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!ōǎǘǊŀŎǘ  

The human genome is characterized by an extent of functions that act further than 2 

its genetic role. Indeed, the genome can also affect cellular processes by nongenetic 

means through its physical and structural properties, specifically by exerting 4 

mechanical forces that shape nuclear morphology and architecture. 

The balancing between two chromatin compartments with antagonist functions, 6 

namely Transcriptional and Polycomb condensates, is required for preserving 

nuclear mechanical properties and its perturbation is causative of the pathogenic 8 

condition Kabuki syndrome (KS) (Fasciani et al., 2020).   

KS is a rare monogenic disease caused by the haploinsufficiency in the KMT2D gene 10 

encoding for MLL4, a H3K4-specific methyltransferase important for the regulation 

of gene expression. By interrogating the effect of KMT2D haploinsufficiency in 12 

Mesenchymal Stem Cells (MSCs) we discovered that MLL4 loss of function (LoF) 

impaired Polycomb-dependent chromatin compartmentalization, altering the 14 

nuclear architecture and the cell mechanoresponsiveness during differentiation 

(Fasciani et al., 2020). These results suggest that altered nuclear mechanics rely on 16 

chromatin architecture and could potentially lead to changes in cell responses to 

external mechanical stimuli.  18 

In the present work, we investigated the role of Transcriptional and Polycomb 

condensates in tuning nuclear responses to different external mechano-physical 20 

conditions. To affect nuclear mechanics, we employed the use of several mechanical 

devices (e. g. substrate stiffness, microchannels with constrictions, and cell 22 

confinement). We found that Polycomb and Transcriptional condensates are 

modulated by changes in substrate rigidity in healthy conditions and that MLL4 LoF 24 

impairs the MSCs nuclear condensates-driven mechanical response. Furthermore, 

we observed that MLL4 LoF impacts nuclear adaptation to confined spaces by 26 

incrementing susceptibility to nuclear envelope rupture. We also showed that the 

increased nuclear fragility in MLL4 LoF is accompanied by an alteration of cell 28 

migratory capacity and survival rate.   

Altogether these findings suggest that MLL4 LoF impairs cell responses to external 30 

mechanical stimuli, shedding light on the pathological connection between the 
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altered cell mechanoresponsiveness during differentiation and KS phenotype in 32 

terms of skeletal and cartilage anomalies. 
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1. LƴǘǊƻŘǳŎǘƛƻƴ 

 

1.1  Kabuki Syndrome (KS) 

 34 

Kabuki syndrome (OMIM #147920) is a congenital syndrome firstly described in 

Japan in 1981 (Niikawa et al., 1981). The name of the syndrome was provided by 36 

Niikawa et al. because the affected individuals showed peculiar facial dysmorphisms, 

ǊŜƳƛƴƛǎŎŜƴǘ ƻŦ ŀŎǘƻǊǎΩ stage make-up in the traditional Japanese Kabuki theater. 38 

Besides these distinctive facial features, affected individuals present a broad 

spectrum of abnormalities. 40 

It is a rare genetic disease, with autosomal dominant inheritance and a prevalence 

of 1 per 32,000 individuals (Niikawa et al., 1988).  42 

 

1.1.1 Clinical features 

 44 

Being a complex disorder, KS is characterized by multiple abnormalities 

and a wide variety of additional symptoms affecting different organs. The 46 

disease progress with age, involving different tissues and systemic 

function, making it challenging for pediatricians to make a clinical 48 

diagnosis.  Nonetheless, KS can be diagnosed on the basis of the existence 

of the following features (Cheon and Ko, 2015):  50 
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¶ craniofacial anomalies (arched eyebrows with lateral sparseness, eversion 

of the lower lateral eyelid, depressed nasal tip, and cupped ears) (Figure 52 

1);  

¶ skeletal anomalies (deformed spinal column with vertebrae 54 

malformations, cranial abnormalities); 

¶ postnatal growth retardation (partially linked to feeding problems in 56 

infancy); 

¶ infantile muscle hypotonia; 58 

¶ persistent fetal finger pads; 

¶ varying degrees of intellectual disability.  60 

Cardiac malformations are also common in individuals affected by KS: 

congenital heart defects are reported with a frequency of approximately 62 

40% and 50%, with most frequent malformations being atrial septal 

defects, and ventricular septal defects and aortic coarctation (Boniel et al., 64 

2021).  

Individuals affected by KS also show a high prevalence of 66 

immunopathological manifestations which may worsen the general 

symptomatology: 44.1% and 58.2% of KS individuals exhibit infection 68 

susceptibility and hypogammaglobulinemia, respectively; 13.6% have an 

autoimmune disease, with the most frequent manifestation being immune 70 

thrombocytopenic purpura (7.3%) and autoimmune hemolytic anemia 

(4.0%) (Margot et al., 2020). 72 

Even though the genetic cause of the disease is known, up to the present 

time there is no cure for KS and treatments aim to relieve individual 74 

symptoms, reduce the risk of complications and improve the quality of life 

of the affected individuals. 76 

 

 1.1.2 Genetic etiology 
 

Figure 1. Example of craniofacial anomalies in KS affected individuals. Highlighted in 
the image: arched eyebrows with lateral sparseness, eversion of the lower lateral 
eyelid, depressed nasal tip, and cupped ears (modified from Boniel et al., 2021). 
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In 2010 whole-exome sequencing led to the identification of heterozygous 78 

loss of function mutations in the KMT2D gene encoding for MLL4 as 

causative of KS (Ng et al., 2010).  80 

They performed the exome sequencing of 10 unrelated individuals and 

identified heterozygous nonsense or frameshift mutations in the KMT2D 82 

gene in 7 individuals. Follow-up Sanger sequencing detected KMT2D 

mutations in 2 of the 3 remaining individuals and 26 of 43 additional cases. 84 

In all, they identified 33 distinct KMT2D mutations in 66% of affected 

individuals. In the cases for which DNA from both parents was available, 86 

the KMT2D mutation was found to have occurred de novo in the majority 

of cases, whereas parent to child transmitted mutations were found in a 88 

lower percentage. 

Two years later, another group (Lederer et al., 2012) identified 90 

heterozygous mutations in KDM6A, the gene encoding the Lysine-specific 

demethylase 6A (Ubiquitously transcribed tetratricopeptide repeat, X 92 

chromosome -UTX), as causative of KS in KMT2D-mutation-negative 

individuals, describing three KS girls with de novo partial or complete 94 

deletions in KDM6A gene. 

Altogether the mutation detection rate in KS affected individuals is about 96 

75% for KMT2D mutation and 5% for KDM6A (Boniel et al., 2021).  

About 35-37% of the mutations identified so far are stop and frameshift 98 

mutations that generate a truncated form of the protein, leading to 

haploinsufficiency Missense mutations and splice-site mutations were 100 
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found in a minority of cases, with a frequency of 16 and 9%, respectively. 

Only 3% of the mutations are in-frame deletions or duplications. Overall 102 

these mutations do not show any significant mutational hot spot in a 

specific exon, although the ones occurring in KMT2D appear to be 104 

particularly enriched toward the C-terminus (Bögershausen and Wollnik, 

2013) (Figure 2). 106 

 

1.2  MLL4: role and function 

 108 

 1.2.1 MLL4-COMPASS complex 

 

The KMT2D gene encodes for MLL4 protein, a histone methyl-transferase 

that deposits a monomethyl group on H3 lysine 4, a hallmark of an active 110 

transcription state. MLL4 is part of a macromolecular complex, named the 

COMPASS complex (Complex Proteins Associated with Set1), within which 112 

it interacts with its complex-specific subunit UTX, a histone H3 lysine 27 

(H3K27) demethylase, encoded by KDM6A (Sze and Shilatifard, 2016). Like 114 

all the histone methyltransferases, MLL4 possesses a highly conserved SET 

domain, which is responsible for the methyl-transferase activity, and the 116 

post-SET domain, both at the C-terminus. MLL4 protein has several plant 

homeodomain (PHD) fingers, a high-mobility group (HMG), and two FY-118 

rich (FYR) motifs (Figure 2). Beyond UTX, other subunits, such as PTIP (PAX 

transcription activation domain interacting protein), PA1 (PAXIP1-120 

associated glutamate-rich protein 1), and NCOA6 (Nuclear Receptor 

Coactivator 6) were found to be associated with MLL4. Other proteins 122 

present within the complex are shared among all the MLL family members 

including WDR5 (WD repeat-containing protein 5), RbBP5 124 

(Retinoblastoma-binding protein 5), ASH2L (Set1/Ash2 histone methyl-

transferase complex subunit ASH2), and DPY30 (Protein dpy-30 homolog) 126 

Figure 2. Distribution of KMT2D mutations. The figure shows KMT2D protein 
domains and all coding exons with the corresponding localization of KMT2D 
mutations (Bögershausen and Wollnik, 2013). 
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(Sze and Shilatifard, 2016). Considering that MLL proteins antagonize 

Polycomb group proteins (PcGs) in the regulation of gene expression and 128 

that they bear homology to the Drosophila protein TrxG (trithorax), these 

enzymes are also referred to as the trithorax group proteins. 130 

 

1.2.2 Molecular pathogenesis 

 

During development and in adult organisms, TrxG plays an important role 132 

in the epigenetic regulation of transcription, where they act as the 

antithetical factors to repressive PcG (Bögershausen and Wollnik, 2013). 134 

Of note, the fine-tuning of gene expression in space and time is required 

for a proper cell lineage commitment during differentiation and tissue 136 

homeostasis (Chou et al., 2016). 

Precise spatiotemporal patterns of gene expression are controlled, among 138 

other factors, by cis-regulatory elements known as enhancers, which are 

capable to boost the transcription of related promoters over long genomic 140 

distances (up to few megabases) (Fagnocchi, Poli and Zippo, 2018). These 

noncoding DNA sequences contain arrays of short modules that serve as 142 

binding sites for sequence-specific transcription factors, which recruit a 

combination of components that in concert dictate the function of the 144 

enhancer (Maniatis et al., 1987; Calo and Wysocka, 2013). Chromatin 

signatures for enhancers include Histone post-translational modifications 146 

(PTMs) and chromatin features, such as increased chromatin accessibility. 

