstruction and scattering volume measurement
Chromatid surfaces were reconstructed in 3D in Imaris (Bitplane) from high-resolution time lapse
movies of H2B-mRFP. Object-oriented bounding box analysis was performed in Imaris to identify
the minimal cuboid volume that enclosed all chromatids at each time point. This bounding box
volume was defined as the chromatid scattering volume. For each egg, data normalization was
performed by dividing measured values at each time point with the bounding box volume at the
start of the live imaging experiment (t = 0 mins).
Quantification of 3D chromatid movement speed and realignment
To quantify chromatid mobility, the 3D volumes of chromatids were reconstructed in Imaris
(Bitplane) from high-resolution live imaging datasets of H2B-mRFP. For chromatids that
distinctly migrated away from the spindle equator in control and experimental conditions, frame-
to-frame displacement was measured by tracking the position of chromatid leading ends via the
Measurement Points function in Imaris. Displacement values (um) were divided by the temporal
resolution of live imaging experiments (5 minutes) to calculate instantaneous chromatid movement

speeds.
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Realignment of previously scattered single chromatids to the spindle equator was analyzed in 3D
in Imaris. A realignment event was defined as the merging of a misaligned chromatid with the
main chromosome mass for a duration of at least 10 minutes.
Statistical data analyses
Histograms, box plots and other graphs were generated using OriginPro (OriginLab) or Prism
(GraphPad) software. Box plots show mean (line), 5% 95" (Whiskers), 25" and 75" percentile
(box enclosing 50% of the data) and are overlaid with individual data points. Statistical
significance evaluations, one-way and two-way analyses of variance were performed in OriginPro

or Prism software. Significance values are *P<0.05, **P<0.005 and ***P<0.0005. Non-

significant values are indicated as N.S.
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Fig. 1 F-actin loss exacerbates reproductive age-related premature chromatid separation in
mammalian eggs
(a) Sum intensity projections of phalloidin labelled spindle F-actin and microtubules in young and
aged metaphase II-arrested eggs. Boxes mark regions that are magnified in insets.
(b) Quantification of ratio of spindle-to-cytoplasmic F-actin mean fluorescence intensity in young
and aged metaphase II-arrested eggs. Data are from 3 independent experiments.
(c) Unpaired chromatid identification pipeline from maximum intensity projected
immunofluorescence images of CENP-A, Topoisomerase-II and microtubules in young and aged
metaphase [I-arrested eggs. CENP-A spots detection and inter-centromere distance measurements
in Imaris were used to identify chromatids that did not contain two centromeres and assign them
as single chromatids. Boxes mark regions that are magnified in insets.
(d) Quantification of the number of single chromatids (identified as in c¢) in DMSO- or
Cytochalasin D-treated young and aged metaphase II-arrested eggs. Each filled black circle in
graph represents a single egg and red bars represent mean values. Data are from 3 independent
experiments.
(e) Representative maximum intensity projected immunofluorescence images of microtubules,
centromeres, chromatid pairs and single chromatids in DMSO- or Cytochalasin D-treated young
and aged metaphase II-arrested eggs. Boxes mark regions that are magnified in insets.
(f) Quantification of the number of single chromatids in metaphase II chromosomal spreads of
DMSO- or Cytochalasin D-treated young eggs. Each filled black circle in graph represents
chromosomal spread from a single egg and red bars represent mean values. Data are from 3

independent experiments.
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(g) Representative maximum intensity projected immunofluorescence images of centromeres and
chromatids in metaphase II chromosomal spreads of DMSO- or Cytochalasin D-treated young

eggs. Boxes mark regions that are magnified in insets.

Statistical significance was evaluated using Mann-Whitney #-test (b and f) or Fisher's exact test

(d).
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Fig. 2 F-actin disruption in young eggs accelerates aging-like premature chromatid
separation
(a) The TRIM-Away system entails microinjection of antibodies against a protein of interest and
transient expression of the E3 ubiquitin ligase TRIM21, which binds Fc domain of antibodies with
high affinity. TRIM21 then recruits antibody-bound target proteins for degradation by the
proteasome.
(b) Stills from time lapse movie of chromosomes (H2B-mRFP, top panel) and isosurface
reconstructions (bottom panel) in a metaphase Il-arrested egg with partially degraded RecS.
Pseudo object-orientated bounding box (grey, bottom panel) showing progressive increase in the
minimal cuboid volume that encloses all chromatids as a measure of chromatid scattering.
(c) Stills from representative time lapse movies of chromosomes (H2B-mRFP) in DMSO- or
Cytochalasin D-treated metaphase II-arrested eggs with partially degraded Rec8.
(d) Normalized chromatid scatter volumes measured as in b over 3 hours in DMSO- or
Cytochalasin D-treated metaphase Il-arrested eggs with partially degraded Rec8. Black and red
lines represent mean values. Error bars represent S.E.M. Non-averaged individual measurements
are provided in Fig. S3b. Data are from 3 independent experiments.
(e) Distribution of instantaneous chromatid movement speeds in DMSO- or Cytochalasin D-
treated metaphase Il-arrested eggs with partially degraded Rec8. Data are from 3 independent
experiments.
(f) Proportion of scattered chromatids that re-established alignment to the spindle equator in
DMSO- or Cytochalasin D-treated metaphase II-arrested eggs with partially degraded Rec8. Error
bars represent S.D. Data are from 3 independent experiments.
(g) Graphical representation of the effect of F-actin loss on chromatid linkage in eggs containing

