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Abstract 13 

Formation of healthy mammalian eggs from oocytes requires specialised F-14 

actin structures. F-actin disruption produces aneuploid eggs, which are a 15 

leading cause of human embryo deaths, genetic disorders, and infertility. We 16 

found that oocytes regulate F-actin organisation and function by promptly 17 

transferring excess monomeric G-actin from the cytoplasm to the nucleus. 18 

Inside healthy oocyte nuclei, transferred monomers form dynamic F-actin 19 

structures, a conserved feature that significantly declines with maternal age. 20 

Monomer transfer must be controlled tightly. Blocked nuclear import of G-actin 21 

triggers assembly of a dense cytoplasmic F-actin network, while excess G-actin 22 

in the nucleus dramatically stabilises nuclear F-actin. Imbalances in either 23 

direction predispose oocytes to aneuploidy. The large oocyte nucleus is thus a 24 

homeostatic G-actin buffer that is used to maintain cytoplasmic F-actin form 25 

and function.                    26 

 27 

Mammalian eggs are formed when oocyte chromosomes are segregated during 28 

meiosis [1], successful completion of which is a prerequisite for healthy 29 

embryogenesis and development. Meiotic errors in oocytes are a leading cause of 30 

aneuploidies that underlie human infertility and genetic disorders such as Down’s 31 

syndrome [2]. Distinct F-actin polymers assembled from soluble G-actin monomers 32 

ensure the production of healthy eggs from oocytes. These actin-rich drivers include 33 

a network of cytoplasmic actin filaments which oversee long-range vesicle transport 34 

[3] and asymmetric division in mammalian oocytes [4-6]. In addition, oocyte meiotic 35 

spindles in several mammalian species contain actin filaments that aid microtubule 36 

fibres in chromosome separation [7].  37 

We have now found that the intact nucleus of prophase-arrested, non-manipulated 38 

mouse oocytes also contains prominent actin filaments (Fig. 1A). Using fluorescent 39 

phalloidin, we detected actin filaments and bundles in the nucleoplasm of 80% of fixed 40 

oocytes that we analysed (Fig. 1, B and C). Notably, this observation was strain- and 41 

species-independent as we could detect nuclear F-actin structures in oocytes isolated 42 

from outbred and inbred mouse (Fig. S1, A and B) and sheep ovaries (Fig. S1C). 43 

Super-resolution live imaging of nuclear F-actin using very low and non-stabilising 44 

concentrations of a fluorescently-labelled actin nanobody (nuclear actin 45 

chromobody)[8] (Fig. S1D) further revealed that these filaments are highly mobile – 46 
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filaments continuously move about in non-directed fashion within the nucleoplasm 47 

(Fig. 1D and movies S1 and S2). Nuclear F-actin presence remarkably associated with 48 

distinct organisation of chromatin surrounding the nucleolus (Fig. S1, E and F), a 49 

marker of high oocyte meiotic competence and developmental capacity [9]. This 50 

indicates that nuclear F-actin structures are a common feature of healthy mammalian 51 

oocytes.  52 

Unexpectedly, we observed that disruption of the oocyte cytoplasmic actin network 53 

using Cytochalasin D [3] triggers excessive nuclear F-actin assembly (Fig. 2, A and 54 

B). To confirm this, we imaged by high-resolution microscopy fluorescent phalloidin-55 

labelled nuclear actin filaments, then selectively reconstructed them in three-56 

dimensions and quantified their volume inside the nuclei (marked with nuclear 57 

membrane antibodies) of DMSO (Control)- or Cytochalasin D-treated oocytes (Fig. 58 

2A). This showed a near forty-fold increase in nuclear F-actin volume after disruption 59 

of the cytoplasmic actin network (Fig. 2C). Bulk transfer of G-actin from a large 60 

cytoplasm to a smaller nuclear volume in Cytochalasin D-treated oocytes could 61 

increase nuclear actin monomer concentration and cause excess F-actin 62 

polymerisation. Such filaments are likely to be drug-resistant because Cytochalasin D 63 

is generally less effective at high actin monomer concentration [10]. We tested this 64 

possibility using Latrunculin, a mechanistically distinct compound that complements 65 

our Cytochalasin D studies by disrupting the cytoplasmic actin network (Fig. 2D) rather 66 

by sequestering monomers and preventing their addition to actin filaments [11-13]. In 67 

this context, more cytosolic monomers would still be transferred to the nucleus but 68 

cannot participate in actin polymerisation. In stark contrast to Cytochalasin D 69 

treatment, nuclei in Latrunculin B-treated oocytes were not more likely to contain actin 70 

filaments (Fig. 2E) and only showed a two-fold increase in F-actin volume (Fig. 2F and 71 