For instance, one of the PTMs that prime active enhancers is H3K4me1, 148 

introduced by the MLL4 complex. H3K27ac is deposited upon enhancer 

activation, and since it is highly enriched on active enhancers it is 150 

commonly used for their genome-wide identification (Fagnocchi, Poli and 

Zippo, 2018). Poised or repressed enhancers bear instead H3K27me3, the 152 

repressive histone modification introduced by PcG (Kim and Shiekhattar, 

2015). 154 
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Several players orchestrate the deposition of the histone marks which 

specify the function of enhancers. Interestingly, within the MLL4 complex, 156 

it has been suggested that UTX may act as an enhancer-specific H3K27 

demethylase to facilitate the transition from inactive to active enhancers 158 

(Herz et al., 2012).  

The MLL4 complex acts as a major enhancer regulator in mammalian cells, 160 

affecting several biological processes, including development and 

differentiation. 162 

Considering the role of MLL4 in orchestrating the interplay of different 

epigenetic marks during development, it is not surprising that the 164 

dysregulation of this complex leads to a developmental disorder such as 

KS, even though the underlying pathogenesis of the disease remains 166 

unclear. 

For instance, MLL4 is essential for regulating cardiac gene expression 168 

during heart development (Ang et al., 2016). This notion sheds light on the 

pathological connection between cardiac defects and KMT2D mutations in 170 

KS. Another study in 2015 demonstrated the critical roles of MLL4 in 

craniofacial, heart, and brain development by knocking down the zebrafish 172 

orthologues of KMT2D and KDM6A. Knock-down animals showed defects 

in tissues affected in the majority of individuals affected by KS (Van 174 

Laarhoven et al., 2015). More recent work reported that MLL4 regulates 

the development of growth hormone-releasing hormone (GHRH)-176 

producing neurons in the mouse hypothalamus, suggesting that the 

dysregulation of MLL4 transcriptional control plays a role in the 178 

development of GHRH-neurons and dwarfism phenotype in mice, a 

feature also present in KS individuals (Huisman et al., 2021).  180 

Furthermore, KMT2D is one of the most inactivated epigenetic modifiers 

in cancer, with a tumor-suppressive role. It has recently been published 182 

that lung-specific KMT2D deficiency promotes tumorigenesis in mice and 

upregulates pro-tumorigenic programs, such as glycolysis (Alam et al., 184 

2020). Although cancer has been reported in some individuals with KS, 
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there is so far no clear association between KS and an increased risk for 186 

cancer (Bögershausen and Wollnik, 2013).  

 188 

1.3 Mesenchymal Stem Cells (MSCs): a Kabuki Syndrome disease 
model 

 

In order to dissect the molecular mechanisms behind KS pathogenesis, an in vitro 190 

model of the disease has been developed in the laboratory where I worked during 

my PhD. Considering that the tissues that are mostly affected by KS symptoms are 192 

bones, cartilages, and tendons and that they all share as common precursor 

mesenchymal stem cells (MSCs), the rationale for developing the in vitro model was 194 

to use these cells.  

To study the effect of MLL4 loss of function (LoF) in KS, a frameshift mutation in the 196 

coding region (exon 39) of KMT2D via CRISPRςCas9-mediated editing was inserted. 

In this way, we generated two MSCs independent clones (MLL4Q4092X and MLL4P4093X) 198 

carrying heterozygous frameshift mutations that truncate the MLL4 protein 

(Fasciani et al., 2020) (Figure 3). Specifically, we found that, despite the unaltered 200 

transcript levels, the presence of the mutations reduced the protein abundance of 

MLL4. Of importance, in the same setting, we determined a parallel reduction of 202 

UTX, suggesting that its protein stability is regulated by the abundance of MLL4, in 

line with previous findings (Herz et al., 2012). This reduction was also mirrored by a 204 

decrease in H3K4me1 and H3K27ac levels. The mutation did not alter instead the 

abundance of other components of the MLL4ςCOMPASS complex such as WDR5 and 206 

Figure 3. An illustration of the KMT2D gene and its corresponding protein. The position of the 
inserted mutations Q4092X/ P4093X and the relative changes in the coding sequences are 
highlighted (Fasciani et al., 2020).  
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PA1. These results have also been confirmed in primary fibroblasts isolated from 

individuals affected by KS.  208 

We further investigated whether the presence of the frameshift mutation in the 

aforementioned chromatin regulator might affect nuclear compartments associated 210 

with transcriptionally active and repressed chromatin states. 

Interestingly, we found that MLL4 LoF mutation leads to an unbalance between 212 

these two nuclear compartments, resulting in an increased abundance of PcG 

proteins and decreased levels of enhancer-associated cofactors MED1 and BRD4, 214 

which mirror the pattern of MLL4.  

Surprisingly, the changes of these chromatin states are associated with nuclear 216 

morphological alterations and differentiation defects, indicating a key role of MLL4 

in the maintenance of nuclear mechanics and cell fate determination (Fasciani et al., 218 

2020) 

 220 

 1.4 Phase separation guides nuclear condensates assembly 

 

Liquid-liquid phase separation (LLPS) has recently been proposed to be among the 222 

physical processes that can guide nuclear compartmentalization and it is emerging 

as a model to explain the self-assembly and organization of membrane-less bodies 224 

within the cell. These bodies appear as droplets and are called biomolecular 

condensates ({ŀōŀǊƛΣ 5ŀƭƭΩ!ƎƴŜǎŜ ŀƴŘ ¸ƻǳƴƎΣ нлнл).  226 

There are several levels of biomolecular condensates inside the nucleus (in this case 

also referred to as nuclear condensates), such as interactions between histone tails, 228 

transcriptional condensates involving the interplay between enhancer elements, 

and transcription factors, and gene-silenced regions compacted in heterochromatin 230 

(Feric and Misteli, 2021). 

 232 

1.4.1 Liquid-liquid phase separation 

 

LLPS is a phase transition process whereby a substance changes from one 

physical state to another (e.g. solid to liquid transition). In biological 234 

systems, LLPS occurs when a supersaturated solution of macromolecules 
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(proteins and nucleic acids) spontaneously separates into two coexisting 236 

phases, a dense phase that is enriched for these macromolecules and a 

phase that is depleted from them (Figure 4). The interface between these 238 

droplets acts as a boundary that allows the selective passage of specific 

molecules, thus giving liquid droplets the possibility to function as 240 

membrane-less compartments (Alberti, 2017). 

Among the factors that can influence the phase separation behavior of 242 

proteins, there are:  

¶ weak multivalent interactions that can be promoted by 244 

a) the presence of Intrinsically Disordered Regions (IDRs) which are 

characterized by low sequence complexity and do not contain 246 

sufficient hydrophobic amino acids to induce cooperative folding. 

They contain a higher proportion of polar or charged amino acids 248 

and do not fold into a three-dimensional structure; 

b) modular protein domains; 250 

¶ protein solubility; 

¶ physical and chemical parameters (e.g. temperature, ionic strength); 252 

¶ local availability of interactors or binding partners (e.g. other proteins, 

nucleic acids); 254 

¶ Post Translational Modifications (PTMs). 

All the above-mentioned factors have the ability to tune the critical 256 

concentration (C critical) above which phase separation occurs. The phase-

separated droplets are steady as long as the total concentration is above 258 

the critical threshold of concentration, but once the total protein 

concentration falls below this threshold again, the molecules come back 260 

to be evenly distributed (Figure 4) (Alberti, 2017). For instance, the 
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presence of IDRs within protein amino acids sequence reduces the 262 

solubility of proteins in water and promotes multivalent interactions, thus 

lowering the C critical for reaching phase separation and allowing 264 

compartmentalization at lower concentrations. Importantly, a protein's 

IDR is frequently assumed to be diagnostic of its ability to go through phase 266 

separation (Martin and Holehouse, 2020). 

 268 

1.4.1.1 Biological functions of Liquid-liquid phase separation 

 

The cellular space is finely organized in membrane-bound and membrane-

less compartments to allow control over biochemical reactions in space 270 

and time (Feric and Misteli, 2021). One mechanism to reach 

spatiotemporal control is to physically organize in the cell the localization 272 

of reaction components. For example, reaction kinetics can be increased 

by concentrating these components or inhibited by segregating them in a 274 

confined space (Banani et al., 2017). Classic organelles are able to 

surround reactions with their lipid bilayer membranes and regulate their 276 

Figure 4. Phase diagram for LLPS. A protein forms LLPS above the C critical for phase 
separation. The phase-separated droplets are stable as long as the total concentration 
is above the critical threshold of concentration, but once the total protein concentration 
falls below C critical the molecules come back to a one-phase state (Alberti, 2017). 
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content by specialized transport machinery, securing the long-term 

stability of reactions. However, many cellular compartments, such as 278 

nucleoli and Cajal bodies in the nucleus, as well as stress granules in the 

cytoplasm, are able to achieve spatiotemporal control of biochemical 280 

reactions without any physical barrier (Feric and Misteli, 2021). In 

condensates, phase boundaries permit molecules to concentrate within 282 

άŘǊƻǇƭŜǘǎέ while continuously exchanging with the surrounding, allowing a 

flexible regulation of single components in a highly dynamic and reversible 284 

system. The physicochemical characteristics of condensates present 

unique features for controlling the biochemical environment of the cell. As 286 

previously mentioned, biomolecular condensates can strongly affect 

cellular processes by increasing or inhibiting reaction kinetics by 288 

sequestration, as well as determining reaction specificity, with the 

important advantage of rapidly switching on and off the formation and the 290 

dissolution of the condensates (Banani et al., 2017).  

