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Abstract 

 
NuMA is an abundant long-coiled-coil protein that plays a prominent role in spindle 

organization during mitosis. In interphase, NuMA is localized to the nucleus and 

hypothesized to control gene expression and chromatin organization. However, 

because of the prominent mitotic phenotype upon NuMA loss, its precise function in the 

interphase nucleus remains elusive. Here, we report that NuMA is associated with 

chromatin in interphase and prophase but released upon nuclear envelope breakdown 
(NEBD) by the action of Cdk1. We uncovered that NuMA directly interacts with DNA via 

evolutionarily conserved sequences in its C-terminus. Notably, the expression of the 

DNA-binding mutant of NuMA affects chromatin decondensation at the mitotic exit, and 

nuclear shape in interphase. The impact on nuclear shape by mutant NuMA expression 

is due to its potential to polymerize into high-order fibrillar structures. This study links 

the chromatin binding ability of NuMA with the maintenance of nuclear shape and 

architecture, which has a well-studied role in regulating gene expression during 

development and diseases. 
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Introduction 

 
In a eukaryotic cell, the nucleus is the largest organelle that harbors the genetic 

information and non-membrane organelles that are essential for the existence of life. 

Recent work has shown that the proper structural organization and the mechanical 

properties of the nucleus are vital for ensuring error-free functioning of various cellular 

processes by directly controlling proper gene regulation (Lammerding et al., 2004; Finn 

et al., 2019; Nagano et al., 2017; Nozaki et al., 2017; reviewed in Friedl et al., 2011; 

Van Steensel and Belmont, 2017; Mirny et al., 2019). Within the nucleus, chromatin is 

organized in a non-random manner into defined regions called chromosomal territories. 

Any perturbation in the nuclear architecture can influence these territories, which in turn 

can impact gene expression and the cell cycle (Smith et al., 2017; Aureille et al., 2019; 

reviewed in Webster et al., 2009; Cremer and Cremer, 2010). Moreover, these 

territories must also be preserved while chromatin undergoes condensation and 

decondensation cycle during mitosis (reviewed in Antonin and Neumann, 2016). 

Despite the identification of a few proteins that maintain the proper nuclear architecture 

and ensures correct chromatin states during mitosis, our thorough understanding in this 

remarkable feat is far from complete (reviewed in Misteli, 2007; Simon and Wilson, 

2011; Hubner et al., 2013; Antonin and Neumann, 2016).  

The Nuclear Mitotic Apparatus (NuMA) is a large protein (2115 amino acids) with 

two globular domains separated by a long coiled-coil domain (Yang et al., 1992). It is 

estimated that approximately 106 molecules of NuMA are present in mammalian cells 

(Compton et al., 1992; reviewed in Cleveland, 1995). NuMA is present in the nucleus 

during interphase. However, upon nuclear envelope breakdown (NEBD) in mitosis, it 
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localizes at the spindle poles and cell cortex, where it is required for the proper 

assembly and maintenance of the mitotic spindle as well as spindle orientation and 

elongation (Lydersen and Pettijohn, 1980; Yang and Snyder, 1992; Compton and 

Cleveland, 1993; Merdes et al., 1996; Merdes et al., 2000; Woodard et al., 2010; 

Kiyomitsu and Cheeseman, 2012; Kotak et al., 2012; Seldin et al., 2013; Kotak et al., 

2014; Zheng et al., 2014; Hueschen et al., 2019). Because NuMA present as an 

abundant protein in interphase nuclei, several research groups have studied NuMA's 

function in the nucleus (reviewed in Radulescu and Cleveland, 2010). Within the 

nucleus, NuMA was proposed to be a part of a nuclear matrix, i.e., insoluble 3D-network 

resistant to nucleases and high-salt (Price and Pettijohn, 1986; Zeng et al., 1994; 

Merdes and Cleveland, 1998). This finding was further supported by structural studies 

showing that NuMA can form multiarm oligomers with its coiled-coil and C-terminal 

domain, and overexpression of NuMA creates a quasi-hexagonal organization that can 

fill the nuclei (Harborth et al., 1999). Additionally, NuMA has been shown to co-localize 

with several nuclear proteins, including high mobility group proteins (HMG I/Y), 

transcription factor GAS41 and p53, suggesting its role in gene regulation (Harborth et 

al., 2000; Tabellini et al., 2001; Endo et al., 2013). In this realm, microinjection of anti-

NuMA antibodies or expression of the truncated form of NuMA caused nuclear shape 

and organization defects (Kallajoki et al., 1991; Kallajoki et al., 1993; Compton and 

Cleveland, 1993; Gueth-Hallonet et al., 1998). However, whether these defects were 

due to compromised mitosis upon NuMA inactivation remained unknown (reviewed in 

Radulescu and Cleveland, 2010). Also, there is no clear evidence that NuMA interacts 

with chromatin inside the nucleus of a living cell. Even, if it does, what is the biological 
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significance of this interaction, and how it gets released from chromatin upon NEBD 

remained unexplored. 

           In this study, we show that NuMA is associated with chromatin inside the nucleus 

during interphase. At the mitotic onset, Cdk1/cyclinB1 (referred to as Cdk1)-mediated 

phosphorylation in late-prophase releases NuMA from chromatin. Importantly, we 

identify an evolutionarily conserved domain rich in arginine and lysine residues at its C-

terminus that is responsible for NuMA-DNA interaction. Moreover, the expression of a 

mutant NuMA lacking the DNA binding potential impact chromatin decompaction during 

nuclear envelope reformation (NER). Additionally, this mutated NuMA undergoes 

higher-order assemblies and forms puncta and solid fibrillar structure that perturbs 

nuclear shape. Overall, this study uncovers a novel role of NuMA in maintaining the 

proper nuclear architecture that is independent of its mitotic function. 
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Results and Discussion 

 

NuMA interacts with chromatin in the interphase nucleus 

 

To investigate the mobility of NuMA in the interphase nucleus, we sought to conduct 

fluorescence recovery after photobleaching (FRAP) analysis in the HeLa Kyoto cell line 

that stably expresses AcGFP (Aequora coerulescens GFP), and a mono-FLAG tagged 

NuMA (AcGFP-NuMA; Fig. 1A). This engineered line expresses the AcGFP-NuMA 

amount that was comparable to that of the endogenous protein (Fig. 1B). siRNAs-

mediated depletion of endogenous NuMA led to chromosome instability and the 

appearance of chromosome bridges in a significant number of cells during mitosis, and 

these phenotypes were completely suppressed in AcGFP-NuMA line, indicating that this 

cell line is operational (Supplementary Fig. S1A and S1B). FRAP analysis in this line 

revealed that the half-time for the recovery [t1/2] of AcGFP-NuMA is about ~13 s (Fig. 

