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Abstract  
Chromatin is an essential component of nuclear mechanical response and shape that maintains 

nuclear compartmentalization and function. The biophysical properties of chromatin alter nuclear 

shape and stability, but little is known about whether or how major genomic functions can impact 

the integrity of the nucleus. We hypothesized that transcription might affect cell nuclear shape 

and rupture through its effects on chromatin structure and dynamics. To test this idea, we inhibited 

transcription with the RNA polymerase II inhibitor alpha-amanitin in wild type cells and perturbed 

cells that present increased nuclear blebbing. Transcription inhibition suppresses nuclear 

blebbing for several cell types, nuclear perturbations, and transcription inhibitors. Furthermore, 

transcription is necessary for robust nuclear bleb formation, bleb stabilization, and bleb-based 

nuclear ruptures. These morphological effects appear to occur through a novel biophysical 

pathway, since transcription does not alter either chromatin histone modification state or nuclear 

rigidity, which typically control nuclear blebbing. We find that active/phosphorylated RNA pol II 

Ser5, marking transcription initiation, is enriched in nuclear blebs relative to DNA. Thus, 

transcription initiation is a hallmark of nuclear blebs. Polymer simulations suggest that motor 

activity within chromatin, such as that of RNA pol II, can generate active forces that deform the 

nuclear periphery, and that nuclear deformations depend on motor dynamics. Our data provide 

evidence that the genomic function of transcription impacts nuclear shape stability, and suggests 

a novel mechanism, separate and distinct from chromatin rigidity, for regulating large-scale 

nuclear shape and function.  
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Introduction 
Aberrant alterations in transcription and disruptions to nuclear shape are two common cellular 

hallmarks of human disease. Both are used as prognostic indicators of disease severity in breast, 

cervical, and prostate cancers, among others (Papanicolaou and Traut, 1997; Helfand et al., 

2012; Radhakrishnan et al., 2017; Lu et al., 2018). Several studies have suggested that there are 

interactions between transcription and nuclear shape. In the testosterone-sensitive prostate 

cancer model cell line LNCaP, testosterone-induced transcription via the androgen receptor 

results in increased nuclear blebbing (Helfand et al., 2012). Transcription activation via TGFβ1 

has also been shown to induce abnormal nuclear shape (Chi et al., 2022). Additionally, active 

RNA polymerase II and transcriptionally active genes and chromosomes are enriched in nuclear 

blebs in cells with lamin B1 knocked down by shRNA and in progeria cells (Shimi et al., 2008; 

Bercht Pfleghaar et al., 2015). The biochemical and biophysical state of chromatin can control 

nuclear morphology (Furusawa et al., 2015; Schreiner et al., 2015; Stephens et al., 2018), but it 

is unclear if transcription is necessary to induce abnormal nuclear shape in perturbed nuclei. 

Furthermore, the mechanism of how transcription affects nuclear shape is unknown. Thus, 

understanding how transcription affects nuclear shape and integrity would provide new insights 

to these two vital functions that are perturbed in disease. 

Chromatin mechanics is essential to nuclear mechanical response, and it is a key determinant of 

nuclear shape and stability (Stephens et al., 2019b). Chromatin generates a spring-like elastic 

response to small, few-microns-sized mechanical strains, complementing the robust elastic 

response to large deformations provided by lamins (Stephens et al., 2017; Hobson et al., 2020; 

Currey et al., 2022). The rigidity of chromatin is governed by histone modifications (Chalut et al., 

2012; Krause et al., 2013; Shimamoto et al., 2017; Stephens et al., 2018, 2019a; Hobson et al., 

2020; Nava et al., 2020), H1 dynamics (Furusawa et al., 2015; Senigagliesi et al., 2019), 

chromatin-binding proteins (Schreiner et al., 2015; Wang et al., 2018; Williams et al., 2020; Strom 

et al., 2021), and 3D genome organization (Belaghzal et al., 2021). Independent of lamins, 

chromatin decompaction results in a softer nucleus, which can more easily succumb to external 

perturbations, such as cytoskeletal forces. Thus, the nucleus can lose its normal shape and form 

a protrusion called a nuclear bleb (Furusawa et al., 2015; Stephens et al., 2018). Both chromatin 

and lamin perturbations result in nuclear blebs, which have highly curved surfaces prone to 

rupture (De Vos et al., 2011; Vargas et al., 2012; Stephens et al., 2018; Xia et al., 2018; Nmezi 

et al., 2019; Pfeifer et al., 2022). The resulting loss of nuclear compartmentalization via blebbing 

and rupture causes genomic dysfunction through DNA damage (Denais et al., 2016; Irianto et al., 

2016; Raab et al., 2016; Chen et al., 2018; Xia et al., 2018; Stephens et al., 2019a; Shah et al., 

2021), global changes to transcription along with transcriptional inhibition within the bleb (De Vos 

et al., 2011; Helfand et al., 2012), and loss of cell cycle control (Pfeifer et al., 2018). Thus, the 

physical properties of chromatin, and potentially transcription, can impact nuclear function through 

nuclear morphology.  

Transcription affects both chromatin structure and dynamics, which suggests possible pathways 

to nuclear blebbing and rupture. Chromosome conformation capture (Hi-C and Micro-C) 

experiments have indicated that polymerases may aid in the establishment of A/B chromatin 

compartments typically associated with eu- and heterochromatin (Jiang et al., 2020; Zhang et al., 
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2021), generate characteristic spatial patterns around active genes (Banigan et al., 2022; Zhang 

et al., 2022), and contribute to enhancer-promoter contacts (Hsieh et al., 2020; Zhang et al., 

2022). Furthermore, active transcription is generally associated with open, decompact chromatin 

structure, as measured by ATAC-seq (Buenrostro et al., 2013). However, it has also been 

suggested that transcription could play a restrictive role on chromatin by locally constraining it via 

crosslinking (Nagashima et al., 2019) or phase separation (Hnisz et al., 2017). Nonetheless, 

transcription drives large-scale chromatin dynamics, which manifest as correlated motions of 

micron-sized regions (Zidovska et al., 2013; Shaban et al., 2018, 2020). Simulations suggest that 

chromatin connectivity combined with polymerase motor activity could generate these dynamics 

(Liu et al., 2021). The same mechanism could contribute to nuclear shape fluctuations of isolated 

nuclei (Liu et al., 2021), although experiments indicate that transcription inhibition in live cells 

marginally enhances shape fluctuations (Chu et al., 2017). Thus, transcriptional changes could 

potentially affect nuclear morphology and compartmentalization through changes to chromatin-

based nuclear mechanical response or large-scale chromatin dynamics.    

To address transcription’s role in determining nuclear shape, mechanics, and ruptures we 

inhibited transcription using the RNA pol II inhibitor alpha-amanitin in wild type cells and cells 

treated with the histone deacetylase inhibitor (HDACi) valproic acid (VPA). In this way, we 

assessed the nuclear morphological effects of transcription under both normal conditions and 

conditions that typically result in nuclear blebs. Treatment with alpha-amanitin did not change 

nuclear blebbing in both mouse embryonic fibroblasts (MEFs) and HT1080 wild type cells, but it 

suppressed nuclear blebbing in VPA-treated cells. Micromanipulation force measurements 

showed that transcription inhibition did not alter nuclear rigidity, suggesting an alternative, 

dynamic mechanism for nuclear blebbing. Time-lapse imaging of cells with GFP-tagged nuclear 

localization signal (NLS-GFP) to track nuclear blebbing and ruptures revealed that transcription 

is essential for nuclear bleb formation and stabilization, which ultimately affects the number of 

nuclear ruptures that occur per nucleus. We found that active initiating RNA pol II, but not 

elongating RNA pol II, was enriched in nuclear blebs. These findings can be recapitulated and 

understood through a polymer simulation model in which chromatin is a crosslinked polymer 

contained within a polymer shell (the lamina), and transcription is represented by motor activity 

within the chromatin. Thus, we find that transcription is a novel, dynamic mechanism of nuclear 

blebbing and ruptures, that acts without changing the bulk rigidity of chromatin.    
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Results 

Alpha-amanitin decreases transcriptional activity in wild type and VPA-

treated cells 
Transcription is a major nuclear function that affects the biophysical properties of chromatin and 

the nucleus, and thus could modulate nuclear shape and dynamics. To assess this possibility, we 

inhibited transcription using the RNA polymerase II inhibitor alpha-amanitin in wild type mouse 

embryonic fibroblast (MEF) cells that were untreated or treated with the histone deacetylase 

inhibitor (HDACi) valproic acid (VPA). VPA induces chromatin decompaction via increased 

euchromatin, which results in a weaker nucleus that blebs and ruptures (Stephens et al., 2018, 

2019a).  