 292 

1.4.2 Nuclear condensates 

 

Several nuclear regulatory activities take place in biomolecular 294 

condensates, where proteins and nucleic acids are concentrated or 

selectively portioned at specific genomic loci for promoting processes like 296 

DNA replication, DNA repair, transcription, and chromatin remodeling 

ό{ŀōŀǊƛΣ 5ŀƭƭΩ!ƎƴŜǎŜ ŀƴŘ ¸ƻǳƴƎΣ нлнлύ (Figure 5).  298 
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In 2017, A. R. Strom et al. provided the first evidence that chromatin 

compartmentalization is mediated by LLPS (Strom et al., 2017). Specifically, 300 

they found that the formation of heterochromatin domains is driven by 

phase separation through the condensation of HP1a (heterochromatin 302 

protein 1) in both Drosophila and mammalian cells. Their model of 

heterochromatin formation explains how the process starts with 304 

nucleation of HP1a, in which the highly mobile protein forms foci via 

multivalent, weak hydrophobic interactions, and how these foci undergo 306 

maturation over time by forming larger domains through condensates 

coarsening. Ultimately, mature domains are formed of both chromatin-308 

bound HP1, an immobile fraction of HP1 that identified stable 

compartments, and a liquid, mobile and dynamic one. 310 

One year later, another study proposed a phase separation model for 

transcriptional control at super-enhancers sites, which consist of clusters 312 

of enhancers that are densely occupied by transcription factors, cofactors, 

and chromatin regulators (Sabari et al., 2018) (Hnisz et al., 2013). B. R. 314 

Sabari et al. discovered that coactivators of transcription such as MED1 

(Mediator Complex Subunit 1) and BRD4 (Bromodomain-containing 316 

protein 4) form liquid-like condensates that compartmentalize the 

transcription machinery at super-enhancer sites at cell identity genes, 318 

bridging interactions between chromatin, TFs and RNA polymerase II 

(Sabari et al., 2018). This phenomenon was proposed to explain the 320 

bursting behavior of transcription and the simultaneous activation of 

multiple genes, ensured by the high local concentrations of the 322 

transcriptional apparatus and the high frequency of interactions between 

super-enhancer sites and the promoter of the regulated genes within 324 

condensates. Considering their critical role in transcription, these types of 

Figure 5. Example of nuclear condensates. Top panel: Immunofluorescence images 
acquired by Structured Illumination Microscopy for the target protein indicated in 
parentheses (in green in the images, the blue color represents nuclei). For each nuclear 
condensate is specified its name and function. Bottom panel: Cartoon explaining the 
organization of nuclear condensates (grey line: chromatin fiber, green arrow: active 
ǘǊŀƴǎŎǊƛǇǘƛƻƴ ǎǘŀǊǘ ǎƛǘŜΣ ǊŜŘ ǎǉǳƛƎƎƭŜŘ ƭƛƴŜǎΥ wb!ύ ό{ŀōŀǊƛΣ 5ŀƭƭΩ!ƎƴŜǎŜ ŀƴŘ ¸ƻǳƴƎΣ 
2020). Abbreviations: CTCF (CCCTC-binding factor), FIB1 (fibrillarin), SRSF2 
(Serine/arginine-rich splicing factor 2).   
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biomolecular condensates are also specifically called transcriptional 326 

condensates (Sabari et al., 2018). Of notice, in our last work, we 

demonstrated that MLL4 is among the proteins that participate in the 328 

transcriptional condensates, of which controls assembly and clustering 

dynamics (Fasciani et al., 2020). Indeed, the presence of MLL4 LoF 330 

mutation reduces the nucleation efficacy and the kinetics of 

transcriptional condensates. 332 

Another example of nuclear condensates, with opposite function with 

respect to the one just described, are the PcG condensates. For instance, 334 

it has been demonstrated that PRC1 Polycomb subunits can promote the 

formation of multi-component condensates through which they can 336 

induce the writing of repressive histone marks which subsequently drive 

chromatin compaction (Eeftens et al., 2021). In another work, it has been 338 

seen that the phase separation behavior of PRC1 is specifically driven by 

the CBX2 (chromobox protein homolog 2 subunit), and that point 340 

mutations in its internal domain that abrogate nucleosome compaction in 

vitro and induce developmental defects in mice also disrupt phase 342 

separation (Plys et al., 2019). 

 344 

1.4.2.1 Nuclear condensates affect chromatin structure 

 

All the examples of nuclear condensates suggest that LLPS can play 346 

important roles in chromatin compartments reorganization. Indeed, as 

previously mentioned, phase separation can drive chromatin compaction 348 

through the condensation of HP1a and Polycomb proteins.  

The spatial organization of chromatin can be finely tuned by biomolecular 350 

condensates to concentrate molecules at specific genomic loci and 

enhance biological relevant processes, as in the case of transcriptional 352 

condensates. The phase separation of chromatin itself, driven by histone 

tails in physiologic salt conditions, together with the one of other 354 

chromatin-binding proteins, enables the establishment and maintenance 
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of chromatin sub-compartments (Gibson et al., 2019). Gibson et al. 356 

identified several factors that mediate the intrinsic ability of chromatin to 

undergo LLPS. For instance, the linker histone H1, which binds to the 358 

nucleosome and is involved in chromatin condensation, increases the 

density of droplets while decreasing their dynamics. On the contrary, 360 

acetylation of histone tails causes the dissolution of chromatin droplets, 

which can be restored by the addition of the multi-bromodomain 362 

containing protein BRD4, which is able of associating with acetyl-lysine 

modifications in a multivalent manner. The highly acetylated chromatin 364 

gives rise to a new phase-separated state with droplets having distinct 

physical properties, which can be immiscible with unmodified chromatin 366 

droplets, mimicking nuclear chromatin subdomains. These findings 

suggest that the recognition of histone modifications by chromatin- 368 

binding proteins may locally induce or facilitate the formation of genomic 

compartments (Gibson et al., 2019).  370 

Another mechanism underlying the phase separation of heterochromatin 

was identified by Sanulli et al., which demonstrated that the binding of 372 

multiple molecules of Swi6, the Schizosaccharomyces pombe HP1 protein, 

to the nucleosome triggers a conformational change in the nucleosome 374 

that results in increased dynamics and accessibility of buried core histone 

residuesΦ {ǿƛс ǎƛƳǳƭǘŀƴŜƻǳǎƭȅ ŜƴƎŀƎŜǎ ǘƘŜ IоYфƳŜо ƳŀǊƪΣ ǘƘŜ ʰ-helix in 376 

H2B, and nucleosomal DNA, destabilizing histoneςhistone and histoneς

DNA interactions within the nucleosome. This allows buried regions of the 378 

nucleosome to be exposed to additional multivalent inter-nucleosomal 

interactions that promote LLPS (Sanulli et al., 2019).  380 

Overall, these studies demonstrate that chromatin can undergo LLPS 

under physiological conditions and that this intrinsic physicochemical 382 

property can be regulated. 

 384 

 

1.5 Non-genetic function of the genome 
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 386 

Besides its genetic functions, the genome could also affect cellular processes by non-

genetic means through its physical and structural properties, specifically by exerting 388 

mechanical forces that shape nuclear morphology and architecture (Bustin and 

Misteli, 2016). Indeed, chromatin can be considered a viscoelastic polymer with a 390 

mass, volume, and density determined by intra-fiber, intra-chromosomal, and inter-

chromosomal interactions (Figure 6). As a physical entity, the genome is not only 392 

committed to establishing forces between chromatin domains, but it is also able to 

exert mechanical forces that are then transmitted from the nucleus to the cytoplasm 394 

via the LINC complex, the linker between the nucleoskeleton and the cytoskeleton.  

The non-genetic function of the genome comprehends its role in affecting nuclear 396 

morphology, the cellular response to mechanical forces, cell migration, cell 

signaling, and physiological functions such as vision in nocturnal animals. 398 

Demonstration of the structural function of the genome in establishing nuclear 

architecture comes from ǘƘŜ ŦƛƴŘƛƴƎ ǘƘŀǘ ƳƛŎǊƻƛƴƧŜŎǘƛƻƴ ƻŦ ōŀŎǘŜǊƛƻǇƘŀƎŜ ˂ 5b! into 400 

Xenopus eggs causes the assembly around the genetic material of double-bilayer 

membranes, resembling typical eucaryotic cell nuclei (Forbes, Kirschner and 402 

Newport, 1983). Another scaffold function of the genome refers to its involvement 

Figure 6. The genome as a physical entity with a mass, volume, and density. 
In the nucleus, the genome exerts (red arrows) and is exposed to (green 
arrows) mechanical forces which may be transmitted either in a passive 
way (contact points between the nuclear envelope and chromatin) or in 
an active way (via the LINC complex) (Bustin and Misteli, 2016). 
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in nuclear assembly during the formation of nuclear pore complexes (NPCs); the 404 

nuclear pore protein ELYS initiates the assembly process by mediating the 

interactions between chromatin and the NPC (Inoue and Zhang, 2014).  406 

Furthermore, several studies suggest that peripheral heterochromatin does not 

serve only as a means to facilitate gene silencing, but also enhances the structural 408 

robustness of the nucleus, strengthening its ability to withstand physical challenges 

(Bustin and Misteli, 2016).  410 

Interestingly, various observations also indicate a non-genetic signaling activity of 

chromatin. Indeed, the condensation status of the chromatin can be sensed by 412 

components of the DNA damage response (DDR) machinery. For instance, the cell 

cycle checkpoint kinase ATR is activated in response to changes in chromatin 414 

structure induced by mechanical strain (e.g. unwinding during replication) (Kumar 

et al., 2014).  416 

The non-genetic property of the genome can also affect the biological functions of 

an entire tissue as is seen in the physiology of vision in nocturnal animals. 418 

Comparative analysis of the genome organization in rod photoreceptor cells from 

distant species revealed an association between heterochromatin organization and 420 

the capacity of night vision in animals. Of note, in rod cells of nocturnal animals, the 

majority of the heterochromatin is in the nuclear interior instead of being at the 422 

nuclear periphery. The inverted pattern of heterochromatin location is 

evolutionarily beneficial, leading to an increased refractive index at the center of the 424 

nucleus, thereby reducing the scattering of the light (Solovei et al., 2009). 

 426 

1.5.1 Factors defining the nuclear mechanical properties 

 

Besides chromatin, other nuclear components defining the mechanical 

properties of the nucleus are the nuclear envelope and the nucleo-428 

cytoskeletal connections (LINC complex) (Bustin and Misteli, 2016).  

The nuclear envelope (NE) encloses the genome and comprises three 430 

structures: the nuclear membrane, the nuclear pore complex (NPC), and 

the lamina. The nuclear membrane is divided into the inner nuclear 432 
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membrane (INM) and outer nuclear membrane (ONM), which are 

contiguous with each other and with the ER. The nuclear membrane 434 

restricts nuclearςcytoplasmic trafficking to the NPCs, regulating the 

passage of macromolecules between the nucleus and the cytoplasm with 436 

molecular weights above Ḑ40 kDa (Hatch and Hetzer, 2014). The nuclear 

lamina is formed by a dense meshwork of several lamin filaments attached 438 

to the INM. There are two types of lamin proteins, which are different 

isoforms of the same gene: the B-type (lamins B1 and B2) and the A-type 440 

(lamins A and C) (Dechat et al., 2010). The lamin proteins have contacts on 

one side with the nuclear membrane by interacting with transmembrane 442 

INM proteins (e.g. lamin B receptor and Lamina-associated polypeptide 2) 

and on the other side with the chromatin-binding proteins at the nuclear 444 

periphery (e.g. Barrier-to-autointegration factor -BAF) (Hatch and Hetzer, 

2014). Overall, these interactions form a stable network that strengthens 446 

the nuclear membrane and physically links the INM to the chromatin. The 

connections between the nucleus and the cytoskeleton are also pivotal for 448 

nuclear mechanics (Bustin and Misteli, 2016). Specifically, the LINC 

complex connects the INM with the ONM that faces the cytoplasm and is 450 

formed by two transmembrane proteins: KASH (Klarsicht, ANC-1, Syne 

homology; also known as nesprins) domain-containing proteins at the 452 

ONM and SUN (Sad1 and UNC-84) domain-containing proteins at the INM. 