1C, 1F, and 1I). AcGFP-NuMA [t1/2] values are in stark contrast in comparison with 

robustly diffusing AcGFP-NLS or tightly associated histone protein AcGFP-H2B where 

the [t1/2] values were estimated ~1.5 s and 29 s, respectively (Fig. 1I; Supplementary 

Fig. S1C-S1F). Notably, [t1/2] of AcGFP-NuMA is analogous to various transcription 

factors that are transiently associated with the DNA (Sekiya et al., 2009; reviewed in 

Houtsmuller, 2005; Mueller et al., 2010). 

To corroborate this finding with a biochemical method, we isolated chromatin and 

nuclear matrix (non-chromatin, ribonucleoproteinaceous framework that is resistant to 

high salt) from interphase nuclei and we analyzed the association of NuMA in these 
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fractions. As reported earlier, we uncovered that NuMA is associated with the nuclear 

matrix in HeLa (Supplementary Fig. S1G; Zeng et al., 1994; Das et al., 1993; Abad et 

al., 2007). Interestingly, a significant portion of NuMA was also associated with 

chromatin fraction, as reported for mammary epithelium cells [Supplementary Fig. S1G; 

Abad et al., 2007]. Altogether these data suggest that NuMA is not freely diffusing inside 

the interphase nuclei. 

 

Cdk1-mediated phosphorylation release NuMA from chromatin at mitotic entry 

 

During interphase, NuMA is present in the entire nucleoplasm, except for nucleoli 

(Lydersen and Pettijohn, 1980; Kallajoki et al., 1992; Tang et al., 1993). However, in 

mitosis, NuMA is restricted to the spindle poles and the cell cortex (Lydersen and 

Pettijohn, 1980; Compton et al., 1992; Compton and Cleveland, 1993; Merdes et al., 

1996; Du and Macara, 2004; Woodard et al., 2010; Kiyomitsu and Cheeseman, 2012; 

Kotak et al., 2012). Data obtained from FRAP and biochemical analysis told us that 

NuMA might associate with chromatin in interphase. Thus, we wondered if we can 

visualize this interaction in a living cell. Chromosomes are present as a contiguous 

mass in the interphase nuclei and appear as distinct bodies during late prophase 

(reviewed in Batty and Gerlich, 2019). Therefore, we sought to examine the localization 

of NuMA in synchronized non-transformed hTERT-RPE1 cells during late prophase 

before NEBD (Fig. 2A). Importantly, we found that NuMA significantly enriches onto the 

chromosomes in late prophase, and colocalizes with another chromatin-associated 

protein RanGEF RCC1 (Supplementary Fig. S2A). Similar results were obtained in 
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HeLa (data not shown). To scrutinize this further, we performed a super-resolution 

analysis of NuMA, DNA, and RCC1 in the late prophase cells. This data showed that 

NuMA enriches at the periphery of condensed chromatin in late prophase cells and 

colocalizes with RCC1 (Fig. 2B). Importantly, we also uncovered that the GFP-tagged 

C-terminus of NuMA [GFP-NuMA(1411-2115)] localizes to chromatin in late prophase 

similar to endogenous proteins, suggesting NuMA interacts with chromatin through its 

C-terminus (Supplementary Fig. S2D).  

           By utilizing a temperature-sensitive hamster cell line tsBN2 that is affected for 

RCC1 (Nishimoto et al., 1978; Nishitani et al., 1991), it was hypothesized that NuMA 

might interact with RCC1 or RCC1-dependent protein (Compton and Cleveland, 1993). 

Since NuMA shows significant co-localization with RCC1, we investigated if NuMA or 

RCC1 are interdependent for their chromatin localization in late prophase nuclei. 

Interestingly, RNAi-mediated depletion of RCC1 or NuMA did not perturb NuMA or 

RCC1 localization onto chromatin, indicating that NuMA localization on chromatin is 

independent of RanGEF RCC1 (compare Supplementary Fig. S2B and S2C with S2A).  

 During mitotic entry, phosphorylation by several mitotic kinases is critical for remodeling 

the mitotic proteome and, thereby, the localization of a number of proteins (reviewed in 

Lindqvist et al., 2009; Cuijpers and Vertegaal, 2018). Thus, we decided to identify the 

kinase that is responsible for releasing NuMA from chromatin upon NEBD with high 

temporal resolution. To this end, we inactivated Aurora A kinase, Polo-like kinase 

(Plk1), and Cdk1 in a synchronized G2/prophase population of hTERT-RPE1 cells using 

MLN-8054, BI-2536 and RO-3306 respectively, and analyzed NuMA localization after 

NEBD in prometaphase (Figure 2A; Vassilev et al., 2006; Hoar et al., 2007; Steegmaier 
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et al., 2007). Interestingly, inactivation of Cdk1, but not Aurora A or Plk1 caused the 

retention of NuMA on the chromosomes during prometaphase (Fig. 2C-2F). The inability 

of Aurora A or Plk1 inhibition to restore NuMA localization cannot be due to partial 

inactivation of these kinases as we noted a robust impact of MLN-8054 and BI-2536 on 

spindle pole localization of NuMA and central spindle localization of a RhoGEF ECT2 as 

reported previously (Supplemental Fig. S3A-S3F; Petronczki et al., 2007; Kotak et al., 

2016). And, identical results were obtained with a fivefold higher dose of these inhibitors 

(Supplementary Fig. S3G-S3J)  

Next, to test if direct phosphorylation of NuMA by Cdk1 would release NuMA 

from chromatin, we mutated nine threonine or serine residues which were identified in 

recent phosphoproteomics data set to alanine (Supplementary Fig. S3K) (Dephoure et 

al., 2008; Petrone et al., 2016; Rogers et al., 2015). However, we failed in identifying a 

single Cdk1 site that uncouples NuMA from chromatin (please see discussion). 

Whereas the mechanism whereby Cdk1 phosphorylation uncouples NuMA from the 

chromatin upon mitotic entry will be of interest for future work, our data support the 

notion that Cdk1 activity is vital for releasing NuMA from the chromatin upon mitotic 

entry. 

 

NuMA directly interacts with the DNA through its C-terminus 

 

Analogous to the endogenous protein, GFP-NuMA(1411-2115) localizes on the chromatin in 

prophase but not during prometaphase and metaphase (Fig. 3A and 3B; Supplementary 

Fig. S2D and S4A; Supplementary Movie S1; Kotak et al., 2013; Sana et al., 2018). 
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Therefore, we decided to identify a minimum signature sequence of NuMA in its C-ter 

that would enable it to associate with the chromatin independent of the mitotic stages. 