partially reduced centromeric cohesion.
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Statistical significance was evaluated using two-way ANOVA (d) or two-tailed Student's z-test (e

and f).
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Fig. 3 F-actin enrichment or microtubule stabilization block premature chromatid
separation in the absence of centromeric cohesion
(a) Stills from time lapse movie of chromosomes (H2B-mRFP) in a metaphase II-arrested egg with
fully degraded RecS8.
(b) Stills from representative time lapse movies of chromosomes (H2B-mRFP) in DMSO- or SiR-
Actin-treated (fluorescent F-actin shown in grey) metaphase II-arrested eggs with fully degraded
Rec8.
(c) Normalized chromatid scatter volumes measured as in Fig. 2b over 3 hours in DMSO- or SiR-
Actin-treated metaphase Il-arrested eggs with fully degraded Rec8. Black and red lines represent
mean values. Error bars represent S.E.M. Non-averaged individual measurements are provided in
Fig. S3c. Data are from 3 independent experiments.
(d) Distribution of instantaneous chromatid movement speeds in DMSO- or SiR-Actin-treated
metaphase Il-arrested eggs with fully degraded Rec8. Data are from 3 independent experiments.
(e) Graphical representation of the effect of F-actin stabilization on chromatid linkage in eggs with
fully disrupted centromeric cohesion.
(f) Stills from representative time lapse movies of chromosomes (H2B-mRFP) in DMSO- or SiR-
Tubulin-treated (fluorescent microtubules shown in green) metaphase Il-arrested eggs with fully
degraded Rec8.
(g) Normalized chromatid scatter volumes measured as in Fig. 2b over 3 hours in DMSO- or SiR-
Tubulin-treated metaphase II-arrested eggs with fully degraded Rec8. Black and red lines represent
mean values. Error bars represent S.E.M. Non-averaged individual measurements are provided in
Fig. S3d. Data are from 3 independent experiments.
(h) Distribution of instantaneous chromatid movement speeds in DMSO- or SiR-Tubulin-treated

metaphase Il-arrested eggs with fully degraded Rec8. Data are from 3 independent experiments.
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(1) Graphical representation of the effect of blocking microtubule dynamics on chromatid linkage
in eggs with fully disrupted centromeric cohesion.

Statistical significance was evaluated using two-way ANOVA (c and g) or two-tailed Student's ¢-

test (d and h).
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Fig. 4 F-actin dampens microtubule-based pulling forces to prevent aging-like premature
chromatid separation
(a) Stills from representative time lapse movies of chromosomes (H2B-mRFP) in DMSO-,
Cytochalasin D-, SiR-Tubulin- (fluorescent microtubules shown in green) or Cytochalasin D and
SiR-Tubulin-treated metaphase I1-arrested eggs with partially degraded RecS.
(b) Normalized chromatid scatter volumes measured as in Fig. 2b over 3 hours in DMSO-,
Cytochalasin D-, SiR-Tubulin- or Cytochalasin D and SiR-Tubulin-treated metaphase II-arrested
eggs with partially degraded Rec8. Black, red, blue and brown lines represent mean values. Error
bars represent S.E.M. Non-averaged individual measurements are provided in Fig. S3e. Data are
from 3 independent experiments.
(c) Distribution of instantaneous chromatid movement speeds in DMSO-, Cytochalasin D-, SiR-
Tubulin- or Cytochalasin D and SiR-Tubulin-treated metaphase II-arrested eggs with partially
degraded Rec8. Data are from 3 independent experiments.
(d) Graphical representation of the effect of blocking microtubule dynamics on chromatid linkage

in eggs devoid of F-actin and containing partially reduced centromeric cohesion.