S2A). Thus, the concentration of polymerisation-ready monomers transferred from the 72 

cytoplasm determines the degree of F-actin assembly in the oocyte nucleus. We 73 

directly tested whether high monomeric G-actin concentration is sufficient to induce 74 

nuclear F-actin polymerisation in oocytes. We exceeded endogenous nuclear 75 

monomeric G-actin concentration in mouse oocytes by targeting FLAG-beta-actin to 76 

the nucleus via the SV40 nuclear localisation signal (NLS). This led to a ten-fold 77 

increase in nuclear F-actin volume in FLAG-beta-actin-NLS expressing oocytes, which 78 

were also more likely to contain F-actin than FLAG-NLS expressing Control oocytes 79 
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(Fig.  2, G-I). Therefore, the concentration of monomeric G-actin in the nucleus indeed 80 

dictates the extent of nuclear F-actin polymerisation.  81 

To further examine the transfer of G-actin monomers to the nucleus, we blocked 82 

nuclear import in prophase-arrested oocytes using a combination of Importazole and 83 

Ivermectin [14, 15] (Fig. S3A), before disrupting the cytoplasmic actin network. 84 

Cytochalasin D treatment of oocytes did not cause excessive nuclear F-actin assembly 85 

when nuclear import was blocked (Fig. 2, C, J and K, S3B). In addition, nuclear import 86 

blockage caused distinct accumulation of actin on the surface of the oocyte nucleus 87 

(Fig. S3D), which supported the notion that actin monomers are nuclear import 88 

cargoes in oocytes. Surprisingly, Cytochalasin D treatment of nuclear import-defective 89 

oocytes resulted in a significantly denser cytoplasmic actin network that was 90 

composed of drug-resistant filaments (Fig. 2, J, L, S3C). This is consistent with a 91 

significant rise in cytosolic monomeric G-actin concentration, caused by blocked 92 

nuclear import, reducing Cytochalasin D activity [10]. Transfer of excess G-actin 93 

monomers to the nucleus is therefore necessary to maintain cytoplasmic F-actin 94 

network organisation in oocytes. This is supported by the observation that blocking 95 

nuclear import alone significantly increases cytoplasmic actin network density (Fig. S3, 96 

D and E). We propose that shuttling of cytosolic monomers into a large (~30 µm 97 

diameter) nucleus is a physiological G-actin buffering process that oocytes 98 

continuously use to modulate the cytoplasmic actin network.  99 

To investigate meiotic consequences of dysfunctional G-actin buffering, we induced 100 

excess nuclear F-actin polymerisation by treating oocytes with Cytochalasin D (Fig. 101 

2A) or by expressing a nuclear actin mutant (FLAG-beta-actin-S14C-NLS) that is more 102 

able to polymerise [16, 17] (Fig. 2, G-I). We then visualised chromatin (marked with 103 

SiR-DNA) and the nuclear envelope (marked with fluorescent nuclear membrane 104 

nanobodies) at high-temporal resolution. Initial analysis of these data indicated that 105 

excess nuclear actin filaments led to notably reduced chromatin mobility (Fig. 3, A and 106 

E, movies S3-S6), which in turn affects transcription in mouse oocytes [18]. We 107 

investigated this further by automated three-dimensional tracking of prominent 108 

chromatin spots throughout the nucleoplasm (Fig. 3, A and E). Indeed, when nuclei 109 

contained excess F-actin, chromatin spots showed significantly less movement over 110 

time (Fig. 3, B-D and F-H). Directly visualising chromatin (marked with histone H2B) 111 

and excess F-actin using overexpressed actin chromobody revealed that stable 112 

nuclear actin filaments can indeed physically entrap chromatin (Fig. S4A, movie S7). 113 
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Ultimately, excess nuclear F-actin bundles compromise meiosis and cause aneuploidy 114 

- these highly stable bundles persisted in FLAG-beta-actin-S14C-NLS expressing 115 

oocytes even after nuclear envelope disassembly (Fig. S4B) and severely interfered 116 

with chromosome alignment and segregation (Fig. 4, A-D and S4C, movies S8 and 117 

S9). Super-resolution immunofluorescence microscopy further demonstrated that after 118 

nuclear envelope disassembly stable nuclear F-actin structures become embedded in 119 

meiotic spindles and spindle poles where they obstruct chromosomal organisation 120 

(Fig. S4B). Therefore, homeostatic G-actin buffering in prophase oocytes must be fine-121 

tuned to prevent excessive assembly of nuclear actin filaments that might interfere 122 

with successful completion of meiosis.               123 

When prophase-arrested oocytes resume meiosis and initiate nuclear envelope 124 

disassembly en route to becoming eggs, density of the cytoplasmic F-actin network is 125 

progressively reduced –  this is thought to support asymmetric cell division [4]. During 126 

this process, mouse oocytes were shown to control F-actin network density by 127 

adjusting the number and volume of vesicles in the cytoplasm [4]. In this context, 128 

homeostatic buffering of monomeric G-actin by the oocyte nucleus may aid vesicle-129 

based actin network regulation.  130 

Importantly, we found that the amount and complexity of nuclear F-actin structures 131 

declines significantly with increasing maternal age in non-manipulated mouse oocytes, 132 

with oocytes from 12 month old mothers having only 27% of the nuclear F-actin level 133 

observed in younger (8-12 week old) mothers  (Fig. 4, E-G and Fig. S5, A and B). 134 