To this end, we generated several GFP-fusion C-ter fragments of NuMA and analyzed 

their localization at various stages of mitosis (Fig. 3A). Interestingly, in contrast to 

NuMA(1411-2115), the expression of NuMA(1760-2115) and NuMA(1991-2115) showed significant 

enrichment on chromatin even in prometaphase and metaphase stages (compare Fig. 

3D and 3E with 3B; Supplementary Fig. S4A-S4D). This analysis further demonstrated 

that the sequence comprising of the last 58 amino acids (2058-2115) is both necessary 

and sufficient for its interaction with the chromatin in prophase as well as in metaphase 

(Fig. 3F-3I; Supplementary Fig. S4E: Supplementary Movies S2 and S3). Similarly, the 

robust localization of NuMA(1760-2115) on metaphase chromosomes is lost upon the 

deletion of the last 58 amino acids (Supplementary Fig. S4F-S4H). Altogether, these 

data indicate that the ability of NuMA to interact with chromatin is due to the presence of 

the last 58 aa in its C-ter.  

Sequence 2058-2115 is evolutionarily conserved, and rich in the positively 

charged arginine and lysine residues (Fig. 3J). Thus, one possibility would be that these 

amino acids directly interact with acidic DNA sequences, enabling NuMA-DNA 

interaction. Notably, Escherichia coli generated Hexa-histidine-tagged 58 aa 

recombinant protein [6HIS-NuMA(2058-2115)], but not a recombinant protein comprising of 

either NuMA N-terminus, or C-ter lacking the last 58 aa could interact with plasmid DNA 

in a gel mobility shift assay (Fig. 3L and 3M).  

Further, to scrutinize the role of NuMA's DNA binding ability in the context of the 

full-length protein and the biological significance of this interaction, we conducted FRAP 
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analysis with the AcGFP-tagged full-length NuMA lacking the last 58 aa [AcGFP-

NuMA(1-2057); Fig. 3K]. Remarkably, FRAP analysis revealed that AcGFP-NuMA(1-2057) 

shows greater mobility in the interphase nucleus when compared with AcGFP-NuMA 

full-length protein (Fig. 1D, IG, and 1I). This observation suggests that the last 58 aa are 

crucial for their interaction with the chromatin, and possibly this interaction restricts 

NuMA mobility inside interphase nuclei. Moreover, FRAP analysis with a mutant NuMA 

where all the fourteen basic amino acid residues present between 2058-2115 are 

mutated to alanine [AcGFP-NuMA(1-2115m); Fig. 3K] showed dramatic mobility of the 

mutated NuMA construct in comparison to the wild-type protein (Fig. 1E, IH, and 1I). 

 

NuMA-DNA interaction is critical for proper chromosomes decondensation at the mitotic 

exit 

 

Upon nuclear envelope reformation (NER), NuMA localizes back to the nucleus 

because of the presence of nuclear localization signal (NLS) in the C-ter (reviewed in 

Cleveland, 1995; Radulescu and Cleveland, 2010). Because AcGFP-NuMA(1-2057) lacks 

the DNA binding motif, we sought to analyze the relevance of NuMA-chromatin 

interaction upon NER. Importantly, in comparison with the full-length protein, expression 

of either AcGFP-NuMA(1-2057) or AcGFP-NuMA(1-2115m) in NuMA (RNAi) background did 

not lead to sufficient chromosomes decondensation in late mitosis (Fig. 4A-4D; 

Supplementary Movies S4-S6). This impact on the chromosomes decompaction in cells 

expressing either the deleted or mutated version of the protein is not because of its 

inability to localize to the nucleus in comparison to the wild-type protein (data not 
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shown). To further evaluate the importance of NuMA's DNA binding ability for 

chromosomes decompaction and its impact on the nuclear shape in the early G1 phase 

of the cell cycle, we imaged HeLa cells that are stably expressing nuclear envelope 

marker mCherry-LaminB1 and are transiently transfected either with the wild-type or 

AcGFP-NuMA(1-2057) in NuMA (RNAi) background after anaphase onset (Fig. 4E and 

4F). Interestingly, the nuclear width of the cells expressing NuMA that lacks DNA 

binding ability is significantly smaller in comparison with the cells that express the wild 

type protein (Fig. 4G).   

A significant impact on chromatin decompaction in the early G1 observed above 

with NuMA(1-2057) expression prompted us to examine the nuclear architecture of cells 

that weakly express AcGFP-NuMA(1-2057) in NuMA (RNAi) background. Notably, we 

found a dramatic impact on the nuclear shape in cells expressing these constructs in 

comparison with the full-length wild-type protein (Fig. 4H-4K). The effect of NuMA(1-2057) 

expression on interphase nuclei cannot be attributed to their role in mitosis, as the 

expression of these constructs entirely suppress the mitotic abnormalities seen upon 

endogenous NuMA depletion (Supplementary Fig. S1A and S1B). Interestingly, a 

significant number of cells expressing NuMA(1-2057) that showed irregular nuclear shape 

were characterized by the presence of either puncta or fibrillar structure that were never 

seen in wild-type NuMA expressing cells (compare Fig. 4I, 4J with 4H). Also, the 

presence of these structures in cells expressing NuMA(1-2057) was merely not due to 

over-expression, as comparable over-expression of the wild-type protein in cells did not 

lead to the formation of such structures (Supplementary Fig. S5A-S5E). Overall, these 
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data suggest that NuMA-DNA interaction is vital for timely DNA decompaction during 

mitotic exit and proper nuclear shape in the interphase nuclei. 

 

DNA binding ability of NuMA is essential for preventing its higher-order assembly in 

interphase nuclei 

 

To further characterize the origin of puncta or fibrillar structure in AcGFP-NuMA(1-2057) 

expressing cells, we conducted live recording in HeLa cells that were stably expressing 

mCherry-H2B and transiently transfected with AcGFP-NuMA(1-2057). Results obtained 

from this analysis revealed that within 9 hr of live-cell recording, [24%] of cells show 

soluble protein to puncta formation, [14%] of cells show soluble to fibrillar network, and 

small populations of cells [5%] form fibrillar assemblies from puncta (Fig. 5A-5C; 

Supplementary Movies S6-S10). Next, we characterized the biophysical properties of 

punctate and fibrillar structures using FRAP. In comparison with the homogeneously 

distributed NuMA(1-2057) or NuMA(1-2115m) protein that exchanges rapidly in FRAP as 

mentioned before (Figure 1), these higher-order assemblies of NuMA seen with NuMA(1-

2057) or NuMA(1-2115m) expression were significantly slow in their recovery profile 

(Supplementary Fig. S5F-S5M). 