(e) A model for a new function of F-actin in limiting microtubule-based chromatid pulling forces
in eggs of reproductively young and older females. In young eggs containing full cohesin
complement, F-actin reduces the effect of chromatid pulling forces resulting in strong sister
chromatid linkage. When cohesin is partially depleted in reproductive aging, F-actin-mediated
resistance to microtubule pulling forces maintains linkage between most sister chromatids. When
F-actin is disrupted in eggs with further reproductive aging, pulling forces generated by dynamic

microtubules more effectively and prematurely separate sister chromatids. Aging-related F-actin
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disruption that proceeds cohesin depletion could therefore explain the dramatic rise in the

incidence of egg aneuploidies near the end of female reproductive life.
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Fig. S1 Female reproductive aging is accompanied by spindle-specific F-actin loss in eggs.
(a) Method (described in Materials and Methods) for quantification of spindle-to-cytoplasmic F-
actin mean fluorescence intensity ratio in metaphase Il-arrested eggs of reproductively young or
aged mice.
(b) Method (described in Materials and Methods) for quantification, background correction and
normalization of spindle microtubule mean fluorescence intensities in eggs of reproductively
young or aged mice.
(c) Normalized spindle microtubule mean fluorescence intensities in young and aged metaphase
[I-arrested eggs. Data are from 3 independent experiments.
(d) Representative single section Airyscan images of phalloidin labelled cytoplasmic F-actin
structures in metaphase Il-arrested eggs of reproductively young or aged mice. Boxes mark regions
that are magnified in insets.
(e) Method (described in Materials and Methods) for quantification, background correction and
normalization of cytoplasmic F-actin mean fluorescence intensities in eggs of reproductively
young or aged mice.
(f) Normalized cytoplasmic F-actin mean fluorescence intensities in young and aged metaphase
[I-arrested eggs. Data are from 3 independent experiments.

Statistical significance was evaluated using Mann-Whitney #-test (¢ and f).
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Fig. S2. F-actin disruption predisposes young eggs to premature sister chromatid separation
(a) Quantification of the number of single chromatids (identified as in Fig. 1c) in DMSO- or
Latrunculin B-treated metaphase II-arrested eggs. Each filled black circle in graph represents a
single egg and red bars represent mean values. Data are from 3 independent experiments.
(b) Quantification of the number of single chromatids in metaphase II chromosomal spreads of
DMSO- or Latrunculin B-treated eggs. Each filled black circle in graph represents chromosomal
spread from a single egg and red bars represent mean values. Data are from 3 independent
experiments.
(c) Representative maximum intensity projected immunofluorescence images of centromeres and
chromatids in metaphase I chromosomal spreads of DMSO- or Latrunculin B-treated young eggs.

Boxes mark regions that are magnified in insets.

Statistical significance was evaluated using Mann-Whitney #-test (a and b).
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Fig. S3 F-actin disruption does not impact classical mechanisms of centromeric cohesion
(a) Maximum intensity projected high-resolution immunofluorescence images of Rec8 cohesin
complexes and homologous chromosomes in a mouse oocyte. Boxes mark regions that are
magnified in insets.
(b) Rec8 immunofluorescence intensity quantification pipeline. Individual chromosome volumes
were reconstructed using the Surfaces module of Imaris. Mean Rec8 fluorescence intensity was
then measured inside the masked volume each chromosome.
(c) Normalized Rec8 mean fluorescence intensities in DMSO- or Cytochalasin D-treated mouse
oocytes. Data are from 3 independent experiments.
(d) Representative single confocal section immunofluorescence images of Rec8 and chromosomes
—spaced 5 um apart — in DMSO-treated mouse oocytes. Boxes mark regions that are magnified in
insets.
(e) Representative single confocal section immunofluorescence images of Rec8 and chromosomes
— spaced 5 um apart — in Cytochalasin D-treated mouse oocytes. Boxes mark regions that are
magnified in insets.
(f) Representative maximum intensity projected immunofluorescence images of Rec8 and
chromosomes in metaphase I chromosomal spread of a mouse oocyte.
(g) Method (described in Materials and Methods) for quantification of Rec8 mean fluorescence
intensity in metaphase I chromosomal spreads of mouse oocytes.
(h) Normalized Rec8 mean fluorescence intensities in metaphase I chromosomal spreads of
DMSO- or Cytochalasin D-treated mouse oocytes. Data are from 3 independent experiments.