Being on the ONM, Nesprins associate with the cytoskeleton 454 

(microtubules, actin, and intermediate filaments), whereas the SUN 

proteins interact with the nuclear lamina and lamina-associated proteins 456 

(Maurer and Lammerding, 2019). Through this complex of transmembrane 

proteins, mechanical forces are transferred from the actomyosin network 458 

to the NE and when this connection is perturbed cells may become 

insensitive to certain stimuli (e.g. tensile forces). 460 

 

 462 
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1.5.2 Nuclear mechanical properties in physiology and disease 

 

Multiple pieces of evidence suggest that mechanical forces generated by 

the nucleus affect several cellular processes. Indeed, the nucleus, being 464 

the larger and stiffer organelle of the cell, if not able to adapt to external 

stimuli may limit the ability of cells to sustain mechanical stress. For this 466 

reason, the mechanical properties of the nucleus, determined by the 

viscoelastic genome and the nuclear envelope with the elastic peripheral 468 

nuclear lamina, are finely controlled within tissues. 

For instance, it is known that chromatin contributes to determining 470 

nuclear size. In the absence of condensins, which physiologically promote 

chromosome compaction during mitosis, nuclear size increases in 472 

mammalian cells with relevant consequences. Specifically, mouse T cells, 

by failing to compact their nuclei, do not enter quiescence (Rawlings et al., 474 

2011). Another example is the presence of peripheral heterochromatin in 

the nucleus, which not only allows gene silencing but also provides 476 

structural robustness to withstand some of the mechanical insults that 

cells encounter in their tissue of origin or during migration (Bustin and 478 

Misteli, 2016). It has been shown that the overexpression of HMGN5 (High 

Mobility Group Nucleosome Binding Domain 5), an architectural 480 

chromatin protein, provokes chromatin decompaction and consequently 

decreases the overall rigidity of the nucleus (Furusawa et al., 2015). 482 

Interestingly mice overexpressing HMGN5 develop hypertrophic hearts 

with cardiomyocytes having deformed nuclei and disrupted lamina. This 484 

last aberration is only in adult cardiomyocytes, in which the loss of 

chromatin compaction diminishes the ability of the nucleus to withstand 486 

the stress coming from the contraction of the heart. These data suggest 

that the interplay between heterochromatin and nuclear lamina arranges 488 

the maintenance of nuclear structure and elasticity (Furusawa et al., 2015). 

During processes such as cell migration, the nucleus need to counteract 490 

multiple sources of mechanical stress, since it must undergo considerable 
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structural changes to allow squeezing through the constrictions imposed 492 

by tissues or blood vessels. The nuclear lamina plays a key role in this 

process: cells overexpressing nuclear lamina present increased nuclear 494 

stiffness that lower the rate of cell migration, but at the same time 

decreased lamina levels reduce the viability of migrating cells, indicating 496 

the need for balancing in lamina abundance for a successful migration 

(Harada et al., 2014). In another work, it is shown that nuclear movement 498 

during this process is facilitated by global chromatin condensation (Gerlitz 

and Bustin, 2010). 500 

 

1.6 Mechanical cues 

 502 

Tissues represent a dynamic landscape, in which cells are exposed to several 

numbers of mechanical inputs such as cellςcell and cell-Extra Cellular Matrix (ECM) 504 

adhesion, compression stress, interstitial fluid pressure, and shear stress. As an 

example, actomyosin contraction due to ECM stiffness causes tensile stress, 506 

whether the over-proliferation of cells in a confined space, very common in tumorsΩ 

microenvironment, imposes compressive stress (Northcott et al., 2018). The process 508 

through which cells sense and respond to mechanical cues is called 

mechanotransduction, and it is the mechanism that allows cells to convert 510 

mechanical stimuli into biochemical signals that affect cell morphology and function 

(Maurer and Lammerding, 2019). 512 

 

1.6.1 Sensors and mediators of nuclear mechanotransduction 

 

Nuclear mechanotransduction can be mediated by different key players, 514 

such as proteins that intervene in nucleo-cytoskeletal connections (LINC 

complex), nuclear envelope (NE), and peripheral lamina (LAMIN A/C), as 516 

well as the nuclear translocation of transcription regulators (YAP/TAZ).  

Interestingly, two independent works have shown recently that the 518 

nucleus can act as a ruler to measure cellular shape variations. It was 
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demonstrated that the nuclear envelope can sense cell deformation and 520 

that changes in its tension and folding activate a mechanotransduction 

pathway that controls actomyosin contractility and migration via a 522 

calcium-dependent phospholipase cPLA2 signaling (Lomakin et al., 2020; 

Venturini et al., 2020).  524 

Lamins are also key contributors in mediating nuclear 

mechanotransduction. The nuclear lamina is a filamentous network of 526 

proteins that localize under the INM. It contains A-type lamins (Lamin A/C), 

present in specialized tissues, and B-type lamins (B1 and B2), ubiquitously 528 

expressed (Dechat et al., 2008). Interestingly, while B-type lamins do not 

regulate nuclear mechanics, Lamin A/C expression correlates with tissue 530 

stiffness. Specifically, it is highly expressed in tissues that are subjected to 

high mechanical stress (e.g. bones and cartilage), but its expression is low 532 

in soft tissues that are not subjected to great mechanical stress, such as 

brain or adipose, with protein phosphorylation and turnover correlating 534 

inversely with matrix stiffness (Swift et al., 2013). Lamin A/C function is to 

maintain nuclear structure, including its stiffness, and the organization of 536 

chromatin with which interacts such as the Lamin-associated domains 

(LADs) (Schoen et al., 2017). Furthermore, A-type lamins are also involved 538 

in the regulation of cell differentiation and stemness in response to ECM 

stiffness. It has been demonstrated that in a soft matrix MSCs 540 

differentiation is promoted toward adipogenesis and that this process is 

associated with inhibited lamin A/C production. In contrast, lamin A/C 542 

overexpression in a stiff matrix enhances cell differentiation toward 

osteogenesis (Malashicheva and Perepelina, 2021). Furthermore, lamin 544 

A/C overexpression leads to the activation of stress-related proteins 

involved in cell differentiation, and of the transcriptional regulators YAP1 546 

(yes-associated protein 1) and TAZ (Transcriptional coactivator with PDZ-

binding motif) of the Hippo pathway, which promotes growth and 548 

regeneration (Swift et al., 2013). 
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In particular, YAP and TAZ are conserved mechanotransducers able to 550 

respond to a vast number of different mechanical cues (e.g. shear stress, 

ECM rigidity, and geometry). When they are mechanically activated, YAP 552 

and TAZ translocate from the cytoplasm to the nucleus where they can 

interact with TEAD factors to regulate gene expression and activate cell-554 

specific transcriptional programs (Panciera et al., 2017). For example, in 

cell differentiation, they have been reported to be excluded from the 556 

nucleus of MSCs placed in a soft matrix during adipogenesis and to be 

instead functionally localized into the nucleus during osteogenesis. When 558 

cells perceive high mechanical inputs (e.g. cells on a rigid substrate, 

stretched, plated at low density or in large adhesive area condition) YAP 560 

and TAZ are nuclear, while they remain evenly distributed at more 

intermediate levels of mechanical stress (Panciera et al., 2017). 562 

 

 564 

 1.7 Unbalance between Transcriptional and PcG in MSCs-based Kabuki 
Syndrome disease model 

 

By investigating the effect of MLL4 LoF in MSCs we found that its haploinsufficiency 566 

impacted chromatin compartments, which show an unbalancing between 

Transcriptional and PcG condensates (Fasciani et al., 2020).  568 

Indeed, MLL4 LoF impairs enhancer-associated cofactor clustering, causing a 

decrease in the number and size of BRD4 and MED1 condensates (Figure 7A). 570 

Considering the known antagonism between the TrxG and PcG complexes, we 

sought to investigate whether the MLL4 LoF-driven perturbation of Transcriptional 572 

condensates could affect PcG repressive compartments. Although the abundance of 

Polycomb repressive complex 2 (PRC2) components was unaltered, analysis of 574 

Polycomb repressive complex 1 (PRC1) components revealed increased RING1B 

(RING finger protein 1B) and BMI1 (B lymphoma Mo-MLV insertion region 1 576 

homolog signals) protein clustering in MLL4 LoF condition (Figure 7B), even though 
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their transcripts levels were unaltered. The augmented level of PRC1 clustering is 578 

also mirrored by increased deposition of H3K27me3, which is the histone 

modification associated with PcG activity (Figure 7C).  580 

Figure 7. Unbalancing between active (Transcriptional condensates) and repressive (PcG condensates) 
compartments in MLL4 LoF (MLL4Q4092X). A and B) STORM images of Immunofluorescence staining against 
BRD4 (A) or RING1B (B) (on the left) with relative quantification of the number of clusters per nucleus 
and distribution of the area (on the right). Scale bars: 5m˃ for the right panel, 1˃m for the left panel 
representing an enlargement of the previous image highlighting the distribution of the clusters. C) 
Confocal images of Immunofluorescence staining against H3K27me3 (gray) with nuclear quantification 
normalized on DRAQ5 signal intensity (blue). Scale bar 10˃m. Modified from Fasciani et al., 2020. 
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By rescuing MLL4 protein expression via CRISPRa (CRISPR-mediated gene 

activation), we confirmed that the augmented PcG clustering and H3K27me3 582 

deposition were dependent on MLL4 abundance.  

Of note, the evidence that the transient re-establishment of MLL4 protein levels 584 

counteracted the augmented PcG clustering and H3K27me3 deposition indicates 

that MLL4 LoF affects repressive compartments, with increased PcG protein 586 

clustering. 