This observation prompted us to test if these higher-order solid fibrillar structures 

based on NuMA(1-2057) expression are responsible for nuclear deformation by 

mechanically pressing against the nuclear envelope. To this end, we analyzed AcGFP-

NuMA(1-2057) expressing cells that form the solid fibrillar structure in the HeLa cell line 

that is stably expressing mCherry-Lamin B1 and also depleted for the endogenous 
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NuMA protein. Remarkably, NuMA-based solid fibrillar assemblies that form in the 

proximity of the nuclear envelope were capable of mechanically deforming the nuclear 

envelope. This feature was never detected in cells expressing AcGFP-tag wild-type 

NuMA protein (Fig. 5D, and data not shown). Overall, these sets of results suggest that 

the binding of NuMA to the DNA prevents higher order NuMA assemblies comprising of 

puncta and solid fibrillar structure, and these structures are fatal for the nuclear 

architecture. 

Chromatin in the interphase nucleus is non-randomly distributed into defined 

regions called chromosomal territories (Andrew Fritz et al., 2016). During nuclear 

envelope reassembly (NER) at the mitotic exit, a cell ensures that these territories are 

maintained while the genetic material is undergoing decondensation. In the past few 

years, several proteins have been linked with the proper chromosomes decondensation 

at the mitotic exit, for instance, PP1 phosphatase, Aurora B kinase, and p97 AAA+ 

ATPase (Vagnarelli et al., 2011; Ramadan et al., 2007). However, despite these efforts, 

our knowledge about the nature of proteins and their spatiotemporal role in 

chromosome decompaction remains incomplete. Here, we identify the novel 

contribution of a well-established mitotic regulator NuMA in orchestrating chromosome 

decompaction during mitotic exit. We present evidence that NuMA directly associates 

the chromatin through the evolutionarily conserved arginine and lysine-rich sequences 

present in its C-terminus. In the absence of such an interaction, chromatin 

decompaction is perturbed (Fig. 5E). How NuMA promote correct decondensation of the 

chromatin at the mitotic exit? Previous work has shown that purified NuMA protein can 

assembles into multiarms oligomers (Gueth-Hallonet et al., 1998; Harborth et al., 1999). 
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And, overexpression of NuMA can lead to the formation of a three-dimensional quasi-

hexagonal lattice in mammalian cells (Harborth et al., 1999). Based on these 

observations, we propose that the interaction of NuMA to the chromatin is necessary to 

keep the chromatin in a proper organization at the mitotic exit. In the absence of such 

association, chromatin remains tightly packaged (Fig. 5E). It would be interesting to 

determine the functional significance of this phenotype for gene regulation in the early 

G1 phase of the cell cycle. Since the formation of NuMA dimer by the coiled-coil 

interaction is the first key step for the oligomerization assembly, we assume that the 

NuMA lacking the coiled-coil domain would also be deficient in proper chromatin 

decondensation at the mitotic exit. Therefore, dissecting the function of the coiled-coil in 

chromosomes decompaction would be an exciting step to discover the hidden feature of 

this crucial molecule further.  

           We demonstrated that Cdk1 activity helps in releasing NuMA from the chromatin 

in the late-prophase. This outcome could be because of the direct phosphorylation of 

NuMA by Cdk1, or an indirect consequence of Cdk1 phosphorylation on some other yet 

unknown protein. Because NuMA directly associates with the DNA in vitro and C-

terminus fragments of NuMA comprising the last 355 aa or smaller are efficient in 

binding to the chromosomes at all the mitotic stages, we favor the model that direct 

phosphorylation by Cdk1 dissociates NuMA from the chromosomes in mitosis. 

Unfortunately, mutation of all the Cdk1-phosphorylated residues mapped in the several 

phosphoproteomics data one by one did not lead to the identification of Cdk1-regulated 

residues/s that is responsible for releasing NuMA from the chromatin. We envisage that 

.CC-BY-ND 4.0 International licenseavailable under a
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 

The copyright holder for this preprint (whichthis version posted May 3, 2020. ; https://doi.org/10.1101/2020.05.02.073767doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.02.073767
http://creativecommons.org/licenses/by-nd/4.0/


 16 

this could be due to redundancy between more than one Cdk1-regulated residue in 

regulating NuMA-chromatin interaction.   

           A population of DNA-binding deficient mutant of NuMA that is localized as a 

homogenous protein in the nucleoplasm showed a faster [t1/2] recovery rate in 

comparison with full-length protein. However, nuclei in these cells remain spherical and 

do not reveal any nuclear shape phenotype (Fig. 1). Therefore, it would be interesting to 

mechanically challenge cells that expresses homogenously distributed DNA-binding 

deficient mutant of NuMA to characterize its function in providing mechanical stability to 

the interphase nucleus. Remarkably, a significant number of nuclei expressing this 

mutant protein also showed higher-order assembly of mutated NuMA into puncta and 

solid fibrillar networks. And, the nuclei that carry these structures are improper in their 

architecture (Fig. 5E). Notably, we uncovered that the solid fibrillar networks in these 

nuclei could mechanically deform the nucleus by compressing onto the nuclear 

membrane (Fig. 5E). Our data further rule out the possibility that the change in nuclear 

architecture is due to abnormal mitosis, as the expression of these mutated fragments 

fully rescues mitotic abnormality observed upon endogenous protein depletion. 

Nonetheless, establishing a strategy for knocking out or knocking down NuMA only in 

the interphase nuclei would be essential to address the function of endogenous protein 

for nuclear shape.  

Since errors in maintaining the proper nuclear shape and gene expression is 

associated with pathological disorders such as cancer and aging (Zink et al., 2004; Dahl 

et al., 2008), we believe that our effort in identifying the NuMA's role in orchestrating 
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correct nuclear architecture will be instrumental in broadening our knowledge in this 

arena. 

  

  
  

  

 

 

 

  

.CC-BY-ND 4.0 International licenseavailable under a
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 

The copyright holder for this preprint (whichthis version posted May 3, 2020. ; https://doi.org/10.1101/2020.05.02.073767doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.02.073767
http://creativecommons.org/licenses/by-nd/4.0/


 18 

Materials and Methods 

  

Cell culture, plasmid, and siRNAs transfection, and stable cell line generation 

  

HeLa cells, hTERT-RPE1 cells, and HeLa Kyoto cells stably expressing mCherry-H2B, 

mCherry-LaminB1, AcGFP-NuMA were cultured in high-glucose DMEM with GlutaMAX 

(CC3004; Genetix) supplemented with 10% fetal calf serum (FCS) in a humidified 5% 

CO2 incubator at 37⁰C. For plasmid transfections, cells were seeded at 80% confluency 

in imaging dish (0030740017; Eppendorf) or on coverslips in 6-well plates. 4 µg of 

plasmid DNA suspended in 400 µl of serum-free DMEM was incubated for 5 min, 

followed by the addition of 6 µl of Lipofectamine 2000 (11668019; Life Technologies), 

was mixed and incubated for 15 min. This mixture was then added to the cells. And the 

cells were fixed or imaged 30-36 hr post-transfection. 