To assay changes in transcription upon alpha-amanitin treatment, we measured whole nuclear 

RNA levels by uridine analog 5-ethynyluridine (EU) and click chemistry (Jao and Salic, 2008). 

VPA treatment resulted in increased RNA levels compared to untreated (unt) wild type cells 

(Figure 1, A and B). Treatment with RNA pol II inhibitor alpha-amanitin (aam) drastically reduced 

nuclear RNA levels in both wild type and VPA-treated cells. Thus, alpha-amanitin successfully 

represses transcription in both untreated and VPA-treated cells.  

Next, we aimed to establish how VPA and alpha-amanitin affect active RNA pol II levels. We 

measured the average immunofluorescence intensities in nuclei of active RNA pol II 

phosphorylated at Ser5 (initiating) and Ser2 (elongating). Without alpha-amanitin, we found no 

difference in levels of RNA pol II γSer5 and γSer2 in untreated cells and VPA-treated cells (Figure 

1, C and D). As expected, alpha-amanitin treatment resulted in a drastic 60% or greater decrease 

of active RNA pol II in cells without or with VPA treatment (Figure 1, C and D). The decreased 

levels of active RNA pol II were also similar between γSer5 and γSer2, suggesting both initiation 

and elongation are inhibited equally. Thus, alpha-amanitin decreases transcription via inhibition 

of active RNA pol II.  

Transcription is a major component of nuclear blebbing 
With a defined approach for decreasing transcription, we aimed to determine the effect that 

transcription has on nuclear blebbing. Untreated wild type nuclei normally exhibit a low 

background level of nuclear blebbing, with 4% of nuclei presenting blebs. With VPA treatment, 

the percentage of nuclei with nuclear blebs increased to 11% (Figure 2A), consistent with 

previous reports (Stephens et al., 2018, 2019a). Interestingly, dual treatment with the RNA pol II 

inhibitor alpha-amanitin (aam) and VPA for 16-24 hours resulted in a significant decrease in 

nuclear blebbing levels from 11% in VPA to 6% in VPA and alpha-amanitin, effectively returning 

nuclear blebbing to wild type levels (Figure 2A). Addition of alpha-amanitin alone does not alter 

wild type nuclear blebbing percentages, as they remain at 4%. Thus, transcription inhibition is a 

significant inhibitor of nuclear blebs in cells with chromatin decompaction induced by VPA. 

Next, we aimed to determine if the effect of transcription inhibition on nuclear blebbing is a general 

phenomenon. First, we considered an alternative cell type. HT1080 cells also display increased 

levels of nuclear blebbing upon chromatin decompaction by VPA treatment, from 3% to 15% 

(Figure 2B), as previously reported (Stephens et al., 2019a). Similar to MEFs, dual treatment of 
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HT1080 cells with alpha-amanitin and VPA resulted in wild type levels of nuclear blebbing, 

indicating that bleb formation resulting from VPA treatment was suppressed. Next, we used an 

alternative transcription inhibitor, actinomycin D (amD), to treat wild type or VPA-treated MEFs. 

This treatment also resulted in a significant decrease in nuclear blebbing induced by VPA (Figure 

2C). Finally, we used an alternative nuclear perturbation to induce blebbing. MEF LMNB1-/- cells, 

null for lamin B1, also result in a significant increase in nuclear blebbing relative to wild type cells 

(Lammerding et al., 2006; Vargas et al., 2012; Hatch and Hetzer, 2016; Stephens et al., 2019a; 

Young et al., 2020). MEF LMNB1-/- cells treated with alpha-amanitin exhibited decreased levels 

of nuclear blebbing, dropping significantly from 10% to 6% (Figure 2D). Thus, nuclear blebbing 

is dependent on active transcription across different cell types, transcription inhibition treatments, 

and perturbations that increase nuclear blebbing. 

Nuclear rigidity is not altered by transcription inhibition  
Nuclear blebbing is thought to be driven by disruptions to one or both of the two major nuclear 

mechanical components, chromatin and lamin A/C (Kalukula et al., 2022). We thus investigated 

whether transcription inhibition can alter nuclear mechanics. 

Since VPA treatment leads to softer nuclei due to increased histone acetylation, we sought to 

determine whether transcription inhibition suppresses bleb formation by suppressing histone 

acetylation. To this end, we assayed levels of euchromatin via H3K9ac immunofluorescence. With 

VPA treatment, euchromatin levels increased by ~50% from untreated wild type cells, as 

previously reported (Stephens et al., 2017, 2018). Surprisingly, treatment with alpha-amanitin and 

VPA together increased the levels of euchromatin even more than VPA treatment alone, but 

alpha-amanitin treatment alone did not have any effect on euchromatin levels (Figure 3, A and 

B). This data demonstrates that nuclear bleb suppression in transcriptionally inhibited VPA-

treated cells does not result from decreases in euchromatin levels.  

We also investigated whether transcription inhibition decreases nuclear blebbing through 

changes in chromatin-based cell nuclear rigidity, which could alter the mechanical force balance 

between the nucleus and cytoskeleton (Stephens et al., 2019b). Nuclear height measurements 

provide a proxy for this force balance between the nucleus and actin cytoskeleton compressing 

it. Using spinning disk confocal microscopy of Hoechst-stained nuclei, we measured nuclear 

height in untreated and VPA-treated cells without or with alpha-amanitin (Figure 3, C and D). 

VPA treatment results in a statistically significant decrease in the average height of the nucleus 

(Figure 3E). This is likely due to nuclear softening from VPA-induced chromatin decompaction 

(Stephens et al., 2018), allowing further nuclear compression by actin fibers on top of the nucleus 

(Khatau et al., 2009). Treatment with alpha-amanitin did not induce additional significant changes 

in nuclear height in either untreated or VPA-treated cells (Figure 3E) or actin contraction levels 

(Supplemental Figure 1). Thus, transcription inhibition appears to have little effect on the overall 

mechanical force balance between the nucleus and cytoskeleton. 

To directly measure whether nuclear rigidity is altered by RNA pol II inhibition, we used 

micropipette micromanipulation of individual nuclei to measure the nuclear force-extension 

relation (Stephens et al., 2017; Currey et al., 2022). Micromanipulation force measurements 

uniquely provide the ability to measure both short-extension chromatin-based nuclear stiffness 

and lamin-A-based strain stiffening at longer extensions (>3 µm). For ease of isolation, we used 
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MEF vimentin null (V-/-) nuclei which display similar nuclear rigidity as wild type MEFs (Stephens 

et al., 2017) and display similar nuclear blebbing behaviors (Supplemental Figure 2A). VPA-

treated nuclei exhibited a weaker short-extension chromatin-based spring constant than 

untreated cell nuclei (Figure 3, F and G), consistent with previous reports (Stephens et al., 2017, 

2018, 2019a). Interestingly, transcription inhibition did not alter wild type or VPA-treated 

chromatin-based nuclear stiffness (Figure 3G). This data agrees with the measurements of 

nuclear height inside live cells, which also did not change upon transcription inhibition (Figure 3 

E). Nuclear strain stiffening in the long-extension lamin-dominated regime also did not significantly 

change across all conditions (Supplemental Figure 2B). However, in all transcription inhibition 

experiments, we observe wrinkles in the nuclear lamina (Supplemental Figure 2C), which can 

arise due to altered tension and buckling in the lamina. Altogether, we find that transcription does 

not increase chromatin-based nuclear rigidity and does not change overall nuclear stiffness. 