 588 

1.7.1 Kabuki Syndrome is characterized by impairment of the 
mechano-response 

 

Considering that chromatin compartments exert forces that shape nuclear 

structure, we further investigated the effects of MLL4 LoF on nuclear 590 

architecture. We noticed that MLL4 LoF MSCs presented an altered 

nuclear morphology with respect to the wild-type counterpart, with a 592 

reduction in the nuclear area, volume, and flatness (Figure 8A). This 

morphological phenotype was rescued in MLL4 LoF via CRISPRa re-594 

establishment of MLL4 expression, suggesting that although MSCs were 

grown in standard culture conditions that allow force transmission to the 596 

nuclei, MLL4 LoF affects nuclear architecture. Knowing that the Lamin A/C 

level is modulated in response to changes in tensile forces, we tested its 598 

protein abundance in our model. We found that MLL4 LoF had reduced 

Lamin A/C levels when compared with WT cells, with an increased fraction 600 

of the protein being in the phosphorylated state, indicating an increased 

protein turnover (Figure 8B) (Fasciani et al., 2020). Furthermore, the 602 

altered MLL4 LoF nuclear morphology leads to reduced nuclear 

localization of the mechanoeffectors YAP and TAZ.  604 
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Overall, these results led us to hypothesize that MLL4 LoF resembles cells 

that are under low-nuclear-stress conditions.  606 

Figure 8. Kabuki Syndrome is characterized by impairment of the mechano-response. A) Upper 
panel: on the left are depicted images of nuclei of WT and MLL4Q4092XΣ ǎŎŀƭŜ ōŀǊǎΣ р ҡƳΦ hƴ ǘƘe 
left, reconstructed 3D images of the nuclear shape highlight nuclear volume and flatness. Lower 
panel: quantification of Nuclear Volume, Area, and Flatness. B) Upper panel: confocal images 
of Immunofluorescence of Lamin A -LMNA- and phLaminA on Ser22 - pLMNA(Ser22)- of WT and 
MLL4Q4092X ŎŜƭƭǎΦ {ŎŀƭŜ ōŀǊΣ мл ҡƳΦ [ƻǿŜǊ ǇŀƴŜƭΥ ǉǳŀƴǘƛŦƛŎŀǘƛƻƴ ƻŦ [ab! ƴǳŎƭŜŀǊ ǎƛƎƴŀƭ 
normalized on DRAQ5 signal (not shown), and ratio between pLMNA (Ser22) nuclear signal and 
LMNA. C) Left panel: maps of the stiffness distribution in WT and MLL4Q4092X of images acquired 
with Brillouin microscopy. A higher Brillouin shift (GHz) corresponds to a higher stiffness in the 
ŎŜƭƭΦ {ŎŀƭŜ ōŀǊǎΣ мл ҡƳΦ Right panel: bar plot showing the quantification of the nuclear Brillouin 
shift. Fasciani et al., 2020. 
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To further investigate nuclear mechanical properties, we took advantage 

of Brillouin microscopy to measure nuclear stiffness, which can be 608 

determined by quantifying the longitudinal elastic modulus calculated on 

the base of the Brillouin frequency shift (Antonacci et al., 2018). The 610 

increased Brillouin shift in MLL4 LoF indicated that these cells were 

characterized by increased nuclear stiffness with respect to WT cells 612 

(Figure 8C) (Fasciani et al., 2020).  

To test whether the altered nuclear morphology observed was dependent 614 

by the increased PcG-clustering driven by MLL4 haploinsufficiency, we 

rescued PcG abundance in MLL4 LoF by overexpressing histone H3.3 616 

harboring a mutation of lysine 27 (K27) to methionine in the N-terminal 

tail (H3.3K27M), which is known to have a dominant negative effect on 618 

PcG activity (Lewis et al., 2013). As expected, H3.3K27M overexpression 

reduced BMI1 and RING1B protein abundance as well as H3K27me3 levels 620 

in MLL4 LoF MSCs. Interestingly, PcG rescue re-established nuclear 

architecture parameters such as nuclear volume, area, flatness as well as 622 

lamin A/C protein abundance and nuclear stiffness in MLL4 LoF MSCs.  

To investigate the relevance of these results in the context of the 624 

pathology, we assessed whether MLL4 LoF affects MSCs 

mechanoresponsiveness during differentiation, finding that MLL4 LoF 626 

commitment towards chondrocytes was strongly affected, while 

osteogenesis was mildly impaired. Interestingly, by releasing the nuclear 628 

mechanical stress through inhibition of the nuclear mechanosensor ataxia 

telangiectasia and Rad3-related protein (ATR), we re-established the 630 

mechanosignaling of MSCs. Specifically, the treatment with the ATR- 

inhibitor restored YAP/TAZ nuclear localization in MLL4 LoF, as well as 632 

MSCs commitments toward chondrocytes and osteocytes. Furthermore, 

blocking ATR in an in vivo Kabuki syndrome model developed in medaka 634 

fish, restored the observed chondrogenic and skeletal defects, rescuing 

proper head morphogenesis without evidence of toxicity. 636 
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Altogether these results indicate that MLL4 is necessary for preserving 

nuclear mechanical properties and that its haploinsufficiency leads to an 638 

increased PcG clustering which strongly affects nuclear structure and 

mechanoresponse. Of importance, inhibiting ATR could represent a novel 640 

therapeutic option for restoring nuclear mechanical properties and cell 

mechanoresponsiveness. 642 

 

1.8  Nuclear phase separation in mechanobiology 

 644 

LLPS has recently been demonstrated to be a crucial organizing principle for the cell, 

resulting in the formation of membraneless compartments that work as 646 

organizational hubs, sequestration centers, or reaction accelerators (Alberti, 2017). 

Within the nucleus, several aspects of gene expression appear to be facilitated by 648 

multiple condensates, including repressive heterochromatin foci and the super-

enhancers (Strom et al., 2017; Sabari et al., 2018; Sanulli et al., 2019). Although the 650 

role of biomolecular ŎƻƴŘŜƴǎŀǘŜǎ ƛƴ ǘƘŜ ǊŜƎǳƭŀǘƛƻƴ ƻŦ ǘƘŜ άƎŜƴŜǘƛŎέ functions of the 

genome (e.g. gene transcription) has been investigated, their connection with the 652 

non-genetic functions of the genome still remains elusive. Indeed, even if multiple 

studies suggest that they structurally shape chromatin compartments, little is known 654 

about how they contribute to the regulation of nuclear mechanical properties. 

However, it is reasonable to think that if they have a role in shaping chromatin 656 

domains, which in turn affect nuclear mechanics, they are likely to be one of the 

structural elements of mechanobiology. Of note, in Fasciani et al., we demonstrated 658 

the existence of a connection between the unbalancing of nuclear condensates and 

nuclear mechanics in Kabuki Syndrome, even though we did not further investigate 660 

this aspect and other studies will be required to clarify their interplay in the 

regulation of biological processes. 662 
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2. !ƛƳ ƻŦ ǘƘŜ ǘƘŜǎƛǎ 

 664 

The main aim of this thesis was to investigate the role of nuclear condensates, 

specifically Transcriptional and PcG condensates, in regulating the response of the 666 

nucleus to mechanical stimuli. Our hypothesis is that different sources of mechanical 

stress may impinge on the nuclear structure affecting the re-organization of 668 

chromatin biomolecular condensates.  

Considering that our recent findings highlighted a functional connection between 670 

defects on chromatin compartments and nuclear mechanics in Kabuki Syndrome, 

we hypothesized that nuclear condensates could be key factors in tuning nuclear 672 

responses to external stimuli. Therefore, we tested the response of Transcriptional 

and PcG condensates to different mechano-physical conditions, with the idea that 674 

cells can exploit the synergy and efficiency of the process of phase separation for 

cellular sensing, as well as the sensibility and the velocity of condensates formation, 676 

occurring in a timescale of seconds. This timespan would also be compatible with a 

mechano-response, ensuring an adaptive and fast response for survival under 678 

stressful conditions.  

First, in order to characterize the phase separation behavior of MLL4 in MLL4WT 680 

MSCs and MLL4LoF MSCs, we used a Halo-Tag- based optogenetic tool to control the 

spatio-temporal assembly of condensates. Second, we registered the response of 682 

biomolecular condensates in MLL4WT MSCs and MLL4LoF MSCs at different substrate 

stiffness, both at the steady state and by stimulating MLL4 condensates in living 684 

cells.  

Last, we sought to assess the effect of MLL4 haploinsufficiency on nuclear 686 

deformation capacity, cell migration, and survival rate by taking advantage of two 

devices: microchannels with restrictions of different widths and static confinement.  688 
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3. aŀǘŜǊƛŀƭǎ ŀƴŘ ƳŜǘƘƻŘǎ 

3.1  Cell lines and cell culture conditions 

 690 

All the experiments were carried out using hTERT-immortalized human adipose-

derived MSCs (a gift from P. Tatrai). MSCs were cultured in 1:1 DMEM/F-12 medium 692 

(Gibco; 11320-074) supplemented with 10% fetal bovine serum (Euroclone; 

ECS0180L) and 100 U/mL Penicillin/Streptomycin (Gibco; 15140122). Cells were 694 

ƳŀƛƴǘŀƛƴŜŘ ŀǘ от ϲ/ ǳƴŘŜǊ р҈ /h2. 

 696 

3.1.1 Generation of stable cell lines  

 

MLL4Q4092X and MLL4P4093X (MLL4LoF_1 and MLL4LoF_2 respectively) carrying 698 

frameshift mutation in the exon 39 of KMT2D were generated and genome 

edited via CRISPRςCas9 by Alessandra Fasciani as described in Fasciani et 700 

al., 2020.  