For siRNA experiment, 6 or 9 µl of 20 µM siRNA and 4 µl of Lipofectamine RNAi 

MAX (13778150, Invitrogen) were suspended in 100 µl of water (W4502; Sigma) and 

were incubated for 5 min in parallel, then mixed and incubated for another 15 min. This 

mixture was added to the 2.5 ml medium per well containing around 100,000 cells. Cells 

were then grown for 60-72 hr before fixation or live-imaging.  

      For the generation of stable cells expressing AcGFP-NuMA, AcGFP-H2B, and 

mCherry-LaminB1 in HeLa Kyoto, cells were cultured in 10 cm dish at 80% confluency. 

These cells were then transfected with 6 µg of pIRES-AcGFP-FLAG-NuMA, pIRES-

H2B-AcGFP or pIRES-mCherry-LaminB1 plasmid using 12µl of Lipofectamine. After 36 
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hr, 400ng/µl puromycin media was added for the selection. Isolated colonies were 

cultured, and clones were confirmed by immunostaining and immunoblot analysis. 

  

Plasmids and siRNAs 

  

All NuMA clones were amplified from a previously existing plasmid as a template with 

appropriate PCR primer pairs. NuMA full-length and NuMA(1-2057) was cloned into 

pIRES-AcGFP-FLAG plasmid (a gift from Mark Petronczki) using Age1 and EcoR1 site. 

For cloning NuMA(1-2115m), Kpn2I site was introduced in pIRES-AcGFP-NuMA plasmid 

and custom made double-stranded DNA (from Macrogen, Inc.) where all the arginine 

and lysine residues from 2058-2115 are converted to alanine was cloned using Kpn2I 

and EcoR1 sites. pIRES-H2B-AcGFP Plasmid was cloned by replacing mCherry 

fragment from Addgene plasmid 21044 with amplified AcGFP using Age1 and Not1 site. 

pIRES-NLS-AcGFP plasmid was cloned by incorporating SV-40 NLS sequence in the 

forward primer used for amplifying AcGFP. All the smaller C-terminus fragments of 

NuMA was cloned in pcDNA3-GFP vector (Merdes et al., 2000) using Xba1 and Not1 

site. All Cdk1 phosphorylated residues (Threonine or Serine) in NuMA were mutated 

using the megaprimer approach. For recombinant protein expression in E. coli, 

NuMA(2058-2115), NuMA(1877-2115) and NuMA(1877-2057) were cloned in pET30a Plasmid with 

a hexa-histidine tag at N-terminus using Nco1 and EcoR1 sites. Bacteria histone-like 

HU protein was generously provided by V. Nagaraja (MCB, IISc).  
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Double-stranded siRNA oligonucleotides used were 5’- 

CAGUACCAGUGAGUGGCCCCACCUG-3’ (NuMA 3’UTR siRNA; Eurogentec) and 5’-

CACCGUGUGUCUAAGCAAA-3’ (RCC1 siRNA; Eurogentec).  

  

Drug- mediated inhibition of mitotic kinases  

  

hTERT-RPE1 cells were synchronized in early prophase by double thymidine block. 

Briefly, the cells were treated with 2 mM thymidine (T1895; Sigma-Aldrich) for 17 hr, 

released for 8 hr followed by another round of thymidine treatment. Cells were treated 

with DMSO for control, 20 µM or 100 µM of Cdk1 inhibitor RO-3306 (S7747; 

Selleckchem) for 10 min, 250 nM or 1.25 µM of Aurora A inhibitor MLN-8054 (S1100; 

Selleckchem) for 1 hr, 300 nM or 1.5 µM of Plk1 inhibitor BI-2536 (S1109; Selleckchem) 

for 30 min before fixation. Following treatment with the inhibitors, cells were fixed with 

cold methanol and immunostained with antibodies against NuMA (sc-48773; Santa 

Cruz) and γ-tubulin (GTU88; Sigma-Aldrich).  

  

Time-lapse imaging and FRAP analysis 

  

Time-lapse microscopy was conducted on Olympus FV 3000 confocal laser scanning 

microscope using a 40X NA 1.3 oil (Olympus Corporation, Japan) using an imaging dish 

(0030740017; Eppendorf) at 5% CO2, 37°C, 90% humidity maintained by Tokai Hit STR 

Stage Top incubator with Touch panel Controller. For mitotic cells, images were 

acquired at the interval of either 2 min or 3 min with 9-11 optical sections (3 μm a part). 
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For the interphase cells, images were captured every 5 min with optical sectioning of 1 

μm. 

      FRAP experiments were performed for a specific region (1.75 µm2) of the nucleus of 

HeLa cells stably expressing AcGFP-NuMA, AcGFP-H2B or cells that are transiently 

transfected with AcGFP-NuMA(1-2057), AcGFP-NuMA(1-2115m) or NLS-AcGFP with a 40X 

objective. 40% of the 488-nm laser was utilized to bleach the region of interest, and 

images within the same focal plane were acquired for every 5 s for the entire duration of 

50 cycles to monitor fluorescence recovery. Due to faster recovery in cells that are 

expressing AcGFP-NuMA(1-2057), AcGFP-NuMA(1-2115m) or NLS-AcGFP images were 

acquired every 2 s. To assess the fluorescence loss due to photobleaching, 

fluorescence from a region separated from the bleached region was simultaneously 

recorded. The intensity value in the bleached area was measured, corrected for the 

background, and the curves were then normalized using the following equation: 

I= ( It - Imin ) / ( Imax - Imin) 

where I represents the normalized intensity, It represents the intensity at a time-point, 

Imin is the minimum intensity (at the time of bleaching), and Imax is the maximum intensity 

(pre bleaching intensity). For the calculation of half-time of recovery [t1/2] or mobile 

fraction, the bleaching due to imaging was considered, and the values were quantified 

by fitting to 1st order exponential equation using Origin software 

(https://www.originlab.com/origin). 