Transcription inhibition changes the type and frequency of rupture, but not 

the number of nuclei that rupture 
Abnormal nuclear shape often correlates with the loss of nuclear compartmentalization. To 

determine whether decreased nuclear blebbing upon transcription inhibition also impacts nuclear 

rupture, we tracked nuclear ruptures in transcription-inhibited cells. Nuclear rupture can be 

observed by the spilling of concentrated nuclear localization signal labeled with green 

fluorescence protein (NLS-GFP) from the nucleus into the cytoplasm (Figure 4A). In live-cell 

imaging of NLS-GFP cells over three hours at two-minute intervals we observed that the 

percentage of nuclei that rupture does not change in a statistically significant manner upon 

transcription inhibition (Figure 4B). Thus, although transcription inhibition in VPA-treated cells 

decreased nuclear blebbing to wild type levels, it did not induce a corresponding suppression in 

the percentage of nuclei that undergo nuclear rupture.   

Nuclear blebs have been reported to be responsible for most nuclear ruptures (Denais et al., 

2016; Raab et al., 2016; Patteson et al., 2019; Stephens et al., 2019a) but ruptures can occur in 

non-blebbed nuclei (Robijns et al., 2016; Chen et al., 2018; Xia et al., 2018; Zhang et al., 2019). 

It is possible that nuclear rupture in transcription-inhibited cells occurs in non-blebbed nuclei. We 

therefore counted ruptures as bleb-based or non-bleb-based for untreated wild type (unt) and 

VPA-treated (VPA) cells without or with alpha-amanitin (aam) (Figure 4, A and C). In untreated 

wild type and VPA-treated cells with normal transcription, the majority of nuclear ruptures are 

bleb-based (> 80% of ruptures, dark green, p < 0.001, Figure 4C), in agreement with previous 

reports (Stephens et al., 2019a). Upon transcription inhibition with alpha-amanitin, the 

predominant type of rupture changes to non-bleb-based nuclear rupture (> 63% of ruptures, light 

green, p < 0.02, Figure 4C). A limitation of these measurements is that if a bleb formed, ruptured, 

and reabsorbed in less than two minutes, it would appear as a non-bleb-based rupture. However, 

based on the long typical lifetime of a nuclear bleb, this error is likely minimal. Thus, even though 

transcription inhibition suppresses nuclear blebbing, it results in a similar percentage of nuclei 

rupturing, the majority of which are not blebbed.  

Of the nuclei that ruptured, we hypothesized that transcription might control how frequently they 

rupture. For each nucleus that ruptured, we counted the number of times it ruptured over the 

three-hour timelapse. Wild type nuclei that ruptured did so an average of 1.5 ± 0.2 times, while 
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VPA-treated nuclei ruptured 2.4 ± 0.4 times per three hours. Dual treatment with VPA and alpha-

amanitin decreased nuclear rupture frequency to wild type levels (1.6 ± 0.2 per rupturing nucleus 

per three hours), which was also similar to treatment with alpha-amanitin alone (Figure 4D). 

Taken together, the data shows that transcription inhibition decreases the number of times an 

individual nucleus may rupture, possibly by inhibiting bleb formation.  

Nuclear bleb formation and stabilization are dependent on transcription 

Transcription inhibition could inhibit nuclear blebs by preventing either the formation or the 

stabilization of nuclear blebs. To assay these possibilities, we tracked cells during the timelapse 

for new bleb formation and whether that bleb stabilized or reabsorbed. Blebs were counted as 

stabilized if they remained after NLS-GFP reaccumulated in the nucleus, following bleb formation 

and rupture (Figure 5A, blue); alternatively, blebs were counted as reabsorbed if they 

disappeared following nuclear rupture (Figure 5A, orange). Wild type cells exhibited formation of 

nuclear blebs coupled to nuclear ruptures, of which the majority of the nuclei stabilized to remain 

blebbed, while a minority were quickly reabsorbed, with the nucleus returning to a normal shape 

(Figure 5). VPA-treated cells exhibited similar behavior, but with more nuclear bleb formation 

than in wild type cells (Figure 5B). Thus, in cells with normal transcription (unt and VPA), 

regardless of the level of blebbing, the majority of nuclear blebs that formed were stabilized after 

formation (Figure 5C, blue). However, transcription inhibition by alpha-amanitin drastically 

decreased nuclear bleb formation (Figure 5B). When a nuclear bleb did form, it was usually 

reabsorbed quickly, before NLS-GFP that spilled into the cytoplasm reaccumulated in the nucleus 

(Figure 5C, orange). Thus, both nuclear bleb formation and stabilization decreased drastically 

upon transcription inhibition, suggesting that transcription is a key contributor to nuclear blebs.  

Transcriptional contribution to nuclear bleb composition  
To assess how transcription aids formation and stabilization of nuclear blebs, we assayed for 

markers of transcription in the bleb. Previous reports indicate that active/phosphorylated RNA pol 

II is enriched in nuclear blebs (Shimi et al., 2008; Helfand et al., 2012; Bercht Pfleghaar et al., 

2015). Using immunofluorescence, we assayed the distribution of active RNA pol II γSer5 

(initiation) and γSer2 (elongation) relative to bulk chromatin, labeled by Hoechst (Figure 6, A and 

B). Specifically, we measured the average intensity of each transcription marker and chromatin 

in the nuclear bleb relative to the nuclear body to compute a ratio. Hoechst intensities reveal that 

on average there is less chromatin in the bleb relative to the body across all conditions (~66%, 

Figure 6, A and B), in agreement with previous reports (Bercht Pfleghaar et al., 2015; Stephens 

et al., 2018). Interestingly, RNA pol II γSer5 marking transcription initiation is significantly enriched 

in the bleb as compared to the nuclear body relative to Hoechst in all conditions (Figure 6, A and 

B). On the other hand, RNA pol II γSer2 marking transcription elongation has a decreased 

intensity in the bleb as compared to the nuclear body, similar to the corresponding ratio for 

Hoechst. Thus, transcription initiation is enriched in the bleb relative to chromatin and transcription 

elongation. 

To determine if transcription supports nuclear blebs, we assayed nuclear bleb size. The area of 

the nuclear body and bleb were measured in all conditions. The average size of the nuclear body 

did not change between untreated wild type and VPA-treated cells without or with alpha-amanitin 

(Figure 6C). However, from wild type (low nuclear blebbing) to VPA-treated cells (high nuclear 
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blebbing), there was a significant increase in the size of nuclear blebs, suggesting that chromatin 

decompaction by histone acetylation can grow and stabilize blebs (Figure 6D). Transcription 

inhibition by alpha-amanitin suppresses bleb size in VPA-treated cells, returning the average size 

to untreated wild type levels (Figure 6D). Analysis of nuclear bleb size as a percentage of the 

body size reveals the same trends, further supporting that changes in bleb size are not due to 

differences in nuclear body size (Figure 6E). Altogether, this data suggests that transcription is 

essential for nuclear bleb growth and maintenance of size upon chromatin decompaction via VPA.  