MSCs expressing pTRIP-SFFV-EGFP-NLS, pCDH-MiniNesprin1-GFP, pCDH-702 

MiniNesprin1-GFP-cpstFRET, pCDHςEF1ςMCSςIRESςPUROςH3.3K27M, 

PGK-H2B-mCherry and PGK-H2B-eGFP were obtained transducing with the 704 

corresponding lentiviral vector. For the FLIM-FRET experiments, after co-

transduction with PGK-H2B-mCherry and PGK-H2B-eGFP, positive cells 706 

were sorted at single cell with FACS Aria IIu (BD Bioscience) in MW96 for 

single clone generation.  708 

MSCs expressing piggyBAC-MLL4-PrLD-HaloTag-Cry2 were obtained by co-

nucleofecting 50.000 cells with piggyBAC-MLL4-PrLD-HALOtag-Cry2 (1µg) 710 

and pCMV- Pbase (0.2µg) using P1 Primary Cell 4D-NucleofectorTM X Kit L 

(Lonza; V4XP-1024) Amaxa Nucleofector (program FF104, Lonza) following 712 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ  

 

3.2 DNA constructs 

 714 
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For the in vitro droplet formation assay (phase separation experiments) the pET-

mCherry-MLL4-PrLD/ PrLD-ɲv ǿŀǎ ǎǳōŎƭƻƴŜŘ ŦǊƻƳ pET-mCherry-MED1-IDR, a gift 716 

from Richard A. Young laboratory. The MLL4 PrLD region (from amino acid 3560 to 

4270) was amplified by PCR (oligonucleotides: 718 

FW_GCCAGATCTGGTGATGCTGAGAAGCTCAAGCT; 

RV_GCCGTCGACTTTACTGTGGTCCAGGGAAGCC) and cloned between the BglII and 720 

SalI sites in the pET mCherry-MED1 IDR, while the a[[п tǊ[5 ɲv ǊŜƎƛƻƴ ǿŀǎ 

obtained by overlap-extension PCR and cloned between the BglII and SalI sites in the 722 

pET-mCherry-MED1-IDR (oligonucleotides: 

FW_GCTCAGCCCATGGGCTCTTTTTTTAAACCAGAGTCGAACTTTACTGTCTC; 724 

RV_TAAAGAGCCCATGGGCTGAGCGCTCAGTT). For the optogenetic experiments, the 

construct piggyBAC-MLL4-PrLD-HaloTag-Cry2 was cloned by Lisa Fol as follows: the 726 

HaloTag sequence was PCR amplified (oligonucleotides: FW_ 

GCCGCTAGCATGGCAGAAATCGGTACTGG; RV_ 728 

GCCACGCGTGCCGGAAATCTCGAGCG) with the restriction sites for NheI and MluI. 

The fragment was then cloned in the piggyBAC mCherry-MLL4-PrLD-Cry2 (Fasciani 730 

et al., 2020) between the NheI/MluI sites. For the generation of the stable cell line 

pCMV- Pbase (PiggyBac transposase), donated from Luca Tiberi laboratory, was also 732 

used. 

For the FLIM-FRET experiments the plasmids PGK-H2B-mCherry and PGK-H2B-eGFP 734 

were used (Addgene plasmid #21217 and #21210). 

The plasmid used to generate the stable cell lines for assessing Nuclear Envelope 736 

rupture inside microchannels with restrictions was pTRIP-SFFV-EGFP-NLS, 

purchased on Addgene (#86677).  738 

The lentiviral vectors pCDH-MiniNesprin1-GFP for Nesprin overexpression and 

pCDH-MiniNesprin1-GFP-cpstFRET for studying Nuclear Envelope tension were 740 

kindly gifted from Paolo Maiuri laboratory.  

The construct for performing PcG rescue on MLL4LoF MSCs, pCDHςEF1ςMCSςIRESς742 

PUROςH3.3K27M, was gifted from the Allis laboratory. 

  744 
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3.3  Immunofluorescence  
 

MSCs were seeded at a density of 7.500 cells/ cm2 (low density condition) or 15.000 746 

cells/ cm2 on coverslips coated with 0.1% gelatin (SigmaςAldrich; G1393). Cells were 

fixed after 48h ǿƛǘƘ п҈ ǇŀǊŀŦƻǊƳŀƭŘŜƘȅŘŜ ŦƻǊ мл Ƴƛƴ ŀǘ room temperature (RT), 748 

washed three times with phosphate-buffered saline (PBS), and then processed as 

follows: permeabilization and blocking with PBS/ 1% bovine serum albumin 750 

(Millipore; 126579)/ 5% goat serum (Fisher Scientific; 11475055)/ 0.5% Triton X-100 

(blocking solutioƴύ ŦƻǊ м Ƙ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜΣ incubation with primary antibody 752 

dƛƭǳǘŜŘ ƛƴ ǘƘŜ ōƭƻŎƪƛƴƎ ǎƻƭǳǘƛƻƴ ŦƻǊ н Ƙ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ƻǊ ƻǾŜǊƴƛƎƘǘ ŀǘ п ϲ/Σ 

washes in PBS and incubation with secondary antibodies (Alexa Fluor conjugated 754 

produced in goat by Thermo Fisher), diluted in the blocking solution, and DAPI 

(SigmaςAldrich; D9542) for nuclear staining for 1h at RT.  756 

The primary antibody used and dilutions are listed below: BRD4 (abcam; ab128874) 

1:200, BMI1 (Millipore; 05-637) 1:100, RING1B (Cell Signaling; 5694) 1:200, 758 

phospho-Lamin A/C (Ser22) (Cell Signaling; 13448) 1:100, H4K16ac (Millipore; 06-

762) 1:200, YAP/TAZ (Cell Signaling; 8418) 1:100, H3K27me3 (Millipore; 07-449) 760 

1:100, Lamin A/C (Abcam; ab40567) 1:200, KMT2D (Invitrogen; 701869) 1:200, 

Vinculin (SigmaςAldrich; V9264) 1:200.   762 

Coverslips were mounted on glass slides using ProLong Gold (Invitrogen; P36934). 

Images were acquired using a Leica TCS SP8 confocal microscope with a HCX Plan 764 

Apo ×63/1.40 objective. When needed (nuclear volume and flatness quantification), 

z ǎǘŀŎƪǎ ǿŜǊŜ ŀŎǉǳƛǊŜŘ ǿƛǘƘ ǎŜŎǘƛƻƴǎ ƻŦ лΦрm˃. Image acquisition settings were kept 766 

constant for downstream image analysis. 

 768 

3.3.1 Image analysis  

 

Images acquired by confocal were analyzed using ImageJ (FIJI) software. 

For 2D analysis, the DAPI signal was used to define the ROI (region of 770 

interest) of the nucleus. To measure the nuclear mean intensity and area, 

LIF files were firstly converted to TIFF composite images, then the 772 



43 

 

minimum value of the threshold and the size range parameters were 

determined for each independent experiment to identify the nuclei on the 774 

binary image. 

For the measure of nuclear volume and flatness, a 3D analysis was 776 

performed by using the 3D plugin suite (ImageJ plugin) and segmenting the 

nuclei on the DAPI signal. 778 

For measuring cluster size, mean intensity, and area in 2D the analysis was 

performed in ImageJ as follows: first, background subtraction was applied 780 

(rolling ball correction), then unsharp masking and median filters were 

applied. The clusters were finally identified with the Shanbhag dark 782 

automatic threshold. 

To quantify the nuclear to cytosolic localization of YAP/TAZ, a MATLAB 784 

routine deposited in GitHub 

(https://github.com/SZambranoS/RoutinesNucCytoYAP) was used. In 786 

brief, images of the DAPI and YAP/TAZ channels were saved as 16-bit TIFF 

files. Nuclei were segmented on the basis of the DAPI signal, after choosing 788 

the correct physical parameters (e.g. area). A ring of 30-pixel width around 

each segmented nuclei was found to calculate the YAP/TAZ cytosolic 790 

fraction. Lastly, the nuclear to cytosolic intensity was calculated as the 

ratio of the nuclear and cytosolic average YAP/TAZ intensities. 792 

For calculating nuclear envelope (NE) invaginations, the perimeter was 

measured by quantifying the Nesprin-GFP nuclear signal. 794 

 

3.4  Protein extraction and Western Blot (WB) analysis 

 796 

For histones and histone modifications, acid extracts were obtained with the 

following procedure: cells were washed twice with cold PBS, harvested in 1 ml of 798 

cold PBS, and centrifuged for 5 minutes at 1500 rpm. Pellet was resuspended in the 

histone extraction buffer (10mM Hepes pH 8, 10mM KCl, 0,1mM MgCl2, 0,1mM 800 

EDTA pH 8, 2mM PMSF, 0,1mM DTT) to achieve a concentration of 107 cells/ml. Cells 

were left at 4°C for 10 minutes and then centrifuged for 10 minutes at 5000 rpm at 802 

https://github.com/SZambranoS/RoutinesNucCytoYAP
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4°C. The supernatant, corresponding to cytosolic extract, was discarded and the 

pellet was resuspended in 0,2N HCl (4x107 cells/ml) and left O/N at 4°C on the 804 

rotating wheel. Proteins were then recovered by centrifugation for 10 minutes at 

4000rpm at 4°C, and supernatant, containing histones protein, was quantified to 806 

measure protein concentration by Bradford assay (Biorad; 5000006) according to 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 808 

For western blots analysis, 2, 8 or 15˃ g of protein samples were subjected to SDS-

PAGE in a gradient gel (bǳt!D9ϰ п ǘƻ мн҈Σ .ƛǎ-Tris, Invitrogen; NP0322BOX) runned 810 

in MES Buffer (Invitrogen; NP0002). Proteins were transferred to a nitrocellulose 

membrane, that was subsequently blocked in PBS-Tween containing 5% milk for one 812 

hour at RT in agitation and incubated with primary antibody O/N at 4 °C keeping the 

membrane in motion. The membrane was then washed three times with PBS-Tween 814 

for 5 min and incubated with HRP- conjugated secondary antibody for one hour at 

RT. The chemiluminescent signal was captured, after incubation with ECL reagents 816 

(GE Healthcare; RPN2232), using ChemiDoc XRS+ System (Bio-Rad). When needed, 

relative optical density was quantified with FIJI (http://fiji.sc/). Primary antibodies 818 

with corresponding dilution used and specific amount of protein loaded for each 

antibody are the following: H2B (Abcam; ab1790) 1:5000 (8 g˃), H3 (Cell Signaling; 820 

9715) 1:1000 (2 ˃ g), H3k27me3 (Millipore; 07-449) 1:500 (15˃ g), mCherry (Abcam; 

AMab167453) 1:1000 (2 ˃ g), GFP (Santa Cruz; sc-9996) 1:200 (2 ˃ g).  822 

 

3.5  Recombinant Protein Purification  

 824 

The Protein purification was performed as follows: bacterial pellet (BL21(DE3)pLysS 

bacterial strain) was resuspended in 25mL of Ni-NTA Lysis Buffer (NiNTA LB) (50 mM 826 

TrisHCl pH 7.5, 500mM NaCl), and sonicated. The lysate was centrifugated at 

12,000g for 20 minutes at 4°C and added to Ni-NT Agarose (Qiagen; 30210) pre-828 

equilibrated with Ni-NTA LB. Falcon containing the agarose and the lysate was 

rotated at 4°C for 1 hour, then agarose beads were collected by centrifugation for 5 830 

min at 200 g and were transferred to the gravity column. The beads associated with 

the protein of interest were firstly washed with the NiNTA LB containing 10mM 832 
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Imidazole. Afterward, the protein was eluted with Ni-NTA LB containing 50/100/250 

mM imidazole. Eluates were cleared of non-specific proteins by taking advantage of 834 

gel filtration chromatography (Superdex 200 Increase 10/300 GL, GE Healthcare; 

28990944) and equilibrated with Buffer D (50mM Tris-HCl pH 7.5, 125mM NaCl, 836 

1mM DTT, 10% glycerol).  