Statistical significance was evaluated using Mann-Whitney (c) and Welch's (h) #-test.
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Fig. S4 F-actin limits aging-like premature chromatid separation by microtubule-based
pulling forces
(a) Representative maximum intensity projected high-resolution confocal images of sister
chromatids in a metaphase II-arrested mouse egg with partially degraded Rec8. Arrows indicate
modest chromatid separation and subsequent realignment events.
(b) Normalized chromatid scatter volumes measured as in Fig. 2b over 3 hours in DMSO- or
Cytochalasin D-treated metaphase II-arrested eggs with partially degraded Rec8. Each black and
red line represents measurements from a single egg. Averaged measurements are presented in Fig.
2d. Data are from 3 independent experiments.
(c) Normalized chromatid scatter volumes measured as in Fig. 2b over 3 hours in DMSO- or SiR-
Actin-treated metaphase Il-arrested eggs with fully degraded Rec8. Each black and red line
represents measurements from a single egg. Averaged measurements are presented in Fig. 3c. Data
are from 3 independent experiments.
(d) Normalized chromatid scatter volumes measured as in Fig. 2b over 3 hours in DMSO- or SiR-
Tubulin-treated metaphase Il-arrested eggs with fully degraded Rec8. Each black and red line
represents measurements from a single egg. Averaged measurements are presented in Fig. 3g. Data
are from 3 independent experiments.
(¢) Normalized chromatid scatter volumes measured as in Fig. 2b over 3 hours in DMSO-,
Cytochalasin D-, SiR-Tubulin- or Cytochalasin D and SiR-Tubulin-treated metaphase II-arrested
eggs with partially degraded Rec8. Each black and red line represents measurements from a single

egg. Averaged measurements are presented in Fig. 4b. Data are from 3 independent experiments.
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Movie S1. Navigation through single immunofluorescence confocal sections — spaced 0.5 um apart
— of Rec8 (magenta) and homologous chromosomes (grey) in a DMSO-treated mouse oocyte.
Movie S2. Navigation through single immunofluorescence confocal sections — spaced 0.5 um apart
— of Rec8 (magenta) and homologous chromosomes (grey) in a Cytochalasin D-treated mouse
oocyte.
Movie S3. Time lapse movie of modest separation of chromatids (H2B-mRFP, magenta) in a
metaphase II-arrested mouse egg with partially degraded Rec8.
Movie S4. 3D isosurface reconstruction (Imaris) of chromatids in movie 3 for bounding box
analysis of chromatid scattering.
Movie S5. Time lapse movie of modest separation of chromatids (H2B-mRFP, magenta) in a
DMSO-treated metaphase [I-arrested mouse egg with partially degraded RecS.
Movie S6. Time lapse movie of modest separation and subsequent realignment (indicated by write
arrows) of chromatids (H2B-mRFP, magenta) in a DMSO-treated metaphase II-arrested mouse
egg with partially degraded RecS.
Movie S7. Time lapse movie of excessive separation and scattering of chromatids (H2B-mRFP,
magenta) in a Cytochalasin D-treated metaphase Il-arrested mouse egg with partially degraded
Rec8 (example 1).
Movie S8. Time lapse movie of excessive separation and scattering of chromatids (H2B-mRFP,
magenta) in a Cytochalasin D-treated metaphase Il-arrested mouse egg with partially degraded
Rec8 (example 2).
Movie S9. Time lapse movie of complete separation and scattering of chromatids (H2B-mRFP,

magenta) in a metaphase II-arrested mouse egg with fully degraded Rec8.
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Movie S10. Time lapse movie of complete separation and scattering of chromatids (H2B-mRFP,
magenta) in a DMSO-treated (control for SiR-Actin treatment) metaphase II-arrested mouse egg
with fully degraded Rec8.
Movie S11. Time lapse movie of restricted movement of chromatids (H2B-mRFP, magenta) in a
SiR-Actin-treated metaphase Il-arrested mouse egg with fully degraded Rec8. SiR-Actin
fluorescence in shown in grey.
Movie S12. Time lapse movie of complete separation and scattering of chromatids (H2B-mRFP,
magenta) in a DMSO-treated (control for SiR-Tubulin treatment) metaphase II-arrested mouse egg
with fully degraded Rec8.
Movie S13. Time lapse movie of restricted movement of chromatids (H2B-mRFP, magenta) in a
SiR-Tubulin-treated metaphase II-arrested mouse egg with fully degraded Rec8. SiR-Tubulin
fluorescence in shown in green.
Movie S14. Time lapse movie of complete separation and scattering of chromatids (H2B-mRFP,
magenta) in a DMSO-treated (control for Cytochalasin D + SiR-Tubulin treatment) metaphase II-
arrested mouse egg with partially degraded Rec8.
Movie S15. Time lapse movie of excessive separation and scattering of chromatids (H2B-mRFP,
magenta) in a Cytochalasin D-treated (control for Cytochalasin D + SiR-Tubulin treatment)
metaphase Il-arrested mouse egg with partially degraded Rec8.
Movie S16. Time lapse movie of restricted movement of chromatids (H2B-mRFP, magenta) in a
SiR-Tubulin-treated (control for Cytochalasin D + SiR-Tubulin treatment) metaphase Il-arrested
mouse egg with partially degraded Rec8. SiR-Tubulin fluorescence in shown in green.
Movie S17. Time lapse movie of restricted movement of chromatids (H2B-mRFP, magenta) in a
Cytochalasin D + SiR-Tubulin-treated metaphase II-arrested mouse egg with partially degraded

Rec8. SiR-Tubulin fluorescence in shown in green.
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