Transcriptional motor activity generates nuclear deformations in active 

polymer simulations  

To further understand the mechanism underlying transcription-mediated nuclear deformations, 

we developed a Brownian dynamics polymer simulation model of the nucleus. Building on 

previous mechanical and morphological models (Banigan et al., 2017; Stephens et al., 2017; Liu 

et al., 2021), our model is a deformable elastic, polymeric shell representing the nuclear lamina 

(Figure 7A, purple) that encapsulates a polymer chain representing the chromatin fiber (Figure 

7A, blue). The polymer chain is crosslinked by springs to model gel-like chromatin (Strickfaden et 

al., 2020; Strom et al., 2021) (Figure 7A, red). Polymer and shell subunits are also linked by 

springs (Figure 7A, green); these linkages lead to a stiffer nucleus in simulations (Strom et al., 

2021) and in vivo (Schreiner et al., 2015). We include RNA pol II motor activity to model 

transcription, which can drive motion of micron-sized chromatin domains in experiments 

(Zidovska et al., 2013; Shaban et al., 2018) , possibly through the forces that it exerts on chromatin 

(Liu et al., 2021). In our model, RNA pol II act as extensile motors, repelling nearby chromatin, 

without directly interacting with the lamina (Figure 7A, orange, inset). Further simulation details 

and parameters are given in Table 1 and the Methods section. 

Since alpha-amanitin inhibits RNA pol II motor activity, we performed simulations with different 

numbers of motors, NM. For most values of NM, simulated nuclei exhibited transient bulges, which 

often appeared similar to blebs and could be precursors to longer-lived blebs (Figure 7B, top 

row). To quantify this observation, we constructed height maps of the lamina (Figure 7B, see 

Methods) and identify bulges as protrusions with maximum height greater than 1 μm above the 
mean lamina height. Decreasing the number of motors, NM, leads to fewer bulges (Figure 7B) 

and greater homogeneity in lamina heights (Figure 7C).  This observation indicates that 

chromatin motions generated by motor activity induce nuclear bulges. Inversely, inhibiting 

transcriptional motors suppresses bulges. These results recapitulate the experimental findings 

that RNA pol II activity is needed to increase nuclear blebbing (Figure 2), and they suggest that 

alpha-amanitin might suppress bleb formation by reducing the prevalence of chromatin-driven 

bleb precursors.  
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Discussion 
Chromatin is a major mechanical component of the nucleus that aids in the maintenance of both 

nuclear shape and compartmentalization to protect genomic organization and function. Our 

experiments show that the genomic process of transcription is an essential component of 

chromatin-driven nuclear bleb formation and bleb stabilization (Figures 2 and 5). However, 

transcription and its inhibition do not govern nuclear morphology by changing bulk nuclear rigidity 

(Figure 3C-G). Rather, transcription appears to modulate bleb formation and dynamics through 

an alternative mechanism, which is evident in nuclei that are already less mechanically resilient 

due to chromatin decompaction. Transcription initiation in particular appears to be a key 

component of nuclear blebs, as it is enriched in blebs (Figure 6A-B). Nuclear ruptures, on the 

other hand, are largely governed by the mechanical properties of chromatin, as transcription 

inhibition alters rupture frequency in individual nuclei, but not necessarily its prevalence in the 

entire population (Figure 4). Simulations of the nucleus as a polymeric lamina with an active 

chromatin polymer interior suggest that blebs could arise due to the forces that transcription exerts 

on chromatin, which can manifest as larger chromatin motions and nuclear bulges (Figure 7). 

These findings demonstrate that transcription is a major contributor to nuclear shape, and they 

suggest that nuclear shape may be altered by chromatin dynamics, rather than by chromatin 

mechanics alone. 

Transcription is necessary for bleb formation in perturbed nuclei 
Our investigation shows that transcription is necessary for excess nuclear blebbing in cells with 

nuclear perturbations. While nuclear blebbing increases with VPA treatment or lamin B1 knockout 

(LMNB1-/-), this increase is negated by transcription (Figure 2). Apparently, the reduction in 

nuclear rigidity due to either histone hyperacetylation (VPA, Figure 3) or histone demethylation 

(associated with LMNB1-/- (Stephens et al., 2018)) alone is insufficient to increase blebbing 

dramatically above wild type levels. Instead, the effects of transcription on genome spatiotemporal 

structure and/or dynamics are required.  

Interestingly, however, transcription inhibition appears to have no effect on the basal level of 

nuclear blebbing present in both MEF and HT1080 cells (Figure 2). This data is consistent with 

the existence of multiple factors and processes that can drive nuclear shape disruptions, even in 

wild type cells. Many reports show that both actin confinement and contraction are also vital to 

nuclear bleb formation and stabilization (Le Berre et al., 2012; Hatch and Hetzer, 2016; Mistriotis 

et al., 2019). However, our data shows that neither actin confinement, as measured by nuclear 

height (Figure 3E), nor actin contraction, as measured by myosin activity (γMLC2 
immunofluorescence; Supplemental Figure 1), are altered by transcription inhibition. Therefore, 

it is likely that these mechanisms can act independently, even if they also act synergistically in 

some scenarios.  

Our findings strengthen previous reports that alterations in transcription could drive aberrant 

nuclear architecture in perturbed cell types. Two previous studies of cancer cell lines linked 

activation hormones that increase transcription to nuclear blebbing and shape abnormalities 

(Helfand et al., 2012; Chi et al., 2022). In prostate cancer cells (LNCaP), stimulation of 

transcription by testosterone-activated androgen receptor resulted in a threefold increase in 

nuclear blebbing, correlating with an increase in the Gleason grade of the cancer (Helfand et al., 
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2012). Similarly, in hepatocarcinoma cells (Huh7), TGFβ1 treatment resulted in the majority of 
nuclei becoming abnormally shaped (Chi et al., 2022). However, unlike in our investigation, 

nuclear shape changes arising after transcription induction in previous studies occurred in concert 

with altered expression of lamins and reorganization of chromatin and the lamina, which could 

affect nuclear mechanical response. Consistently, LNCaP prostate cancer cells have been 

reported to be softer than wild-type RWPE-1 (Khan et al., 2018), but required transcription 

upregulation to induce greater levels of nuclear blebbing.  Beyond these factors, TGFβ1 induction 
also stimulates actin contractility (Inoue-Mochita et al., 2015), which is linked to nuclear 

deformations (Mistriotis et al., 2019). In contrast, we observe that histone acetylation (H3K9ac), 

lamin A/C, and actin contractility (γMLC2) are largely unaltered by transcriptional changes (Figure 

3A-B and Supplemental Figures 1-2). Thus, our experiments and simulations suggest that even 

normal transcription can stimulate nuclear blebbing, and that there is an additional mechanism 

linking transcription to nuclear shape, beyond what has been reported previously. We propose 

that in parallel to previously observed pathways, transcription-induced changes to chromatin 

dynamics may lead to the observed nuclear shape disruptions. 

Modeling nuclear bleb formation of transcriptionally active nuclei 
Our simulations of the nucleus as a polymeric lamina shell enclosing a transcriptionally active, 

crosslinked chromatin polymer show how transcriptional regulation of genome dynamics could 

impact nuclear shape. As demonstrated by our experiments, chromatin and transcription are 

critical components regulating nuclear shape and rupture. Models accounting only for nuclear 

lamins (Wren et al., 2012; Funkhouser et al., 2013) are unable to explain nuclear shape 

disruptions linked to chromatin compaction and/or transcription. To that end, our model provides 

a chromatin-based mechanism for nuclear shape disruption (Figure 7), while also matching other 

mechanical and dynamical observations of chromatin (Banigan et al., 2017; Stephens et al., 2017; 

Liu et al., 2021; Strom et al., 2021). 

However, our model captures large nuclear deformations in the form of transient bulges rather 

than long-lived blebs, which leaves open the question of precisely how blebs form. While large 

bulges are similar to blebs, most bulges that we observe may be precursors to blebs, which could 

potentially form in a more complicated model with additional features. Notably, linkages, including 

lamin-lamin bonds, chromatin crosslinks, and chromatin-lamina links, are permanent in our model, 

and cannot break. In vivo, these linkages are dynamic and breakable under force (e.g., (Cheutin 

et al., 2003; Festenstein et al., 2003; Kind et al., 2013; Sapra et al., 2020; Vahabikashi et al., 

2022)), which could contribute to the material failure that leads to nuclear bleb formation. 