While we cannot fully exclude maternal age-dependent changes in cytosolic G-actin 135 

may contribute to nuclear F-actin decline, we did not detect changes in the cytoplasmic 136 

F-actin network of oocytes from older mothers (Fig. S5C). This raises the intriguing 137 

possibility that G-actin buffering defects may contribute to lower quality of eggs in 138 

reproductively older women.   139 

Homeostatic G-actin buffering (Fig. 4H) could be a widely conserved function of large 140 

mammalian oocyte nuclei. For instance, prophase nuclei in non-manipulated sheep 141 

oocytes can also contain prominent nuclear actin filaments (Fig. S1C). Interestingly, 142 

nuclear F-actin is known to assemble in a variety of cellular contexts in non-gamete 143 

cells and embryos [8, 19-24] with postulated functions ranging from DNA repair to 144 

chromatin organisation. It will be important to explore whether the oocyte G-actin 145 

buffering process we describe here is a universal feature of mammalian nuclei and 146 

non-mammalian models where F-actin structures are intimately associated with the 147 
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nucleus [25, 26]. In addition, mechanotransduction of actin-based forces to the 148 

nucleus is known to modulate nuclear mechanics and function in health and disease 149 

[27-29]. However, a direct role of the nucleus itself in this process by regulating 150 

cytosolic G-actin concentration, and thus F-actin assembly and force generation, 151 

should now be considered. Finally, our data indicate that commonly used actin drugs 152 

unintendedly stabilise nuclear F-actin and significantly affect nuclear mechanics. This 153 

will have important implications for past and future studies of sub-cellular actin-based 154 

structures in single- and multi-nucleated cells.           155 

 156 
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 269 

Materials and Methods 270 

Preparation and microinjection of mammalian oocytes 271 

All mice were maintained in a specific pathogen-free environment according to UK 272 

Home Office regulations and the guidelines of the University of Bristol Animal Services 273 

Unit. Oocytes were isolated from ovaries of 8-12 week old (young CD-1 mice), 10-12 274 

months old (old CD-1 mice) or 8-12 weeks old 129 S6/SvEvTac mice, cultured, and 275 

microinjected with 6-8 picolitres of in vitro transcribed mRNA as described in detail 276 

recently [30].   277 
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Ovine ovaries were obtained from a University of Bristol Veterinary School 278 

slaughterhouse and transported to the laboratory at 37°C in M2 medium. Oocytes 279 

covered with several layers of cumulus cells were collected from ovaries by aspiration 280 

with an 18-gauge needle and cultured in M2 medium supplemented with 750 μM N6,2′-281 

O-Dibutyryladenosine 3′,5′-cyclic monophosphate sodium salt (dbcAMP) before 282 

fixation and processing.   283 

 284 

Generation of expression constructs and mRNA synthesis 285 

To mark microtubules, EGFP variant of the microtubule binding domain of mouse 286 

MAP4 (MAP4-MTBD, 659-1125 aa) [31] was generated as described in [7]. To label 287 

chromosomes, the coding sequence of Histone H2B was obtained from mouse cDNA 288 

and transferred by Gibson assembly into the HindIII site of pmRFP-N3 using primers 289 

5’GGACTCAGATCTCGAGCTCAATGCCTGAGCCTGCGAAG3’ and 290 

5’CCGTCGACTGCAGAATTCGACTTGGAGCTGGTGTACTTGG3’. The fragment 291 

corresponding to H2B-mRFP was then transferred into the XhoI-NotI site of pGEMHE 292 

[32] to generate the final construct pGEM-H2B-mRFP. To label nuclear actin, 293 

fluorescent nuclear actin nanobody (nuclear actin chromobody) plasmid was 294 

purchased from ChromoTek and transferred into the HindIII-EcoRI site of pGEMHE. 295 

To label the nuclear envelope, fluorescent lamin nanobody (lamin chromobody) 296 

plasmid was purchased from ChromoTek and transferred into the NcoI-XbaI site of 297 

pGEMHE. Wild type and S14C actin mutant expression constructs were generated 298 

using a synthetic construct encoding the SV40 nuclear localization signal (NLS) 299 