Fractions containing the protein of interest were pooled and concentrated using 838 

tƛŜǊŎŜϰ tǊƻǘŜƛƴ /ƻƴŎŜƴǘǊŀǘƻǊ t9{Σ 10K MWCO (Thermo Scientific; 88527). The 

quality of eluted fractions was finally analyzed by Coomassie stained gel. 840 

 

3.6  Droplet- formation Assay 

 842 

The recombinant protein was added to Buffer D containing 10% Polyethylene glycol 

(PEG) 8000 (Sigma; 1546605) at varying protein, final NaCl, and 1.6- hexanediol 844 

(Santa Cruz; sc-237791) concentrations. Protein in Buffer D was spotted on a glass 

slide and covered with a coverslip. The solution was left at RT for 5 minutes and the 846 

formed droplets were acquired using a Zeiss Axio Observer inverted microscope 

with an AxioCam 503 mono D camera and a Plan-Apochromatic 100x/1.4 oil-848 

immersion objective equipped with a prism for DIC (Zeiss). 

Images were analyzed with FIJI. The intensity of the signal inside and outside the 850 

droplets was determined by setting a threshold on the base of the minimum 

intensity seen at the lower concentration tested in which droplets were present. 852 

This threshold was kept constant in every other condition. The saturation 

concentration was quantified as specified in previous work (Wang et al., 2018). The 854 

fluorescence intensity was measured inside (Idroplet) and outside (Imedia) the 

droplets. The amount of condensed protein was defined by the ratio of Idroplet to 856 

Imedia. If no droplets were present, the ratio was set to zero. 

 858 

3.7  Migration Assay  

 

20.000 cells/ cm2 were plated in a medium deprived of growth factors and placed 860 

onto collagen-coated (PureCol® Type I Collagen Solution, Advanced Biomatrix; 5005) 
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transwells with polycarbonate membrane harboring pores of different size: 8˃Ƴ 862 

(Corning; 3422), 5˃ Ƴ (Corning; 3421) and 12˃ Ƴ (Cell Biolabs Inc.; CBA-107). The 

medium, complete with growth factors, was added at the bottom of the transwell 864 

as a chemo-attractant. After 8 and 24h samples were fixed in 4% PFA as previously 

described. The upper part of the transwell was cleaned with a cotton swab to 866 

facilitate imaging at SP8 Confocal Microscope. After that, DAPI staining was 

performed as previously described and membranes were mounted on coverslips 868 

and acquired at SP8 Confocal Microscope with a 40X objective. The percentage of 

migrated cells was calculated by counting the number of migrated cells (on the 870 

bottom of the membrane) over the number of seeded cells.  

 872 

3.8  Plates at different substrate stiffness 

 

For assessing the effect of different substrate stiffness on MSCs, CytoSoft® Imaging 874 

24-well Plates (Advanced Biomatrix; 5188-1EA) of 0.5, 8 and 32kPa were used. Plates 

were washed three times with PBS and then coated with 10 µg/µl fibronectin (Santa 876 

Cruz; sc-29011) for 1h at RT. Cells were plated with a density of 7.500 cells/ cm2 (low 

density condition) or 15.000 cells/ cm2, grown for 48h and fixed with 4% PFA. 878 

Immunostaining was performed directly on the plates, then samples were acquired 

at SP8 Confocal Microscope and analyzed as previously described.  880 

 

3.9  Microchannels with restrictions  

 882 

We used for this assay a 35mm Petri dish which contains a set of molded 

microchannels, with variable dimensions and restrictions, where cells can migrate 884 

within (4DCell; MC011, MC019). Microchannel dishes were washed three times with 

PBS for 5 minutes. The last washing was replaced in each chamber by 10µl of 10µg/µl 886 

fibronectinImage analysis and single-cell tracking and incubated for 1h at RT. After 

the coating, the device was washed again three times with PBS, and cell culture 888 

medium containing 2% FBS was added to cover each chamber and left for 15 

minutes at 37°C. Then, a droplet of cell solution (100.000 cells/10µl) in 2% FBS- 890 
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containing medium was added to each access port and kept again for 30 minutes at 

37°C before adding another 2ml of 2% FBS culture medium. Cells were grown for 892 

48h. 6 hours before live imaging a gradient of FBS was created by adding a droplet 

of 10% FBS- containing medium in the access port closest to where the cells have 894 

been plated and with whom they communicate. Finally, 10% FBS- containing 

medium was added to fill each chamber and Time-lapse video microscopy was 896 

ǇŜǊŦƻǊƳŜŘ ŀǘ от ϲ/ ŀƴŘ р҈ /h2 using the Nikon Eclipse Ti2 with an ×20/ 0.75 or 60x/ 

1.4 Oil tƭŀƴ !Ǉƻ ˂ ƻōƧŜŎǘƛǾŜ όbƛƪƻƴύ integrated with a Lumencor SpectraX LED light 898 

source system and a EMCCD sensor camera (Andor iXon Ultra 888) for the detection. 

Images were acquired every 5 minutes for at least 12h. Image analysis and single-900 

cell tracking were performed using the NIS software. Specifically, the time of 

residence (time of migration) was calculated by counting how many frames cells 902 

take to pass through the restrictions (t1 = first frame in which a protrusion of the cell 

in the restriction is visible, tfinal = first frame in which the cell is out of the restriction). 904 

Nuclear Envelope Rupture was quantified on the basis of the NLS-GFP signal as 

described in previous work (Raab et al., 2016). For measuring the NLS-GFP Intensity 906 

in the cytoplasm and nucleoplasm, a small ROI was put in front of the nucleus at 

each time frame in which the nucleus enters and passes through the restriction (ROI 908 

corresponding to the cytoplasm). The average intensity of the ROI of the cytoplasm 

was divided by the average intensity of the nuclear NLS-GFP signal before the 910 

nucleus entered the constriction (Cytoplasm/Nucleoplasm ratio) or vice-versa 

(Nucleoplasm/Cytoplasm ratio). The percentage of rupture was calculated as the 912 

ratio between the number of cells undergoing nuclear envelope rupture and the 

number of cells passing through the constriction. The percentage of cell death was 914 

measured by calculating the ratio between the number of cells dying while passing 

through the restriction and the total number of cells passing through the 916 

constriction. 

 918 

3.10 Cell confinement   
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In order to confine cells at 3 and 6 m˃ the CSOW 620 ς static confiner (4DCell) was 920 

used. The height of confinement is controlled by polydimethylsiloxane (PDMS) 

micropillars, fabricated in a glass slide and attached to a PDMS piston. The confiner 922 

was handled and assembled following 4DCell instructions. Pistons and confinement 

slides were equilibrated for 1h at 37°C in the culture medium before performing the 924 

imaging. To ensure cell adherence, the glass bottom 6-well plate provided with the 

confiner was coated with 10 µg/µl fibronectin for 1h at RT.  926 

20.000 cells were plated in the central circular part of the well and after 24h were 

confined by placing the confiner lid on top of the well. Imaging was performed at 928 

the Nikon Eclipse Ti2 with an Ҏнлκ лΦтр tƭŀƴ !Ǉƻ ˂ ƻōƧŜŎǘƛǾŜ όbƛƪƻƴύ at controlled 

temperature and CO2. Images were taken after at least 20 minutes of confinement 930 

and after that every 5 minutes for 12h.  

 932 

3.11  FLIM- FRET  

 

Förster resonance energy transfer (FRET)ςbased assay using multiphoton 934 

fluorescence lifetime imaging microscopy (FLIM) was carried out on MSCs clones 

expressing GFP-H2B (donor alone) and 2FPs-H2B (FRET pairs; donor and acceptor: 936 

GFP-H2B and mCherry-H2B) at от ϲ/ ŀƴŘ р҈ /h2, plated at a density of 20.000 cells/ 

cm2 either in a classic petri dish or in CytoSoft® Imaging 24-well Plates. FLIM was 938 

performed using an inverted laser scanning multiphoton LSM780 microscope (Zeiss) 

with a 40× Plan-Apochromat objective NA 1.3 (Zeiss). Two-photon excitation was 940 

performed using Chameleon Ultra II laser at 890 nm. The HPM-100 module 

(Hamamatsu R10467-40 GaAsP hybrid photomultiplier tube) allowed the detection 942 

of the emitted photons. The fluorescence lifetime imaging was achieved by time-

correlated single-photon counting (TCSPC) electronics (SPC-830; Becker & Hickl), 944 

which measures the time elapsed between laser pulses and the fluorescence 

photons. During acquisition, the laser power was adjusted to provide a mean photon 946 

count rate of about 105 photons per second. FLIM measurements were acquired 

over 90 s, and fluorescence lifetimes were quantified and calculated for all pixels in 948 

each cell by selecting specific ROI by using SPCImage software (Becker & Hickl). The 
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FRET efficiency was measured by comparing the FLIM values obtained for cells 950 

expressing the GFP donor fluorophore alone with the complete FRET pairs. The FRET 

efficiency was calculated as άE FRET= 1- ( 1̱ /  ̱ 2)έ, ǿƘŜǊŜ ˍ1 is the mean fluorescence 952 

lifetime of the donor in the presence of the acceptor in 2FPs-H2B MSCs, and ̱2 is the 

mean fluorescence lifetime of the donor expressed in GFP-H2B cells. In the non-954 

FRET conditions, the mean fluorescence lifetime value of the donor was calculated 

from a mean of the ̱2 by applying a mono-exponential decay model to fit the 956 

fluorescence lifetime decays. In the FRET conditions, a bi-exponential fluorescence 

decay model to fit the experimental decay curves was applied. By fixing the non-958 

ƛƴǘŜǊŀŎǘƛƴƎ ǇǊƻǘŜƛƴǎΩ ƭƛŦŜǘƛƳŜ 2̱, we could estimate the ̱1 value with the SPCImage 

software. 960 

 

3.12  Nuclear Envelope FRET sensor 

 962 

MSCs expressing pCDH-MiniNesprin1-GFP-cpstFRET were seeded at a density of 

20.000 cells/ cm2 in an IBIDI plate (82426) and stained with 1:1000 SirDNA  964 

(Spirochrome; SC007), a nuclear dye compatible with live imaging. Cells were 

acquired using Leica TCS SP8 confocal microscope with a HCX Plan Apo ×63/1.40 966 

objective. Donor (cpCerulean) was excited at 458 nm and emission peaks of 

cpCerulean and cpVenus were captured, respectively, in a window of 470-490nm 968 

and 520-540nm. The inverted FRET index was calculated as the ratio between 

cpCerulean and cpVenus mean intensity. Data were analyzed using the SirDNA 970 

channel to define nuclear ROI as described in section 3.3.1. 