Furthermore, we simulate isolated nuclei, which are not subject to external forces or confinement 

from the cytoskeleton, which can induce blebbing (Le Berre et al., 2012; Hatch and Hetzer, 2016; 

Mistriotis et al., 2019). Inclusion of these features could reconcile our model with experiments and 

allow bulges to develop into blebs. 

Nuclear mechanics dictates nuclear rupture but not necessarily shape 
Surprisingly, we find that while nuclear stiffness largely controls nuclear rupture, it is not the sole 

determinant of nuclear shape. This contrasts with previous studies, which suggested that the 

nucleus maintains its shape by resisting cytoskeletal and/or other external antagonistic forces 

(Khatau et al., 2009; Le Berre et al., 2012; Hatch and Hetzer, 2016; Stephens et al., 2018; Earle 
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et al., 2020). Thus, loss of chromatin- and/or lamin-based rigidity could cause the nucleus to 

succumb to cytoskeletal forces and form a nuclear herniation or bleb. Since transcription is 

needed to form and stabilize nuclear blebs, at least some aspect of nuclear shape deformations 

appears to be non-mechanical. 

In contrast, force balance between the nucleus and the cytoskeleton appears to control nuclear 

rupture, even in scenarios where transcription is disrupted and blebs are not present (Figure 4A-

C). Regardless of the transcriptional state of the nucleus, nuclei with softer, decompacted 

chromatin (VPA-treated) were more likely to rupture, with or without blebs. Nonetheless, the force 

balance governing nuclear rupture is apparently affected, but not controlled by the presence of 

blebs, as nuclei with blebs ruptured more frequently (i.e., multiple times in several hours; Figure 

4D). Therefore, transcriptionally active nuclei that undergo rupture may suffer greater DNA 

damage (Stephens, 2020) or disruption of the cell cycle (Pfeifer et al., 2018). Furthermore, the 

higher frequency of ruptures agrees with reports that high nuclear curvature, such as that found 

on the surface of blebs, promotes rupture (Robijns et al., 2016; Stephens et al., 2018; Xia et al., 

2018; Nmezi et al., 2019; Pfeifer et al., 2022), perhaps resulting in higher surface tensions in the 

lamina (Deviri et al., 2017; Xia et al., 2018; Srivastava et al., 2021) Therefore, although high 

nuclear curvature can promote rupture, it is not necessary.  

However, high nuclear curvature is not necessary for rupture. This is demonstrated by our 

experiments showing that most nuclear ruptures in transcription-inhibited cells occur in non-

blebbed and relatively normally shaped nuclei (Figure 4C). The high curvature of blebs was also 

found to be dispensable in previous studies observing ruptures without blebbing or substantial 

nuclear shape fluctuations (Robijns et al., 2016; Chen et al., 2018; Penfield et al., 2018; Earle et 

al., 2020). This notion suggests that local tensile stress can induce nuclear ruptures without 

necessarily leading to abnormal nuclear shape or blebbing (Zhang et al., 2019). We therefore 

argue that in VPA-treated cells with transcription inhibited, chromatin is soft such that it does not 

support the lamina against rupture via cytoskeletal forces, but the loss of transcription prevents 

the formation and stabilization of blebs. 

The mechanism of transcriptional regulation of nuclear shape 
Since transcription promotes blebbing but does not alter whole-nucleus stiffness, we propose that 

an alternative mechanism connects these phenomena. Our experiments and modeling suggest 

that transcription might promote nuclear blebbing by increasing chromatin-driven pushing and 

pulling on the nuclear lamina.  

These effects could arise through the correlated motions of micron-sized chromatin domains 

and/or chromatin density fluctuations that emerge due to transcriptional activity (Zidovska et al., 

2013; Shaban et al., 2018; Liu et al., 2021). In this scenario, transcription could sporadically drive 

large regions of chromatin into the lamina, leading to bulges and possibly blebs.  Consistently, 

previous simulations of isolated nuclei showed that (transcriptional) motor activity in an active, 

crosslinked polymer can drive correlated polymer (chromatin) dynamics and enhanced (nuclear) 

shape fluctuations (Liu et al., 2021). 

Additionally, polymeric shells, such as the nuclear lamina, subject to tensile or compressive 

stresses can buckle, thereby undergoing a sudden, dramatic change in shape resembling a first-
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order phase transition (Paulose and Nelson, 2013; Yong et al., 2013; Banigan et al., 2017) Thus, 

there may generally be a kinetic barrier to bleb formation, which can be overcome in part by 

energy generated by transcriptional dynamics.   

Complementarily to these dynamic mechanisms, chromatin linkages to the lamina may play a role 

in governing bleb formation. A previous study of lamina-associated chromatin domains (LADs) 

showed that transcription of genes tends to detach them from the lamina, while transcription 

inhibition induces lamina attachment of inactivated genes (Brueckner et al., 2020). Based on 

previous simulations suggesting that chromatin-lamina linkages can help maintain nuclear shape 

(Banigan et al., 2017; Lionetti et al., 2020), it is possible that linkages induced by transcription 

inhibition suppress bleb formation. Nonetheless, regulation of linkages might be only a secondary 

mechanism, since we do not observe any change in nuclear rigidity upon transcription inhibition 

(Figure 3), as seen in previous simulations (Strom et al., 2021). 

It has also been proposed that transcription affects chromatin-chromatin connections (Nagashima 

et al., 2019), which in turn could alter nuclear rigidity, and potentially nuclear shape. Experiments 

imaging single-nucleosomes in vivo showed that transcription inhibition by alpha-amanitin or DRB 

enhanced spatial fluctuations of nucleosomes, suggesting that there were fewer constraints within 

transcriptionally inactive chromatin. Notably, inhibition by actinomyosin D had the opposite effect 

of suppressing nucleosome fluctuations. We find that transcription inhibition by alpha-amanitin 

does not reduce nuclear rigidity (Figure 3), as we would expect if chromatin crosslinking or 

bridging by RNA pol II has nucleus-scale effects (Stephens et al., 2017; Strom et al., 2021). 

Therefore, it is likely that transcriptional effects on crosslinking are not a major contributor to 

nuclear shape.  

Another clue about the mechanism is the composition of the nuclear bleb. The transcription 

initiation marker RNA pol II γSer5 is enriched relative to DNA, while the transcription elongation 

marker RNA pol II γSer2 is not (Figure 6). This is a novel finding that clarifies which active RNA 

pol II is prominently enriched (Shimi et al., 2008; Helfand et al., 2012; Bercht Pfleghaar et al., 

2015). This suggests that components associated with transcription initiation are important for 

bleb stabilization and growth, and possibly, formation. However, the contribution of transcription 

initiation is presently unclear.  

Nonetheless, our results emphasize the importance of chromatin and its constituents in regulating 

nuclear shape, even in situations where other nuclear mechanical components, such as lamins, 

are unaltered. More generally, regardless of the precise physical mechanism, our study raises 

the possibility that other chromatin-bound molecular motors, such as condensin, cohesin, 

topoisomerase, or DNA polymerase, might influence nuclear shape through their activities.   
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Methods    

Cell Culture 
MEF WT, V-/-, LMNB1-/- and HT1080 cells were grown in DMEM (Corning) complete with 1% 

Pen Strep (Fisher Scientific) and 10% fetal bovine serum (FBS; HyClone) at 37°C and 5% CO2.  