  

Nuclear fractionation 
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To obtain nuclear matrix or chromosomal fraction, we utilized a method as described in 

Abad et al, 2007. In brief, HeLa Kyoto cells washed with PBS-protease inhibitors (PI) 

(Merck: Cat no 539134) and were collected at 450g at 4⁰C for 5 min and were 

suspended in 1 ml of Buffer A (10 mM HEPES, pH 7.4, 1 mM EGTA, 2 mM MgCl2, 250 

mM sucrose, and PI). After that, 1 ml of Buffer B (1 mM HEPES, pH 7.4, containing PI ) 

was added and was incubated on ice for 30 min. Separation of nuclei from the 

cytoplasm was performed using Dounce homogenizer, and this was confirmed under an 

epifluorescence microscope using Hoechst 33342 (B2261; Sigma-Aldrich). The nuclear 

pellet was collected at 3200g at 4⁰C for 15 min and was suspended in buffer-X (10 mM 

HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10% (vol/vol) glycerol, 1 

mM dithiothreitol, PI) with Triton X-100 0.1% (vol/vol), and was incubated on ice for 8 

min, and pellet down at 1300g at 4⁰C for 5 min. The pellet was washed again with buffer 

X. Nuclei was lysed in Buffer Y (3 mM EDTA, 0.2 mM EGTA, 1mM dithiothreitol, and PI) 

on ice for 30 min. The pellet formed at 1650g at 4⁰C for 5 min was rewashed with Buffer 

Y. The pellet was subjected to 0.1 µl Mnase (EN0181; Fermentas) in 100 µl of MNase 

Buffer (10 mM Tris, pH 8.8, 10 mM KCl, and 1mM CaCl2) at 37 ⁰C for 15 min. The 

reaction was stopped using 1mM EGTA. The nuclease sensitive, Chromatin Fraction 

(Chr.), and the resistant matrix fraction (Matrix) was separated by at 1650g at 4⁰C for 

5min. The MF was washed with 100 µl of MNase buffer. CF and MF suspended in 

Laemmli buffer and denatured at 99 ⁰C for 10 min, and then utilized for immunoblotting. 

  

Super-resolution imaging 
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Super-resolution imaging was conducted on Olympus spinning disk super-resolution 

confocal microscope (IXplore SpinSR) using a 100X 1.45 NA Objective. Images were 

acquired by capturing 13 Z-sections, 0.23 µm apart. The images were processed with 

Olympus Super Resolution (OSR) software. 

  

Electrophoretic Mobility Shift Assay (EMSA) 

  

Recombinant protein HU, NuMA(2058-2115), NuMA(1877-2115), NuMA(1877-2057), or NuMA-N 

ter(1-705) was incubated with 400ng of PUC18 Plasmid in 1X-TAE (89mM tris, 89mM 

acetic acid, 1mM EDTA pH 8.4) buffer at 27⁰C for 30 min. The protein-DNA complexes 

were resolved in 4% acrylamide gel in 1X-TAE buffer. The gel was stained with ethidium 

bromide and visualized under UV light.  

  

Indirect immunofluorescence and immunoblotting 

  

For immunofluorescence, cells were fixed with chilled methanol at -20°C for 10 min and 

washed in PBST (PBS containing 0.05% Triton X-100). Cells were blocked in 1% BSA 

(RM3159; HiMedia) for 1 hr, followed by incubation with primary antibody for 4 hours at 

room temperature. After three washes of 5 min each with PBST, cells were incubated 

with secondary antibody for 1 hr. Cells were then given three washes with PBST and 

stained with 1 µg/ml Hoechst 33342 (B2261; Sigma-Aldrich) for 5 minutes. Following 

three washes with PBST, the coverslips were mounted using Fluoromount 

(SouthernBiotech, 0100-01). The primary antibodies used were 1:1000 mouse anti-GFP 
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(2955S; Cell signalling), 1:200 rabbit anti-NuMA (sc-48773; Santa-Cruz), 1:200 mouse 

anti-RCC1 (sc-376049; Santa-Cruz), 1:1000 mouse anti- γ-tubulin (GTU88; Sigma-

Aldrich), 1:200 rabbit anti-Ect2 (07-1364; Merck). Secondary antibodies used were 

1:500 Alexa flour 488 goat anti-mouse (A11001; Invitrogen), 1:500 Alexa flour 488 goat 

anti-rabbit (A11008; Invitrogen), 1:500 Alexa flour 568 goat anti-mouse (A11004; 

Invitrogen), and 1:500 Alexaflour 568 goat anti-rabbit (A11011; Invitrogen). Confocal 

images were acquired on Olympus FV 3000 confocal laser scanning microscope using 

60X NA 1.4 oil objective. All the images are processed in ImageJ. 

       For immunoblotting, HeLa Kyoto cells or HeLa Kyoto cells transfected with NuMA 

siRNAs or HeLa Kyoto cells stably expressing AcGFP-NuMA, synchronized in 

prometaphase with 100 nM Nocodazole (M1404; Sigma-Aldrich) for 20 hr. Cells were 

lysed in lysis buffer (50 mM Tris, pH-7.4, 2 mM EDTA, 2 mM EGTA, 25 mM Sodium 

fluoride, 0.1 mM sodium orthovanadate, 0.1 mM PMSF, 0.2% Triton-X100, 0.3% NP-40, 

100 nM Okadaic acid, and complete EDTA-free protease inhibitor) for 2 hr on ice and 

after a spin of 14000 rpm, cell supernatant was denatured at 99°C in 2X SDS–PAGE 

buffer and analyzed by SDS–PAGE followed by immunoblotting. For immunoblotting, 

1:1000 rabbit anti-NuMA (sc-48773; Santa Cruz), 1:5000 mouse anti-actin (sc-58673; 

Santa Cruz), 1:1000 of mouse anti-LaminB1 (sc-6216; Santa-Cruz), and rabbit anti-RNA 

polymerase A (sc-899; Santa-Cruz) antibodies were used. 

  

Quantifications and statistical analysis 
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All quantifications were performed in ImageJ. Quantification of GFP chromosomal 

intensity was determined by calculating the ratio of mean chromosomal intensity and 

mean cytoplasmic intensity (of a rectangular region of interest of area 1.69 µm2) and 

correcting for the background signal. 

For chromosomal width measurements, a line was drawn on the longest width of 

chromatin on the maximum intensity projection images, and the length of the line was 

measured. 

The circularity of the nucleus was calculated using the freehand tool to manually select 

the outline of the nucleus, and circularity was calculated using the formula 

4π(area/perimeter2).  

Spindle pole enrichment of NuMA was determined by calculating the ratio of 

mean spindle pole intensity and mean cytoplasmic intensity after correcting for 

background signal, as described in Sana et al., 2018.  