(5’CCGCCTAAGAAAAAGCGGAAGGTG3’) fused to mouse beta-actin 300 

(NM_007393.5). pGEM-FLAG-NLS beta-actin was generated by PCR linearization of 301 

pGEMHE with primers 5’ AATTCTGCAGTCGACGGC3’ and 5’ 302 

CGAAGCTTGAGCTCGAGATC3’ and joining by Gibson assembly with NLS-Beta-303 

Actin that was flanked by primers 304 

5’GATCTCGAGCTCAAGCTTCGATGGACTACAAGGACGACGACGACAAGGGGC305 

CGCCTAAG3’ and  5’GGGCCGTCGACTGCAGAATTTTAGAAGCACTTGCGGTG3’. 306 

The coding sequence of the FLAG peptide DYKDDDDK in shown in bold italicized 307 

text. pGEM-FLAG-NLS-beta-actin-S14C mutant was generated by site-directed 308 

mutagenesis using primers 5’GTCGTCGACAACGGCTGCGGCATGTGCAAAGCC3’ 309 

and 5’GGCTTTGCACATGCCGCAGCCGTTGTCGACGAC3’.   310 
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Capped mRNA was synthesized using T7 polymerase (mMessage mMachine kit, 311 

following the manufacturer’s instructions, Ambion). mRNA concentrations were 312 

determined measurement on Nanodrop spectrophotometer (Thermo Scientific). 313 

 314 

Confocal and super-resolution live imaging 315 

Images were acquired with Zeiss LSM800 microscope at 37°C. Oocytes were imaged 316 

in M2 medium under mineral oil using a 40x C-Apochromat 1.2 NA water-immersion 317 

objective as described in more detail in [30]. Super-resolution time-lapse images were 318 

acquired using the Airyscan module on Zeiss LSM800 microscope and processed 319 

post-acquisition using ZEN2.  320 

 321 

Immunofluorescence microscopy 322 

Mouse and ovine oocytes were fixed with 100 mM HEPES, 50 mM EGTA, 10 mM 323 

MgSO4, 2% formaldehyde (v/v), and 0.5% Triton X-100 (v/v) at 37°C for 25-30 minutes 324 

(mouse) or for 60 minutes after 10 seconds pre-permeabilization in 0.4% Triton X-100 325 

(v/v) in water (ovine). Oocytes were extracted in PBS supplemented with 0.3% Triton 326 

X-100 (v/v) at 4°C overnight. Antibody, F-actin and chromosome staining were 327 

performed for 2-2.5 hours in PBS, 3% BSA (w/v), and 0.1% Triton X-100 (v/v) at room 328 

temperature. Nuclear envelope was stained using primary rabbit anti-Lamin A/C 329 

antibody (ab133256, Abcam; 1:500) and Alexa-Fluor-647-labelled secondary anti-rat 330 

(Molecular Probes 1:400) antibodies. F-actin was stained with Rhodamine or Alexa-331 

488 phalloidin (Molecular Probes; 1:20). DNA was stained with 5 µg/ml Hoechst 33342 332 

(Molecular Probes).  333 

Confocal and Airyscan super-resolution images were acquired with Zeiss LSM800 334 

confocal microscope equipped with a 40x C-Apochromat 1.2 NA water-immersion 335 

objective. Images in control and perturbation conditions were acquired with identical 336 

imaging conditions.  337 

 338 

Drug addition experiments 339 

To disrupt actin, oocytes were treated for 1 hour with Cytochalasin D (C8273-1MG, 340 

Merck) at a final concentration of 5 μg/ml or Latrunculin B (428020-1MG, Merck) at a 341 

final concentration of 5 μM in M2 medium supplemented with dbcAMP. To block 342 

nuclear import, oocytes were treated with a combination of 100 μM Importazole 343 

(SML0341-5MG, Merck) and 30 μM Ivermectin (I8000010, Merck). These final 344 
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concentrations were maintained in experiments where oocytes were simultaneously 345 

treated with Cytochalasin D, Importazole and Ivermectin. All drugs were dissolved in 346 

DMSO (D2650-5X5ML, Merck). Where DMSO was used as control, it was diluted 347 

identically in M2 medium supplemented with dbcAMP to corresponding experimental 348 

conditions.     349 

 350 

Chromosome alignment and segregation analysis 351 

For chromosome alignment and segregation analyses, images were acquired at a 352 

temporal resolution of 5 minutes and with a Z-stack thickness of ~40 µm at 1.5 µm 353 

confocal sections. Chromosomes that were distinctly separate from the metaphase 354 

plate chromosome mass at the time of anaphase onset (shown in Fig. 4D) were scored 355 

as misaligned chromosomes. Chromosomes that fell behind the main mass of 356 

segregating chromosomes for at least 10 minutes after anaphase onset (shown in Fig. 357 

S4C) were scored as lagging chromosomes. For both quantifications, maximum 358 

intensity projections of only those metaphase spindles that were oriented parallel to 359 

the imaging plane at and during anaphase were analysed.     360 

Isosurface reconstruction and 3D volume quantification of nuclear actin 361 

filaments 362 

For 3D volume quantification of nuclear actin filaments, confocal images of nuclei in 363 

fixed oocytes were typically acquired at a spatial resolution of 1 μm confocal sections 364 

covering a range of 45 μm. Isosurfaces corresponding to nuclear membranes were 365 

reconstructed in three-dimension using the Cell module of Imaris software (Bitplane) 366 

and immunofluorescence signal of nuclear envelope antibodies. The nuclear 367 

isosurface was used to mask F-actin signal and to remove cytoplasmic F-actin 368 

structures surrounding the nuclei. In the masked region, three-dimensional 369 

isosurfaces of fluorescent phalloidin-labelled nuclear actin filaments were 370 

reconstructed using similar settings between different experimental groups within each 371 