Cell culture glass bottom 4-well imaging dishes were prepared 48 hours before imaging. Cells 

were passaged every other day into fresh DMEM complete. 100µl of MEF-WT and MEF-NLS-

GFP cells were added into the corner of each well and 600µl of DMEM complete was added 

carefully in order to flow over the cells and fill the well. Drug treatment was done 22-24h prior to 

imaging. VPA was added to a final concentration of 2mM (20mM stock solution) and aam at 10µM 

(1mM stock solution). For actinomycin D (amD) treatment, amD was added at a concentration of 

10µg/ml with an incubation time of no more than 30 minutes prior to imaging.  

Imaging 
Images were acquired with Nikon Elements software on a Nikon Instruments Ti2-E microscope 

with Crest V3 Spinning Disk Confocal, Orca Fusion Gen III camera, Lumencor Aura III light 

engine, TMC CleanBench air table, with 40x air objective (N.A 0.75, W.D. 0.66, MRH00401) or 

Plan Apochromat Lambda 100x Oil Immersion Objective Lens (N.A. 1.45, W.D. 0.13mm, F.O.V. 

25mm, MRD71970). Live cell time lapse imaging was possible using Nikon Perfect Focus System 

and Okolab heat, humidity, and CO2 stage top incubator (H301). Images were captured via 

camera 16 bit for population images or 12 bit sensitive for time lapse live cell imaging with 40x air 

objective N.A 0.75 (Nikon MRH00401). For time lapse data, images were taken in 2-minute 

intervals during 3 hours with 9 fields of view for each condition. 

Bleb Count 
MEF cells were treated with Hoechst at a dilution of 1:20,000 to 1:40,000 for 15 minutes before 

population imaging or imaged via NLS-GFP to provide nuclear shape. Images were taken with 9 

fields of view for each condition, more than 100 nuclei were counted, and the percentage of cells 

showing blebbed nuclei calculated (> 100) for each biological replicate (≥ 3). Nuclei were scored 

as blebbed if a protrusion 1 µm in diameter or larger was present, as previously outlined in 

(Stephens et al., 2018).  

Nuclear Rupture Analysis 
MEF NLS-GFP cells were used. Image stacks were analyzed using the NIS Elements AR Analysis 

software. For each condition, the total number of nuclei was counted at the first and last frame of 

the time lapse and averaged. The number of blebbed nuclei was counted as any nuclei that 

displayed a nuclear bleb at any time during the time lapse. Nuclear ruptures were determined by 

a > 25% change in the NLS-GFP intensity cytoplasm/nucleus using 5 µm x 5 µm box in each and 

background subtracted. The total numbers of nuclei showing a nuclear rupture were counted 

differentiating between bleb-based ruptures and non-blebbed ruptures. Bleb-based ruptures were 

defined as nuclei showing a bleb prior to rupturing whereas non-blebbed ruptures did not show a 

bleb on the nucleus. The count of ruptures for each rupturing nucleus was noted for rupture 

frequency calculations which is the average number of ruptures per nuclei showing a nuclear 

rupture. Additionally, the number of blebs formed during the time lapse was counted differentiating 

between first: blebs forming, rupturing, and thereby stabilizing the bleb, and second: blebs forming 
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but disappearing without showing a nuclear rupture or blebs forming, rupturing but disappearing 

and not being stabilized by the rupture. This analysis justifies counting the percentage of blebbed 

cells only at one or two timepoints as the dynamics of the formation of new blebs is captured. For 

each condition, 3 fields of views were analyzed for each replicate. Graphs were made in order to 

show the percentage of ruptures as the total number of ruptured nuclei per total number of nuclei 

in each field of view.  

Nuclear Height Analysis 
The nuclei were imaged using a Spinning Disk Confocal with a Plan Apochromat Lambda 100x 

Oil Immersion Objective Lens (N.A. 1.45, W.D. 0.13mm, F.O.V. 25mm). 77 images with an axial 

distance of 0.2 µm were taken as z-slices with a total distance of 15µm to be covered. The center 

of one nucleus at a time was selected and a slices view was created. The fluorescence intensity 

profile for the z-slice was analyzed by using a full-width half-maximum (FWHM) calculation giving 

the width of the fluorescence intensity peak corresponding to the height of the nucleus. Two 

measurements of nuclear height were averaged for each nucleus. 10-20 nuclei were measured 

for each condition.  

Micromanipulation Force Measurements 
As first described (Stephens et al., 2017) and more recently updated (Currey et al., 2022), MEF 

vimentin null (V-/-) cells were grown in a micromanipulation well to provide low angle access via 

micropipettes. MEF V-/- nuclei were isolated from living cells via spray micropipette of mild 

detergent Triton X-100 0.05% in PBS. The pull micropipette was used to grab the nucleus. The 

isolated nucleus was then grabbed at the opposite end with a precalibrated force micropipette 

and suspended in preparation for force-extension measurements. The pull pipette was moved at 

50 nm/sec to provide 3 or 6 µm extension to the nucleus. The pull micropipette is tracked to 

provide nucleus extension (µm) while measurement of the deflection of the force micropipette 

multiplied by the bending modulus (1.2 - 2 nN/µm) provides the measure of force (nN). The slope 

of the force vs. extension plot provides the spring constant (nN/µm) for the short chromatin-

dominated regime (< 3 µm) and long extension lamin A dominated strain stiffening regime (> 3 

µm). The long regime spring constant minus the short regime spring constant provides the 

measure of lamin A-based strain stiffening.  

Immunofluorescence 
Cells were grown in 8-well dishes for 48 hours prior to fixation. Treatment with drugs was done 

24 hours prior to fixation which was done with a solution of 3.3% PFA in Trition X-100 for 15 

minutes. 3 washing steps were performed with phosphate buffered saline (PBS) and the last one 

with PBS-Tween 20 (PBS-T). Primary antibodies were diluted in 10% goat serum in PBS (GPBS) 

and incubated with the cells for 1h at 37°C before washing 3 times with PBS. Secondary 

antibodies were incubated in GPBS for 1h at room temperature. The primary antibody used were 

LaminA/C at 1:200 (CST 4C11, Mouse mAb #4777), H3K9ac at 1:500 (CST C5B11 Rabbit mAb 

#9649), Anti-RNA polymerase II CTD repeat YSPTSPS (phospho S5) antibody at 1:1000 (4H8 - 

ChIP Grade, ab5408 Mouse mAb), and Anti-RNA polymerase II CTD repeat YSPTSPS (phospho 

S2) antibody at 1:1000 (ab5095, Rabbit pAb). Secondary antibodies were used at a 1:1000 

dilution and include Alexa Fluor 488, 555, 647 Goat anti-Mouse or Goat anti-Rabbit IgG (H+L), 

F(ab')2 Fragment (CST 4408-4414). The nuclei were stained using a Hoechst solution of Hoechst 
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in PBS at a 1:40 000 dilution for at least 5 minutes. Cells were kept and imaged in PBS or mounted 

using Prolong Gold anti-fade mountant (Invitrogen, P36930) and let sit overnight out of light. 

Fluorescence intensities were analyzed by measuring single nuclei as ROI and subtracting 

background via a 30X30 pixel area with no cells. All single nuclei measures were averaged over 

multiple fields of view to provide a single average intensity measurement for each experiment, for 

which there were at least three replicates. For comparison, all intensities were normalized with 

the mean value for untreated nuclei.  

For bleb vs body measurements an ROI was hand drawn around each and intensities were 

background subtracted as detailed above.  

RNA labeling 
Labeling RNA was accomplished using Click-iT™ RNA Alexa Fluor™ 594 Imaging Kit (Invitrogen, 

C10330) previously described (Jao and Salic, 2008). Cells were plated in 8 well coverslips 

(Cellvis, C8-1.5H-N) grown and left untreated or treated with VPA and/or alpha amanitin. 1 mM 

final concentration of EU was added to cells for 1 hour incubation. Cells were fixed and 

permeabilized same as in immunofluorescence. After 2X PBS washes the 500 µL formulation of 

the Click-IT reaction cocktail was added and allowed to incubate for 30 minutes out of light. The 

reaction was terminated by removing and washing with the defined Click-IT reaction rinse buffer. 