Midzone Ect2 intensity was measured using a rectangular region of interest of 

1.09 µm2 and was corrected for background signal.  

Whole-cell GFP intensity was measured using the freehand tool in ImageJ to 

select the outline of the nucleus. To rule out the difference in nuclear area of individual 

cells, the intensity was divided by the total area used for quantification to obtain 

intensity/µm2.  

To calculate the significance of the differences between two mean values, 

unpaired t test was used. p-value was considered to be significant if p≤ 0.05 using 

GraphPad Prism 8.  
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Main Figure legends 

  

Figure 1 

  

NuMA is transiently associated with chromatin in the interphase nucleus 

  

(A) Domain organization of NuMA with mono FLAG (FL) and AcGFP-tag at the N-

terminus (referred to as AcGFP-NuMA). The coiled-coil domain, the region mediating 

interaction with microtubules (MTs), and the nuclear localization signal (NLS) are 

depicted. 

(B) Immunoblot analysis of protein extracts prepared from the mitotically synchronized 

HeLa Kyoto cells, which are transfected with scrambled siRNAs (Control), siRNAs 

against NuMA 3'-UTR for 72 hr, or left untreated and stably expressing AcGFP-NuMA. 

Extracts were probed with antibodies against NuMA and β-actin. Transgenic AcGFP-

NuMA protein is shown by a blue asterisk that is migrating above the endogenous 

protein. The molecular mass is indicated in kilodaltons (kDa). 

(C-I) FRAP analysis of HeLa Kyoto cells that are stably expressing AcGFP-NuMA (C, 

F), transiently transfected with AcGFP-NuMA(1-2057) (D, G) or AcGFP-NuMA(1-2115m) (E, 

H) and are depleted for endogenous NuMA. The GFP signal is shown in green, and the 

time is indicated in seconds (s). The unbleached and bleached region of the cell is 

shown by yellow and white circles, respectively. The GFP recovery profile of the 

bleached area corrected for photobleaching is plotted for 80s for all three conditions. 

Note the half-time of recovery [t1/2] of cells expressing AcGFP-NuMA is ~13s, which is 
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remarkably slow in comparison with AcGFP-tagged NLS (nuclear localization signal) 

expressing cells [t1/2=~1.5s], and significantly faster in contrast to AcGFP-H2B 

expressing cells [t1/2=~29s] (I). Analogous [t1/2] value (~12.2s) was obtained in cells 

which are transiently transfected with AcGFP-NuMA (data not shown). Also, note that 

rapid GFP recovery in AcGFP-NuMA(1-2057) [t1/2=~3.6s] and AcGFP-NuMA(1-2115m) 

[t1/2=~4.2s] in comparison to that of AcGFP-NuMA expressing cells (I). Statistical 

significance is calculated by unpaired t-test. (n>10 for all the cases except AcGFP-H2B 

expressing cells where n=7; Error bars: SD for F-H and SEM for I) 

  

Figure 2 

  

Cdk1 activity is critical for releasing NuMA from chromatin upon mitotic entry 

  

(A) hTERT-RPE1 cell synchronization scheme for enriching cells in the late prophase 

following double thymidine release. Cells were fixed after 7.30 hr of double thymidine 

release for obtaining maximum number of cells in prophase. Cells were treated with 

DMSO (Control), Aurora A inhibitor MLN-8054 (250 nM for 1 hr), Plk1 inhibitor BI-2536 

(300 nM for 30 min) or Cdk1 inhibitor RO-3306 (20 µM for 10 min) before fixation.  

(B) Super-resolution images of prophase synchronized hTERT-RPE1 cells 

immunostained for NuMA (green) and RanGEF RCC1 (red). DNA is visualized in blue. 

In this and other Figures, a white line on the confocal images represent the area that is 

utilized to make a line scan plot shown on the right.  
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(C-F) hTERT-RPE1 cells synchronized in late prophase, as indicated in panel A, are 

treated either with DMSO control (C), MLN-8054 (D), BI-2536 (E) or RO-3306 (F). After 

fixation, these cells are stained for NuMA (red) and γ-tubulin (green). The percentage of 

cells showing chromosomal retention of NuMA in cells treated with the various inhibitor 

is indicated on the corresponding images. Note the retention of NuMA on chromatin in 

prometaphase cells that were treated with Cdk1 inhibitor RO-3306 compared to the 

control cells. Also, check Supplementary Figure S3 for control experiments. (n>20 cells 

in each condition and experiments were repeated four times). 

  

Figure 3 

  

NuMA interacts with the DNA with the evolutionarily conserved region present in its C-

terminus 

  

(A) Schematic representation of GFP-tagged NuMA constructs used for the experiments 

that are shown on the right; the regions mediating interaction with microtubules (MTs), 

and the nuclear localization signal (NLS) are represented.  

(B-F) Images from time-lapse recording of HeLa cells stably expressing mCherry-H2B 

and transiently transfected with GFP-NuMA(1411-2115) (B), GFP-NuMA(1700-2115) (C), GFP-

NuMA(1760-2115) (D), GFP-NuMA(1991-2115) (E) or GFP-NuMA(2058-2115) (F). The GFP signal 

is shown in green. Time is indicated in minutes with t=0 corresponding to the last frame 

of metaphase before the onset of chromosomes segregation. Note the enrichment of 
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GFP signal on the metaphase chromosome for cells expressing GFP-NuMA(1760-2115), 

GFP-NuMA(1991-2115), and GFP-NuMA(2058-2115). 

(G) Chromosomal intensity quantification scheme of a metaphase cell; black boxes 

indicate the area used for the quantification of the signal intensity. The ratio of the 

chromosomal to cytoplasmic GFP-signal intensity is plotted over time for GFP-

NuMA(1411-2115) and GFP-NuMA(2058-2115). p<0.0001 between GFP-NuMA(1411-2115) and 

GFP-NuMA(2058-2115) for all the time points studied. Statistical significance is calculated 

by unpaired-t-test. (n=10 cells for all cases; Error bars: SD). 

(H, I) Images from the time-lapse recording of HeLa cells in prophase before nuclear 

envelope breakdown (NEBD) that are stably expressing mCherry-H2B and transiently 

transfected with GFP-NuMA(1411-2115) (H), or GFP-NuMA(1411-2057) (I). Note that the GFP 

signal is homogeneously distributed in the nucleus in GFP-NuMA(1411-2057) expressing 

cells in comparison to the cells expressing GFP-NuMA(1411-2115) where the signal is 

localized to chromatin. Linescan plot is shown on the right. 