repetition. Individual values for nuclear F-actin volume were normalized to the mean 372 

value of the control group for graphical presentation. 373 

 374 

Fluorescence intensity quantification of cytoplasmic F-actin 375 

To quantify the density of the cytoplasmic actin network, single section super-376 

resolution Airyscan images of fluorescent phalloidin-labelled cytoplasmic actin 377 

filaments were acquired. Mean fluorescence intensity of actin filaments was measured 378 
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in the cytoplasm from six to twelve regions per oocyte and averaged to generate 379 

cytoplasmic F-actin intensity value for each oocyte. Background subtraction was 380 

performed in ImageJ by subtracting the mean fluorescence intensity of a region 381 

outside each oocyte from its corresponding cytoplasmic F-actin intensity value. 382 

Individual fluorescence intensity values were normalized to the mean value of the 383 

control group for graphical presentation. 384 

 385 

Four-dimensional tracking of prophase oocyte chromatin movement  386 

For analyses of chromatin mobility, nuclear membranes in prophase-arrested oocytes 387 

were labeled by microinjecting and expressing fluorescent lamin nanobodies (lamin 388 

chromobody). In genetic nuclear actin stabilization experiments, FLAG-NLS or FLAG-389 

NLS-beta-actin-S14C mRNA were co-expressed with nuclear lamin nanobodies. To 390 

label DNA, oocytes were incubated with 250 nM 5-SiR-Hoechst (SiR-DNA) in DMSO 391 

(Grazvydas Lukinavicius, MPI-BPC) for two hours before imaging experiment, during 392 

mRNA expression. In chemical nuclear actin stabilization experiments, oocytes were 393 

incubated in DMSO or Cytochalasin D one hour before imaging experiment, during 394 

mRNA expression. Confocal images of the nuclear envelope and chromosomes were 395 

acquired at a temporal resolution of 100 seconds with a Z-stack thickness of 36 μm at 396 

1.5 µm confocal sections. 397 

 398 

To exclude the contribution of nuclear movements to chromatin mobility, isosurfaces 399 

of the nuclear envelope were reconstructed using the Cell module of Imaris software 400 

(Bitplane) and fluorescent nuclear chromobody signal. Three-dimensional nuclear 401 

movement tracks obtained from these reconstructions were then used to automatically 402 

correct translational and rotational drift in Imaris. Isosurfaces of prominent chromatin 403 

spots were next reconstructed in three-dimensions using SiR-DNA fluorescence signal 404 

and tracked to automatically generate 3D tracks, which were manually corrected to 405 

remove inaccurate trajectories. Five to eight tracks of separate chromatin masses per 406 

oocyte were obtained and analyzed through this pipeline. 407 

 408 

Statistical data analyses 409 

Histograms, statistical box plots and other graphs were generated using OriginPro 410 

software (OriginLab). Statistical box plots represent median (line), mean (small 411 

square), 5th, 95th (whiskers) and 25th and 75th percentile (box enclosing 50% of the 412 
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data) and are overlaid with individual data points. Average (mean), standard 413 

deviation and statistical significance based on two-tailed Student’s t test or Fisher’s 414 

exact test were calculated in OriginPro software (OriginLab). All error bars represent 415 

standard deviations. Two-way analysis of variance was performed in Prism software 416 

(GraphPad). Significance values are designated as * for p < 0.05, ** for p < 0.005 417 

and *** for p < 0.0005. Non-significant values are indicated as N.S.  418 

 419 

Supplementary Movies 420 

 421 

Movie S1 Time lapse movie of nuclear F-actin (labelled with nuclear actin 422 

chromobody) in prophase-arrested mouse oocyte (oocyte 1) 423 

 424 

Movie S2 Time lapse movie of nuclear F-actin (labelled with nuclear actin 425 

chromobody) in prophase-arrested mouse oocyte (oocyte 2) 426 

 427 

Movie S3 Time lapse movie of chromatin movement in a DMSO-treated mouse 428 

oocyte. Chromatin (magenta) is labelled with SiR-DNA and nuclear membrane (grey) 429 

is labelled with lamin chromobody.  430 

 431 

Movie S4 Time lapse movie of chromatin movement in a Cytochalasin D-treated 432 

mouse oocyte. Chromatin (magenta) is labelled with SiR-DNA and nuclear membrane 433 

(grey) is labelled with lamin chromobody.  434 

 435 

Movie S5 Time lapse movie of chromatin movement in a FLAG-NLS expressing 436 

control mouse oocyte. Chromatin (magenta) is labelled with SiR-DNA and nuclear 437 

membrane (grey) is labelled with lamin chromobody.  438 

 439 

Movie S6 Time lapse movie of chromatin movement in a FLAG-NLS-beta-actin-S14C 440 

expressing mouse oocyte. Chromatin (magenta) is labelled with SiR-DNA and nuclear 441 

membrane (grey) is labelled with lamin chromobody. 442 

 443 

Movie S7 Time lapse movie of chromatin movement inside a mouse oocyte nucleus 444 

containing excess nuclear F-actin (induced by nuclear actin chromobody 445 
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overexpression). Chromatin (magenta) is labelled with SiR-DNA and nuclear F-actin 446 

