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Abstract 

Architecture of the nucleus is intimately linked to fundamental cellular 

processes carried out within it, such as maintenance of genome stability and 

gene expression. In this issue of Developmental Cell, Almonacid et al. show that 

actin-dependent shape fluctuations of the oocyte nucleus promote the 

movement of chromatin inside the nucleoplasm. 

 

The nucleus is the largest organelle and cells invest much energy to move it about or 

keep it in place, because its improper location can impact cell function (Gundersen 

and Worman, 2013). For example, the nucleus is generally moved to the rear when 

cells migrate (Calero-Cuenca et al., 2018) and in differentiated muscle cells where 

several nuclei share the same cytoplasm, nuclei are often not randomly distributed but 

instead positioned evenly (Roman and Gomes, 2018). Proper nuclear positioning is 

also essential in early embryos where pronuclei that contain parental genomes are 

actively transported via the cytoskeleton to the cell center to facilitate symmetric 

embryonic divisions (Payne et al., 2003).        

The actin cytoskeleton performs several functions critical to mammalian oocyte 

biology. For example, long-range vesicle transport and asymmetric spindle 

positioning, processes that are microtubule-dependent in most cell types, solely rely 

on a cytoplasmic network of actin filaments and myosin motors in oocytes (Mogessie 
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et al., 2018). Actin filaments that permeate the spindle in oocytes of several species 

including humans also promote accurate meiotic chromosome segregation (Mogessie 

and Schuh, 2017). Finally, in prophase-arrested mouse oocytes, nuclei are 

surrounded by the cytoplasmic actin network and when they veer off from the cell 

centre, they are actively repositioned by an actin-dependent pressure gradient 

(Almonacid et al., 2015). When oocytes resume meiosis and the nuclear envelope 

disassembles, the liberated chromosomes are captured by the spindle and 

asymmetrically transported to the cell surface for separation. It is puzzling that oocytes 

should expend such valuable energy in centering a peripheral nucleus, only to later 

transport its contents actively to the cell surface. Indeed, the biological relevance of 

oocyte nuclear repositioning has remained unclear. In this issue of Developmental 

Cell, Verlhac and colleagues shed light into why nuclear re-centering is worth the 

energy spend. 

The architecture of the nucleus is closely linked to processes that occur within its 

confinement. These include DNA replication and repair, genome mobility and 

organisation as well as gene expression (Schneider and Grosschedl, 2007). Given 

that actin-based forces may influence the shape the nucleus in mouse oocytes 

(Almonacid et al., 2015), Almonacid et al. reasoned that these forces may also impact 

nuclear function. To address this, they took a high-resolution microscopy approach 

and closely examined nuclear architecture in centered nuclei of Fmn2+/- (control) 

oocytes or Fmn2-/- oocytes where the actin cytoskeleton is disrupted, and nuclei are 

typically off-centered. Consistent with previous results, the authors found that the 

nucleus of control oocytes is highly deformable (Almonacid et al., 2015) and often 

round-shaped with evenly distributed deformations along the nuclear surface. 

Analyses of shape changes with high-temporal resolution movies of oocyte nuclei 
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further revealed continuous shape fluctuations in control cells (Figure 2). In contrast, 

mispositioned nuclei in Fmn2-/- oocytes were largely non-deformed and smoother, 

experienced about 6 times less fluctuations and often contained a major site of 

invagination (Figure 2) that intriguingly associated with the major acentriolar 

microtubule organizing center. Indeed, depolymerization of microtubules by treating 

Fnm2-/- oocytes with Nocodazole removed this invagination but did not further reduce 

nuclear surface movements. Surprisingly, when microtubules were disrupted in 

oocytes that contained actin, the rate of nuclear envelope fluctuations doubled (Figure 

2), which suggested that microtubules may serve to counteract actin-based forces 

exerted on the nuclear surface.  

Are nuclear envelope fluctuations biologically important? Here, Almonacid et al. used 

theoretical modelling to demonstrate that actin-based cytoplasmic forces that cause 

nuclear envelope fluctuations can be transmitted to the nucleoplasm. Thus, actin 

filaments outside the nucleus could in principle be used to mobilize its contents. The 

authors experimentally validated this model using high-temporal resolution live 

imaging of chromatin inside oocyte nuclei. Consistent with the prediction that actin-

based nuclear envelope fluctuations dynamize the nucleoplasm, chromatin and 

nucleoli were found to be more mobile when the actin network was intact (Figure 1). 

When nuclear surface fluctuations were elevated, by way of depolymerizing 

microtubules, the rate of chromatin and nucleolar mobility increased proportionally. 

Unexpectedly, simultaneous removal of actin and microtubules, which does not fully 

block nuclear envelope fluctuations, reduced chromatin mobility considerably more 

that actin disruption alone (Figure 2). This suggests that in the absence of actin, 

microtubules are required to mobilize the nucleoplasm, independently of nuclear 

envelope fluctuations. However, further experiments are needed to test this possibility.  
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Chromatin position within the nucleus is often correlated with transcriptional activity 

(Seeber et al., 2018). Contrary to the commonly accepted view that mature oocytes 

are transcriptionally silent, transcriptome analysis by RNA sequencing showed that 

there is some level of transcriptional activity inside mouse oocyte nuclei. When actin-

based nucleoplasm mobility was reduced in Fmn2-/- oocytes, expression of several 

genes was mis-regulated. Importantly, normal transcriptional activity is independent of 

nuclear actin monomers and in Fmn2-/- oocytes, it could be partially rescued by 

expression of Formin-2 or its actin-nucleating domains. These results collectively 

suggest that actin-based mechanical forces that are generated outside the oocyte 

nucleus can be transduced to the nucleoplasm to modulate gene expression. Further 

investigation would be necessary to reveal whether oocytes use the dense actin 

network surrounding the nucleus to replenish maternal mRNA reserves for early 

embryonic development.    

One open question that remains is whether actin filaments directly interact with the 

nuclear envelope of oocytes as they do in other systems. Improved imaging 

technologies such as super-resolution live microscopy should enable visualisation of 

filament-membrane interactions on the nuclear surface. Furthermore, how actin- and 

microtubule-based forces are balanced in order to maintain oocyte nuclear 

architecture certainly deserves more examination. Chromatin mobility is suggested to 

assist with homology search during DNA double-strand break repair (Seeber et al., 

2018). In this context, the contribution of force generators such as nuclear Myosin 

motors to chromatin mobility awaits investigation. Finally, it will be important to test the 

possibility that actin-based chromatin movements facilitate prompt DNA repair to help 

prevent transmission of damaged genomes to embryos.         
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Figure Legends 

 

Figure 1. The impact of actin and microtubule cytoskeletons on nuclear 

membrane fluctuations and chromatin mobility. A. When both cytoskeletons are 

present, nuclear surfaces experience high fluctuations and chromatin is highly mobile. 

B. When the actin cytoskeleton is absent, nuclei are not re-positioned to the cell 

centre, their surfaces become smoother and the movement of chromatin within them 

is reduced. Here, microtubules appear to deform the nucleus and cause a major site 

of nuclear invagination. C. In contrast, microtubule disruption increases the rate of 

nuclear surface fluctuations as well as chromatin mobility, presumably because 
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microtubules normally serve to dampen actin-mediated fluctuations. D. Simultaneous 

removal of actin and microtubules does not fully block nuclear surface fluctuations. 

Surprisingly, this diminishes chromatin mobility more than removal of actin alone does, 

suggesting that microtubules could be required for chromatin mobility in a nuclear 

architecture-independent manner.   

 