The nuclei were stained using a Hoechst solution of Hoechst in PBS at a 1:40 000 dilution for at 

least 5 minutes. The cells were rinsed 2X more times in PBS. Cells were kept and imaged in PBS 

or mounted using Prolong Gold anti-fade mountant (Invitrogen, P36930) and let sit overnight out 

of light. 

Simulation model 
For the simulation of the nuclear lamina shell, we first generated 10,000 point particles (or 

“subunits”) in the Fibonacci sequence on a sphere of R = 10 µm. Since the nuclear lamina is not 

a regular lattice (Shimi et al., 2015; Mahamid et al., 2016; Turgay et al., 2017), we then 

randomized their positions on the shell with thermal noise. While randomizing subunit positions, 

we gradually and sequentially increased the size of subunits to σ0 such that no large forces were 

generated due to overlap. Subunits cannot overlap due to soft repulsive potential given by:  끫殒끫殾끫殾끫殾끫殾끫殾�끫殾끫殬끫殬� =
끫歼끫殾끫殾끫殾끫殾끫殾

2
�끫殾끫殬끫殬 − 끫欜0�2 

for rij≤σ0, where rij is the distance between particles i and j, and Ksoft is the spring constant. Once 

the lamin subunits reach size σ0, we randomize again with the current size to ensure that no 

remnant of the original lattice survives in the simulated structure. In vivo, the nuclear lamin 

network has an average coordination number of approximately 4 to 5 (Shimi et al., 2015; Sapra 

et al., 2020). To model this, we developed an algorithm to connect the lamin subunits such that 

the average coordination number of the lamin network is around 4.5. 

To model the chromatin chain, we first generated a random walk on a face-centered cubic 

lattice with no overlapping steps. We set a confining spherical boundary condition at radius R on 

the chain and subsequently decreased the chain size such that it was compacted into the 
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sphere. The Rouse chain subunits are joined by harmonic springs, which also disfavors overlap 

by a soft repulsive potential: 끫殒끫毀끫殾끫殾끫殬끫毀끫毀�끫殾끫殬끫殬� =
끫歼끫毀끫殾끫殾끫殬끫毀끫毀

2
�끫殾끫殬끫殬 − 끫欜0�2 

We then equilibrated the compacted chain inside the lamina shell. We modeled chromatin-

chromatin crosslinks and chromatin-lamina linkages by randomly choosing nearby subunits on 

the chromatin chain and nuclear lamina and connecting them by harmonic springs. Purely 

repulsive (“extensile”) motors are simulated as generating a monopolar (outward) repulsive force 

on chromatin subunits if they are within the interaction range, σm, of the motor. Chromatin motors 

do not exert any force on the nuclear lamin subunits. 

Simulation methods 

The time evolution of the system is governed by overdamped Langevin dynamics: 끫殾끫̇歈 = 끫欎끫歲끫殬끫殠 + 끫欎끫歲끫殬끫殴 + �2끫歮끫殎끫欒(끫毂) 

where ri is position of ith particle; 끫歲끫殬끫殠 is the conservative force on ith particle, calculated as ￼; and 

￼ is the non-conservative force due to the repulsive motors that repel chromatin subunits radially 

outward. Simulation parameters are given in Table 1. We integrate the equation of motion by the 

Euler-Murayama method. 

In our model, the chromatin chain has 5000 subunits and the nuclear lamina (shell) is has 10,000 

subunits. There are 400 chromatin-shell linkages and 2500 crosslinkers. Each chromatin or lamin 

subunit has a diameter of σ=0.43089 µm. The spring constant (both Kspring and Krepel) for the chain 

is 1.4*10-4 nN/µm and the spring constant for the shell is 2.8*10-4 nN/µm. We evolved the 

simulation for 107 timesteps, which we take to be 500 s. We ran 10 realizations for each motor 

number, Nm, shown in Figure 7C, identified and counted bulges for each realization (see below), 

and averaged over realizations to compute the mean bulge number. Motors stochastically switch 

off of one subunit and onto another, random selected chromatin subunit, with a mean turnover 

time of 10 s, as in previous simulations (Liu et al., 2021). 

Identification of bulges in simulations 

To identify bulges and valleys, we first calculate the average shell radius and compute the height 

of each shell subunit above or below this radius. Subunits with height greater than 1 µm are 

considered to be part of a bulge. 

To identify and count bulges, we project the shell, using spherical polar coordinates, onto a 2D 

map of the polar and azimuthal angles of each subunit (θ and ϕ, respectively).  Bulges are first 

identified by local maxima in subunit heights. To determine the area that a bulge occupies (and 

thus identify unique bulges), first centered the map on the local maximum, and then considered 

heights of subunits within a circle around that point. Subunits with height greater than 1 µm were 

counted as part of the bulge. If there were subunits within the circle that were part of the bulge, 

we expanded the circle radius to look for additional subunits in the bulge. After expanding the 

circle, if no additional nearby subunits had height greater than 1 µm, we defined the bulge as 

containing only the subunits that had already been counted. Bulges were defined such that each 
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bulge contains a unique set of subunits (i.e., overlapping bulges were merged to be considered a 

single bulge).  
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Table 1. Table of simulation parameters. Parameter values used in simulations 

unless otherwise specified. 

Parameter Symbol Value 

Nuclear radius R 10 µm 

Number of chromatin beads N 5000 
Number of lamin beads Ns 10000 
Chromatin packing fraction  ϕ 0.4 
Number of chromatin crosslinks NC 2500 
Number of chromatin-shell links NL 400 

Number of motors NM 50-800 
Motor turnover time 끫欞  10 s 
Motor interaction range σm 0.65 µm 

Chromatin spring constant Kchain 1.4*10-4 nN/µm 

Lamin spring constant Kshell 2.8*10-4 nN/µm 

Repulsion spring constant Krepel 1.4*10-4 nN/µm 

Diffusion constant D 0.37 µm2/s 

Bead radius σ0 0.43 µm 

Simulation time step dt 5*10-5 s 

 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 15, 2022. ; https://doi.org/10.1101/2022.11.14.516344doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.14.516344
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 

Figures 

 

Figure 1. Transcription is decreased upon treatment with RNA pol II 

inhibitor alpha-amanitin in both untreated and VPA. (A) Graph and (B) example 

images of RNA immunofluorescence levels in MEFs, labeled via EU click-it-chemistry (red) and 

DNA labeled via Hoechst (cyan) for untreated (unt), VPA-treated (VPA), VPA- and alpha-

amanitin-treated (VPA+aam), and alpha-amanitin-treated (aam) cells. (C) Graph and (D) example 

images of immunofluorescence levels of RNA Polymerase II phosphorylated at Ser5 (purple, 

initiating) and Ser2 (gray, elongating) with DNA labeled via Hoechst (cyan). Yellow arrow denotes 

nuclear bleb in example images.  Three biological replicates with n > 30 cells. Error bars represent 

standard error and statistical test are Student’s t-tests, with significance denoted by * p < 0.05, ** 

p < 0.01, and *** p < 0.001. Scale bar is 10 µm.  
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Figure 2. Transcription inhibition suppresses nuclear blebbing across 

cell types, drugs, and perturbations that cause nuclear blebbing. Example 

images and graph of percentages of nuclei that bleb in (A) MEF cells and (B) HT1080 cells for 

untreated (unt), VPA-treated (VPA), VPA- and alpha-amanitin-treated (VPA+aam), and alpha-

amanitin-treated (aam) cells. Three biological replicates with n = 60-200 cells each are shown as 

dots. Yellow arrow denotes nuclear bleb in example images. (C) Graph of nuclear blebbing 

percentages in MEF cells for untreated or VPA-treated cells with or without pol II inhibitor 

actinomycin D (amD). Two biological replicates with n > 450 cells each are shown as dots. (D) 