(green) is labelled with nuclear actin chromobody. 447 

 448 

Movie S8 Time lapse movie of chromosome alignment and segregation during 449 

meiosis I in a FLAG-NLS expressing control mouse oocyte. Microtubules (grey) are 450 

labelled with EGFP-MAP4-MTBD and chromosomes (magenta) are labelled with H2B-451 

mRFP.  452 

 453 

Movie S9 Time lapse movie of chromosome alignment and segregation during 454 

meiosis I in a FLAG-NLS-beta-actin-S14C expressing mouse oocyte. Microtubules 455 

(grey) are labelled with EGFP-MAP4-MTBD and chromosomes (magenta) are labelled 456 

with H2B-mRFP.  457 

 458 
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Fig. 1 Mammalian prophase oocyte nuclei contain prominent actin filaments.  

 

(A) Phalloidin labelled nuclear actin filaments (grey) and chromosomes (Hoechst, 

magenta) in three prophase-arrested mouse oocytes. Single confocal sections spaced 

2 μm apart and corresponding maximum intensity projections are shown.  

 

(B) Pipeline for three-dimensional isosurface reconstruction nuclear membrane 

(green) and nuclear F-actin (grey). DNA is shown in magenta.  

 

(C) Quantification of nuclear F-actin presence in prophase-arrested mouse oocytes. 

Data are from 3 independent experiments.  

 

(D) Super-resolution live imaging of nuclear actin filaments in two prophase-arrested 

mouse oocytes. Nuclear F-actin is labelled using non-stabilising concentration of a 

fluorescent nanobody (nuclear actin chromobody). Color-coded temporal projection 

images indicate continuous mobility of filaments in the 600 seconds observation time. 
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Fig. 2 Excess G-actin causes uncontrolled cytoplasmic and nuclear F-actin 

assembly.  

 

(A) Single section Airyscan images of Phalloidin labelled cytoplasmic F-actin and 

maximum intensity projections (9 confocal sections) of nuclear actin filaments (grey), 

DNA (magenta) and nuclear membrane (green) in DMSO- or Cytochalasin D-treated 

mouse oocytes. Boxes in the oocyte cytoplasm mark regions that are magnified in 

insets.  

   

(B) Quantification of nuclear F-actin presence in DMSO- or Cytochalasin D-treated 

mouse oocytes. Data are from 3 independent experiments.  

 

(C) Quantification of nuclear F-actin volumes from isosurface reconstructions in A in 

DMSO- or Cytochalasin D-treated mouse oocytes. Data are from 3 independent 

experiments. 

 

(D) Single section Airyscan images of Phalloidin labelled cytoplasmic F-actin and 

maximum intensity projections (9 confocal sections) of nuclear actin filaments (grey), 

DNA (magenta) and nuclear membrane (green) in DMSO- or Latrunculin B-treated 

mouse oocytes. Boxes in the oocyte cytoplasm mark regions that are magnified in 

insets. 

 

(E) Quantification of nuclear F-actin presence in DMSO- or Latrunculin B-treated 

mouse oocytes. Data are from 3 independent experiments.  

 

(F) Quantification of nuclear F-actin volumes from isosurface reconstructions in D in 

DMSO- or Latrunculin B-treated mouse oocytes. Data are from 3 independent 

experiments. Y-axis scaling with higher resolution of data distribution in provided in 

Fig. S2A. 

 

(G) Maximum intensity projection (9 confocal sections) images of phalloidin labelled 

nuclear F-actin (grey), DNA (magenta) and nuclear membrane (green) in control and 

wild-type or S14C mutant actin expressing prophase-arrested oocytes. Excess 

nuclear F-actin in wild-type and S14C overexpressing oocytes is demonstrated by 
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presenting overexposed (when nuclear F-actin is highly visible in controls) or 

moderately overexposed (when nuclear F-actin is poorly visible in controls) images. 

 

(H) Quantification of nuclear F-actin presence in control and wild-type or S14C actin 

mutant expressing mouse oocytes. Data are from 3 independent experiments.  

 

(I) Quantification of nuclear F-actin volumes from isosurface reconstructions in G in 

control and wild-type or S14C actin mutant expressing mouse oocytes. Data are from 

3 independent experiments.  

 

(J) Single section Airyscan images of Phalloidin labelled cytoplasmic F-actin and 

maximum intensity projections (9 confocal sections) of nuclear actin filaments (grey), 

DNA (magenta) and nuclear membrane (green) in DMSO- or Importazole/Ivermectin-

treated mouse oocytes that were then treated with Cytochalasin D. Boxes in the oocyte 

cytoplasm mark regions that are magnified in insets. 