 972 

3.13 Optogenetics experiments  

 

To allow the visualization of the MLL4-PrLD protein, MSCs expressing piggyBAC-974 

MLL4-PrLD-HaloTag-Cry2 were stained with 200nM of 646 Janelia Fluor® HaloTag® 

(Promega; GA1120) diluted in complete culture medium for 20 minutes at 37°C. The 976 

substrate was then quickly washed once in PBS before replacing the medium. 
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The time-lapse video was carried out continuously for the indicated timings ŀǘ от ϲ/ 978 

and 5% CO2 using the Nikon Eclipse Ti2 with a Plan Apo 100x/1.45 Oil objective 

implemented with a EMCCD or CMOS sensor camera (Andor). Images of fluorescent 980 

cells were acquired before and after the stimulus (blue-light activation with LED 470 

100% intensity for 3 seconds) as indicated in the figures, and quantified to obtain 982 

the number, area, and mean intensity of clusters as follows: maximum intensity 

projection in z was performed (z-step size of лΦр˃m), then the ROI was drawn on the 984 

basis of the HaloTag 646 fluorescent intensity signal on the pre-stimulus condition. 

After background subtraction, in which the rolling ball correction was kept constant 986 

for every experiment, the following threshold wŀǎ ǳǎŜŘ ǘƻ ƛŘŜƴǘƛŦȅ ŎƭǳǎǘŜǊǎΥ ά(mean 

intensity of the nucleus on the pre-stimulus) + (4X standard deviationύέ. This allows 988 

to take into account variations in the expression of the protein before the stimulus 

at the single- cell level. The function άFind Maximaέ with a prominence of 20 was 990 

used to further define the clusters.  

We also state that we noticed variability in terms of cluster number and size by 992 

acquiring with the two different hardware settings, although the differences and the 

trend among samples are preserved. Indeed, the two cameras used have different 994 

sensitivity, characteristics, and pixel sizes that could influence cluster analysis. In 

particular, the sCMOS Andor Zyla 4.2 PLUS has a pixel size of сΦр ˃Ƴ Ȅ сΦр ˃Ƴ, 996 

whereas the EMCCD sensor Andor iXon Ultra 888 has a pixel size of мо ˃Ƴ Ȅ мо ˃Ƴ. 

 998 

3.14 Cell cycle assay 

 

MSCs were harvested, washed in PBS, and fixed in 70% ice-cold ethanol for 30 1000 

minutes at 4°C. After another wash in PBS, the pellet was resuspended in the 

propidium iodide (PI) staining solutionΣ ŎƻƴǘŀƛƴƛƴƎ оΦу Ƴa ǎƻŘƛǳƳ ŎƛǘǊŀǘŜΣ млл ˃Ǝκ 1002 

ml RNase, ŀƴŘ рл ˃Ǝκ Ƴƭ tL (Thermo Scientific; J66764.MC), in order to obtain 106 

cells/ml. Cells were incubated for 40 minutes at RT and then acquired at the Flow 1004 

Cytometer FACS CantoA recording at least 10.000 events and analyzed with the Flow 

Jo software (Cell Cycle platform). 1006 
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3.15 Statistical Analysis 

 1008 

All experiments were performed on independent biological replicates, as specified 

in the results section. For the imaging data, images were acquired by random 1010 

sampling by acquiring at least 15 non-overlapping fields of view, and, unless 

differently specified, one representative replicate is shown, even though the 1012 

experiment was performed at least three times independently obtaining similar 

results. The exact statistical parameters used for each experiment are reported in 1014 

figure captions. The statistical tests performed are two-tailed or one-tailed unpaired 

{ǘǳŘŜƴǘΩǎ ǘ-test, one-way ANOVA for multiple comparisons. P-values are indicated 1016 

in the figures and the corresponding figure captions as: *= p<0.05, ** = p<0.01, *** = 

pғ лΦллмΣ ϝϝϝϝҐ Ǉғ лΦллллм, ns = not significant (p<0.05).  1018 
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4. wŜǎǳƭǘǎ 

In this section, I present the results obtained during my PhD, which have been 1020 

carried out in the Laboratory of Chromatin Biology and Epigenetics led by Prof. 

Alessio Zippo at the Department of Cellular, Computational and Integrative Biology 1022 

(CIBIO, University of Trento). The majority of the results shown below are 

unpublished, however, paragraph 4.1 contains results obtained by myself and 1024 

published on Nature Genetics in 2020 (Fasciani et al., 2020), of which I share the co-

first authorships. My contribution to this publication was to perform the phase 1026 

separation and immunofluorescence experiments and participate in data analyses. 

Part of these results has been mentioned in the introduction of this thesis.   1028 

Furthermore, since this project required a multidisciplinary approach encompassing 

molecular biology, cell biology, microscopy, physics, and material science, some of 1030 

the experiments and data analyses were performed in collaboration with other 

laboratories having the expertise needed for a specific application: FLIM-FRET 1032 

experiments and analyses were carried out in tight collaboration with David Llères 

from Dr. Robert Feil laboratory at the Institute of Molecular Genetics of Montpellier. 1034 

Brillouin microscopy imaging and data analysis were performed by Claudia Testi 

from Prof. Ruocco laboratory at the Italian Institute of Technology of Rome. These 1036 

research activities included also my onsite visit during which I applied FLIM-FRET and 

Brillouin Microscopy to assess the level of chromatin compaction and nuclear 1038 

stiffness, respectively, in our model. We also thank Paolo Maiuri (AIRC Institute of 

Molecular Oncology, Milan) and his collaborators Alessandro Poli and Fabrizio 1040 

Pennacchio for scientific discussions and help with the nuclear envelope tension 

experiments and cluster dynamics data analysis. 1042 

 

4.1  MLL4 undergoes Phase Separation in vitro 

 1044 

The evidence that within cells MLL4 protein presents a puncta-like 

distribution (clusters), typical of proteins that participate in nuclear 1046 

condensates, led us to hypothesize that the MLL4ςCOMPASS complex 

could be organized in biomolecular condensates (Fasciani et al., 2020). 1048 
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Indeed, super-resolution microscopy (STORM) of the endogenous MLL4 

protein in MSCs showed that it is organized in heterogeneous clusters with 1050 

variable size, similar to what has been detected for BRD4 and RNA Pol II 

proteins. For these reasons, we sought to investigate the ability of MLL4 1052 

to undergo phase separation. 

 1054 

4.1.1 In silico analysis of IDRs 

 

The presence of IDRs in protein amino acids sequence is known to be 1056 

predictive of whether a protein will likely phase separate. In order to study 

the features of the amino acids sequence of MLL4 and search for the 1058 

presence of IDRs we used the tool PONDR (predictor of natural disordered 

regions, http://www.pondr.com/). The in silico analysis performed with 1060 

PONDR recognized 4473 disordered residues out of 5537, with an overall 

percentage of disorder of 80.78. Figure 9 showed the output of the 1062 

analysis, which highlights the presence of three major IDRs with a 

percentage of disorder above the PONDR score (black line): segment 1064 

[353]-[1363] (IDR1), segment [2055]-[3415] (IDR2), segment [3532]-[4461] 

(IDR3). Analysis by PLAAC (Prion-Like Amino Acid Composition) indicated 1066 

that this last region contained a prion-like domain (PrLD) characterized by 

a PolyQ stretch of 78 amino acids (Figure 9) (Fasciani et al., 2020). PrLDs 1068 

are often found in RNA-binding proteins that drive protein aggregation in 

neurodegenerative disorders such as amyotrophic lateral sclerosis. They 1070 

contain low-complexity regions composed of stretches of polar amino 

acids that favor the nucleation of macromolecular assemblies by 1072 

promoting multivalent interactions (Alberti, 2017). 

 Overall, this analysis suggests that MLL4 may sustain the formation of 1074 

phase-separated droplets. 

To understand whether the peculiar features of IDR3 (hereinafter referred 1076 

to as MLL4 PrLD) were able to drive MLL4 phase separation, we sought to 

purify this domain (from amino acid 3560 to 4270) fused to the mCherry 1078 

http://www.pondr.com/
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fluorescent protein, containing or deprived of the polyQ region (MLL4 PrLD 

ҟQ) and assess their ability to form droplets by in vitro droplet formation 1080 

assay.  

 1082 

4.1.2 Protein purification and Gel Filtration 

  

To purify mCherry-MLL4 PrLD /ҟQ recombinant proteins we used Ni-NTA 

affinity chromatography, which allows exploiting the binding of the 1084 

polyhistidine-tag (His-Tag), placed at the N-ǘŜǊƳƛƴǳǎ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴΩǎ 

sequence, with Nickel-containing Ni-NTA resin. To purify the protein, the 1086 

resin was exposed to increasing concentrations of imidazole, a competitive 

agent for the elution of histidine-tagged proteins. After purification, the 1088 

eluted fractions were loaded on a 12% polyacrylamide gel for SDS-PAGE 

and analyzed by Coomassie staining. The protein was visible in the soluble 1090 

fraction (SF), total lysate (TL), and in the fraction eluted at 100mM 

Figure 9. Representation of the predicted MLL4 IDRs retrieved by PONDR analysis. The 
image shows The PONDR score for each amino acid residue of human MLL4 protein. 
MLL4 IDRs (IDR1, IDR2, and IDR3) that have a percentage of disorder above the 
PONDR score (black bolded line) are highlighted with a blue line. The red square is a 
zoom-ƛƴ ƻŦ ǘƘŜ Ǉƻƭȅv ǎǘǊŜǘŎƘ ŎƻƴǘŀƛƴŜŘ ƛƴ L5wоΦ ¢ƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǘƘŜ ƭŜǘǘŜǊ ά5έ ōŜƭƻǿ 
the amino acids sequence indicates that the region has been predicted by VSL2 to be 
disordered. 


















































































