Graph of nuclear blebbing percentages in MEF LMNB1-/- cells without or with the RNA pol II 

inhibitor alpha-amanitin (aam). Three biological replicates with n > 550 cells each are shown as 

dots. Error bars represent standard error and statistical tests are Student’s t-tests, with 

significance denoted by * p < 0.05, ** p < 0.01, and *** p < 0.001. Scale bar is 10 µm. 
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Figure 3. The mechanical properties of the nucleus are not altered by 

transcription inhibition. (A) Example images and (B) graphs of relative 

immunofluorescence signal of euchromatin (H3K9ac) in untreated (unt), VPA-treated (VPA), 

VPA- and alpha-amanitin-treated (VPA+aam), and alpha-amanitin-treated cells (aam). Three 

biological replicates represented as dots consisted of 100 - 300 cells each. (C) Example images 

of side and top-down views of Hoeschst-labeled nuclei captured using spinning disk confocal 

microscopy. Yellow dotted line denotes cross section. (D) Example line scans through nucleus of 

VPA-treated cell’s side-on image from panel C, where full-width at half maximum (FWHM) from 

two different line scans were averaged to determine the height of each nucleus. (E) Individual 

(dots) and average (bar) measurements of nuclear height for each condition (n = 15 nuclei for 

each condition). (F) Left: Example images of a micromanipulation force-extension measurement, 

with an isolated nucleus pulled by the “pull” pipette (bottom right) to extend the nucleus and held 

by a the “force” pipette (top left), whose deflection multiplied by a precalibrated spring constant 

measures force. Right: Example force-extension graph of control (unt) and chromatin-

decompacted (VPA) cells over short and long regimes. (G) Graph of the individual (dots) and 

average (bar) short-extension nuclear spring constants (unt, n = 21; VPA, n = 15; VPA+aam, n = 

12; aam, n = 12). Long-extension spring constants do not change for all conditions (p > 0.05, 

Supplemental Figure 2B). Error bars represent standard error and statistical tests are Student’s 

t-tests, with significance denoted by not significant (ns) p > 0.05, * p < 0.05, ** p < 0.01, and *** p 

< 0.001. Scale bar is 10 µm. 
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Figure 4. Transcription inhibition does not alter the percentage of 

nuclei that rupture but does alter the type and frequency of ruptures 

per nucleus. (A) Example images of bleb-based and non-bleb-based nuclear ruptures. (B) 

Graph of the percentages of nuclei that rupture in a 3-hour time-lapse with 2-minute intervals of 

NLS-GFP in untreated (unt), VPA-treated (VPA), VPA- and alpha-amanitin-treated (VPA+aam), 

and alpha-amanitin-treated cells (aam). (C) Graph of the percentages of nuclei that present bleb-

based (dark green) or non-bleb-based (light green) nuclear ruptures. (D) Graph of average 

nuclear rupture frequency which is the number of rupture events per nucleus that displays at least 

one nuclear rupture. The averages were calculated from six biological replicates, graphed as dots, 

and each consists of n = 100-300 cells. Error bars represent standard error and statistical tests 

are Student’s t-tests, with significance denoted by not significant (ns) p > 0.05, * p < 0.05, ** p < 

0.01, and *** p < 0.001. Scale bar is 10 µm. 
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Figure 5. Bleb formation and stabilization are dependent on 

transcription. (A) Example images of new bleb formation stabilization (top, blue) or 

reabsorption (bottom, orange) tracked via NLS-GFP live cell imaging. (B) Graph of the 

percentages of nuclei that display new nuclear bleb formation in a 3-hour time-lapse for untreated 

(unt), VPA-treated (VPA), VPA- and alpha-amanitin-treated (VPA+aam), and alpha-amanitin-

treated cells (aam). (C) Graph splitting the percentages of nuclei that display new nuclear bleb 

formation alongside of a nuclear rupture that results in either bleb stabilization (blue) or 

reabsorption (orange) post rupture. The averages were calculated from six biological replicates, 

graphed as dots, and each consists of n = 100-300 cells. Error bars represent standard error and 

statistical tests are Student’s t-tests, with significance denoted by not significant (ns) p > 0.05, * p 

< 0.05, ** p < 0.01, and *** p < 0.001. Scale bar is 10 µm.  
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Figure 6. Transcription initiation is enriched in blebs relative to DNA 

and overall supports bleb size. (A) Example images of Hoechst (DNA, cyan), pol II 

phosphorylated at Ser5 (initiating, γSer5, magenta) and pol II phosphorylated at Ser2 (elongating, 

γSer2, gray) in untreated (unt), VPA-treated (VPA), VPA- and alpha-amanitin-treated (VPA+aam), 

and alpha-amanitin-treated (aam) cells. (B) Graph of the single nucleus bleb/body ratio of 

immunofluorescence signal. DNA (Hoechst) is decreased in the bleb, but pol II γSer5 in the bleb 

is enriched relative to DNA and has a similar signal as the main nuclear body. Graphs of average 

(C) nuclear body size, (D) nuclear bleb size, and (E) average size of bleb as a percentage of the 

nuclear body. (unt, n = 20; VPA, n = 26; VPA+aam, n = 21; aam, n = 21).  Error bars represent 

standard error and statistical tests are Student’s t-tests, with significance denoted by * p < 0.05, 

** p < 0.01, and *** p < 0.001. Scale bar is 10 µm. 
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Figure 7. Inhibition of motors decreases nuclear bulge formation. (A) 

Schematic two-dimensional cross-section of the simulation model. Inset: Illustration of a repulsive 

motor (orange) repelling chromatin subunits within the interaction range. (B) Top: Simulation 

snapshots of simulated nuclei with bulges and valleys for simulations with different numbers, NM, 

of motors. Bottom: Lamina height maps corresponding to the simulation snapshots, showing 

bulges (green) and valleys (blue). Maps show deviation of the lamina from the mean shell radius 

at coordinates given by the polar angle θ and azimuthal angle ϕ. (C) Mean number of bulges 

increases with increasing numbers of motors. 
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Supplemental Figure 1. Transcription inhibition does not alter active 

actomyosin contraction. (A) Example immunofluorescence images of DNA via Hoechst 

(green) and active myosin via phosphorylated myosin light chain 2 (γMLC2, gray) for untreated 
(unt), alpha-amanitin (aam), and actin contraction inhibition via ROCK inhibitor Y27632. (B) 

Relative γMLC2 immunofluorescence for each condition. Four to eight biological replicates for 

untreated (unt) and alpha-amanitin (aam) populations and four biological replicates for Y27632, 

consisting of 30 cells each, are shown as dots. Error bars represent standard error and statistical 

tests are Student’s t-tests, with significance denoted by * p < 0.05, ** p < 0.01, and *** p < 0.001. 

Scale bar is 10 µm. 
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Supplemental Figure 2. Transcription inhibition does not alter the 

lamin-dominated regime. (A) Graph of nuclear blebbing percentages for untreated wild-

type (unt) and VPA-treated cells without or treated with alpha-amanitin (aam). Three biological 

replicates represented as dots consisted of > 200 cells each. (C) Graph of the lamin-A-based 

strain-stiffening nuclear spring constant (long regime minus short regime spring constant). unt, n 

= 12; VPA, n = 12; VPA+aam, n = 11; aam, n = 8. Error bars represent standard error and 

statistical tests are Student’s t-tests, with significance denoted by * p < 0.05, ** p < 0.01, and *** 

p < 0.001. (C) Example images of lamin A/C immunofluorescence showing lamin wrinkles upon 

alpha-amanitin treatment, denoted by white arrow. Scale bar is 10 µm.  
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Supplemental Table 1. Raw Data. This is an excel document with compiled data 

used for making each figure.   
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