 

(K) Quantification of nuclear F-actin volumes from isosurface reconstructions in J in 

DMSO- or Importazole/Ivermectin-treated mouse oocytes that were then treated with 

Cytochalasin D. Data are from 3 independent experiments. 

 

(L) Quantification of cytoplasmic F-actin network intensity in DMSO- or 

Importazole/Ivermectin-treated mouse oocytes that were then treated with 

Cytochalasin D. Data are from 3 independent experiments. 

 

Statistical significance was tested using Fisher’s exact test [(B), (E) and (H)] and Two-

tailed Student’s t test [(C), (F), (I), (K) and (L)]. 
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Fig. 3 Excess nuclear actin filaments severely restrict oocyte chromatin mobility  

 

(A) Stills from representative time lapse movies of chromatin movement in DMSO- or 

Cytochalasin D-treated mouse oocytes. Chromatin (SiR-DNA) is shown in magenta 

and nuclear membrane (Lamin chromobody) is shown in grey. Color-coded temporal 

projection images indicate the degree of chromatin mobility in the 500 seconds 

observation time. 3D tracks represent the spatial coverage of prominent chromatin 

spots over a 60 minutes observation period.  

 

(B) Distance from starting position of prominent chromatin spots in three dimensions 

over a 60-minute observation period in DMSO- or Cytochalasin D-treated mouse 

oocytes. Data are from 3 independent experiments. 

 

(C) Cumulative instantaneous displacement of prominent chromatin spots in three 

dimensions over a 60-minute observation period in DMSO- or Cytochalasin D-treated 

mouse oocytes. Data are from 3 independent experiments. Two-way analysis of 

variance was used to test for significance. 

 

(D) Relative frequencies of chromatin spot instantaneous displacement in DMSO- or 

Cytochalasin D-treated mouse oocytes. Data are from 3 independent experiments. 

Two-tailed Student’s t test was used to test for significance. 

 

(E) Stills from representative time lapse movies of chromatin movement in control or 

S14C actin mutant expressing mouse oocytes. Chromatin (SiR-DNA) is shown in 

magenta and nuclear membrane (Lamin chromobody) is shown in grey. Color-coded 

temporal projection images indicate the degree of chromatin mobility in the 500 

seconds observation time. 3D tracks represent the spatial coverage of prominent 

chromatin spots over a 60 minutes observation period.  

 

(F) Distance from starting position of prominent chromatin spots in three dimensions 

over a 60-minute observation period in control or S14C actin mutant expressing mouse 

oocytes. Data are from 3 independent experiments. 
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(G) Cumulative instantaneous displacement of prominent chromatin spots in three 

dimensions over a 60-minute observation period in control or S14C actin mutant 

expressing mouse oocytes. Data are from 3 independent experiments. Two-way 

analysis of variance was used to test for significance. 

 

(H) Relative frequencies of chromatin spot instantaneous displacement in control or 

S14C actin mutant expressing mouse oocytes. Data are from 3 independent 

experiments. Two-tailed Student’s t test was used to test for significance. 
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Figure 4
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Fig. 4 A defective homeostatic G-actin buffer contributes to mammalian oocyte 

aneuploidy 

 

(A) Frequency of misaligned chromosomes in control (optimal nuclear F-actin in 

prophase) and S14C actin mutant expressing (excess nuclear F-actin in prophase) 

mouse oocytes. Data are from 4 independent experiments.  

 

(B) Frequency of lagging chromosomes in control (optimal nuclear F-actin in 

prophase) and S14C actin mutant expressing (excess nuclear F-actin in prophase) 

mouse oocytes. Data are from 4 independent experiments.  

 

(C) Frequency of misaligned chromosomes in control (optimal nuclear F-actin in 

prophase) and S14C actin mutant expressing (excess nuclear F-actin in prophase) 

mouse eggs. Data are from 4 independent experiments.  

 

(D) Representative images of fully aligned chromosomes in control (FLAG-NLS) and 

severely misaligned chromosomes (white arrows) in S14C actin mutant expressing 

mouse eggs. Microtubules (EGFP-MAP4-MTBD) are shown in grey and 

chromosomes (H2B-mRFP) are shown in magenta. 

 

(E) Single section Airyscan images of Phalloidin labelled cytoplasmic F-actin and 

maximum intensity projections (9 confocal sections) of nuclear actin filaments (grey), 

DNA (magenta) and nuclear membrane (green) in oocytes isolated from young and 

old mice.  

  

(F) Quantification of nuclear F-actin presence in oocytes isolated from young and old 

mice. Data are from 3 independent experiments.  

 

(G) Quantification of nuclear F-actin volumes from isosurface reconstructions in E in 

oocytes isolated from young and old mice. Data are from 3 independent experiments.  

 

(H) Model for regulation of cytoplasmic F-actin organisation using a homeostatic G-

actin buffer. When G-actin buffering is active, excess cytosolic G-actin monomers are 

promptly transferred into the large oocyte nucleus. When it is defective, cytosolic G-
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actin concentration rises. This leads to assembly of a dense cytoplasmic actin network 

that interferes with the formation of healthy eggs.  