(J) Sequence alignments of NuMA DNA binding region (2058-2115) with NuMA 

orthologs. (Homo sapiens NM_006185.2, Mus musculus NP_598708.3, Gallus 

gallus NP_001177854.1, Xenopus laevis NP_001081559.1.) The basic amino acids 

(Arginine and Lysine residues) are highlighted in red. Note that majority of basic amino 

acids are conserved across these species. 

(K) Schematic representation of AcGFP-tagged full-length NuMA (AcGFP-NuMA) or 

NuMA that is either deleted [AcGFP-NuMA(1-2057)] or mutated [AcGFP-NuMA(1-2115m)] for 

the last 58 aa. The coiled-coil domain, the region mediating interaction with 

microtubules (MTs), and the nuclear localization signal (NLS) are shown.  
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(L, M) Gel mobility shift assay of pUC19 plasmid (400ng) that is incubated with the 

indicated concentration of E. coli generated recombinant proteins against bacterial 

histone-like protein HU, Hexa-histidine-NuMA N-ter (indicated as NuMA N-ter), and 

Hexa histidine-NuMA(2058-2115) [indicated as NuMA(2058-2115)] (L). Or with HU, NuMA N-ter, 

Hexa histidine-NuMA(1877-2115) [indicated as NuMA(1877-2115)], and Hexa histidine-

NuMA(1877-2057) [(indicated as NuMA(1877-2057)] (M). Yellow arrowheads indicate the 

retardation of pUC19 plasmid DNA upon the increasing concentration of NuMA(2058-2115) 

and NuMA(1877-2115), but not with NuMA(1877-2057) missing the last 58 aa.  

  

Figure 4 

  

NuMA-DNA is vital for DNA decompaction and proper nuclear architecture 

  

(A-C) Images from the time-lapse confocal microscopy of HeLa cells stably expressing 

mCherry-H2B and depleted of endogenous NuMA by RNAi using siRNAs sequences 

targeting 3'UTR of NuMA (see the depletion efficiency of siRNAs in Fig. 1B). These 

cells, as indicated, are transfected with AcGFP-NuMA (A), AcGFP-NuMA(1-2057) (B), or 

AcGFP-NuMA(1-2115m)(C). The GFP signal is shown in green, and the mCherry signal is 

in red. Time is in minutes (min). Time '0' min being the last frame of metaphase before 

the onset of chromosomes segregation (also see corresponding Supplementary Movies 

S4-S6). 

(D) Schematic representation for the measurement of the chromosomal width ([d] in µm) 

for the cells shown in A-C for 36 min and their quantification. Note significantly reduced 
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chromosomal width in cells expressing AcGFP-NuMA(1-2057) and AcGFP-NuMA(1-2115m) 

when compared to AcGFP-NuMA from 27 min onwards (p<0.001 for t=27s, 30s, 33s, 

36s; error bars: SD) 

(E, F) Images from the time-lapse confocal microscopy of HeLa Kyoto cells stably 

expressing mCherry-LaminB1 and depleted of endogenous NuMA by RNAi using 

siRNAs sequences targeting 3'UTR of NuMA. These cells, as indicated, are transfected 

with either AcGFP-NuMA (E) or AcGFP-NuMA(1-2057) (F). The GFP signal is shown in 

green, the mCherry signal in red. Time is indicated in hours (hr). Time' 0' is the time 

when AcGFP-NuMA(1-2115) or AcGFP-NuMA(1-2057) enters the nucleus at the nuclear 

envelope reformation, which is similar for both constructs (data not shown).  

(G) Schematic representation for the measurement of the nuclear width ([d] in µm) for 

the cells shown in E and F on the left, and their quantification. Quantification was 

performed by measuring the maximum width of maximum intensity projected confocal 

images during the early G1 phase of the cell cycle. Please note the significant reduced 

nuclear width in cells expressing AcGFP-NuMA(1-2057). 

(H-J) HeLa Kyoto cells in interphase are partly depleted of endogenous NuMA by RNAi 

using siRNAs sequences targeting 3'UTR of NuMA and transfected with AcGFP-NuMA 

(H) or AcGFP-NuMA(1-2057) (I, J). Cells were stained for GFP (green), and DNA is 

visualized in gray. Note the cells that express AcGFP-NuMA(1-2057) form puncta and 

fibrillar structure that are completely missing in from cells expressing wild-type form of 

NuMA (see also Supplementary Figure S5A-S5E). Also, see the impact of AcGFP-

NuMA(1-2057) expression on the nuclear shape. The percentage of cells showing puncta 

or fibrillar structure is indicated in the images.  
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(K) Quantification of circularity (see materials and methods) of nuclei in cells expressing 

AcGFP-NuMA, or AcGFP-NuMA(1-2057) (n=70 cells; error bars: SD). 

  

Figure 5 

  

NuMA lacking the DNA binding potential assembles into higher-order structures in the 

nucleus 

  

(A-C) Images from the long-term time-lapse recording of HeLa cells stably expressing 

mCherry-H2B and transfected with AcGFP-NuMA(1-2057). The expression of AcGFP-

NuMA(1-2057) leads to higher-order assemblies within the nucleus. These assemblies 

categorized into three groups: homogenous to puncta formation (A), homogenous to the 

solid fibrillar network (B), or puncta to the solid fibrillar network (C). Quantification on the 

right represents the [%] of cells that are grouped into these categories while conducting 

9 hr of live-imaging. (n=68 cells). Also, see corresponding Supplementary Movies S7-

S10. 

(D) Images from the time-lapse recording of HeLa Kyoto cells stably expressing 

mCherry-LaminB1 and transfected with AcGFP-NuMA(1-2057). The expression of AcGFP-

NuMA(1-2057) leads to solid fibrillar networks. Insets of the areas (i and ii) is shown on the 

right with the line-scan intensity of mCherry-LaminB1 and of AcGFP-NuMA(1-2057) signal 

at the dashed while line covering a portion of the nuclear envelope. Note the decrease 

in the mCherry-LaminB1 intensity at those regions where AcGFP-NuMA(1-2057)-based 

fibrillar network are mechanically rupturing the nuclear envelope. (n>10 cells). 
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(E) Model for the NuMA function during mitotic exit and in the interphase nuclei. In the 

control cells, wild-type NuMA interacts with chromatin during nuclear envelope 

reformation, and this allows chromatin to de-compact in telophase/early G1 phase of the 

cell cycle. However, in the absence of such an interaction, chromatin remains compact, 

and thus the width of the nucleus in the newly formed daughter cells remains 

significantly smaller. Also, such mutant NuMA exists in three different forms: 

homogenous, puncta, and solid fibrillar network. And, these higher-order assemblies, 

including puncta and solid fibrillar network mechanically deform the nuclear 

architecture.  
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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