 

Statistical significance was tested using Fisher’s exact test [(A-C) and (F)] and Two-

tailed Student’s t test (G).  
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Fig. S1 Nuclear F-actin is a common feature in healthy mammalian oocytes 

 

(A) Phalloidin labelled nuclear actin filaments (grey) and chromosomes (Hoechst, 

magenta) in prophase-arrested oocyte isolated from 129sv mouse (inbred) strain. 

Single confocal sections spaced 2 μm apart and corresponding maximum intensity 

projections are shown.  

 

(B) Quantification of nuclear F-actin presence in prophase-arrested 129sv strain 

mouse oocytes. Data are from 3 independent experiments.  

 

(C) Maximum intensity projection (9 confocal sections) images of phalloidin labelled 

nuclear F-actin (grey), DNA (magenta) and nuclear membrane (green) in two sheep 

oocytes. Single confocal sections spaced 2 μm apart are shown. Isosurface 

reconstruction of actin (white) demonstrates prominent nuclear actin filaments. Sheep 

oocytes from two independent experiments are shown.  

 

(D) Phalloidin labelled nuclear actin filaments (grey) and chromosomes (Hoechst, 

magenta) in prophase-arrested mouse oocytes fixed after expression and live imaging 

of nuclear actin chromobody. Single confocal sections spaced 2 μm apart and 

corresponding maximum intensity projections are shown. 

 

(E) Quantification of nuclear F-actin presence in prophase-arrested mouse oocytes 

with surrounded nucleolar (SN) and non-surrounded nucleolar (NSN) chromatin 

configuration. Data are from 3 independent experiments. Fisher’s exact test was used 

to test for significance.  

 

(F) Representative images of surrounded nucleolar (SN) and non-surrounded 

nucleolar (NSN) chromatin (magenta) configuration in prophase-arrested oocytes. 

Boxes mark regions that are magnified in insets. 
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Figure S2
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Fig. S2 Excess cytosolic G-actin causes uncontrolled nuclear F-actin assembly. 

 

(A) Quantification of nuclear F-actin volumes from isosurface reconstructions in 2D in 

DMSO- or Latrunculin B-treated mouse oocytes. Data are from 3 independent 

experiments. Y-axis scaling is adjusted to show higher resolution distribution of data 

shown in Fig. 2F. Two-tailed Student’s t test was used to test for significance.  
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Figure S3
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Fig. S3 Actin monomers are nuclear import cargoes in mouse oocytes. 

 

(A) Representative images of GFP-NLS in DMSO- or Importazole-treated mouse 

oocytes. 

 

(B) Quantification of nuclear F-actin presence in DMSO- or Importazole/Ivermectin-

treated mouse oocytes that were then treated with Cytochalasin D. Data are from 3 

independent experiments. 

 

(C) Quantification of cytoplasmic F-actin network presence in DMSO- or 

Importazole/Ivermectin-treated mouse oocytes that were then treated with 

Cytochalasin D. Data are from 3 independent experiments.  

 

(D) Single section Airyscan images of Phalloidin labelled cytoplasmic F-actin in 

DMSO- or Importazole/Ivermectin-treated mouse oocytes. Boxes mark regions that 

are magnified in insets. 

 

(E) Quantification of cytoplasmic F-actin network fluorescence intensity in DMSO- or 

Importazole/Ivermectin-treated mouse oocytes. Data are from 3 independent 

experiments.  

 

Statistical significance was tested using Fisher’s exact test [(B) and (C)] and Two-

tailed Student’s t test (E).  
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Figure S4
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Fig. S4 Excess nuclear F-actin compromises mammalian oocyte meiosis.  

 

(A) Stills from time lapse movie of chromatin (SiR-DNA, magenta) and nuclear actin 

(nuclear actin chromobody, green). Boxes mark regions magnified in insets and show 

entrapment of chromatin by actin filaments. 

 

(B) Single section Airyscan images of actin (grey), microtubules (green) and 

chromosomes (magenta) in S14C actin mutant expressing (excess nuclear F-actin in 

prophase) meiosis I oocytes and a meiosis II egg. Numbered boxes mark regions 

containing stable nuclear F-actin remnants that are rotated and magnified in insets.  

 

(C) Stills from representative time lapse movies of anaphase I in control or S14C actin 

mutant expressing oocytes. Microtubules (EGFP-MAP4-MTBD) are shown in grey and 

chromosomes (H2B-mRFP) are shown in magenta.  
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Figure S5
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12 

Fig. S5 Nuclear F-actin declines with maternal age 

(A) Three representative classes of nuclear F-actin (grey) complexity in phalloidin

labelled mouse oocytes.

(B) Quantification of the different classes of nuclear F-actin complexity (shown in A) in

oocytes isolated from young and old mice. Data are from 3 independent experiments.

(C) Quantification of cytoplasmic F-actin network intensity in oocytes from young and

old mice. Data are from 3 independent experiments. Two-tailed Student’s t test.
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