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Even if all the cells of a given multicellular organism share the same genetic content, each cell specializes in specific phenotypes, 
defined by a pool of genes that it can normally express. Nowadays, even if the mechanism that regulates cell differentiation is 
completely understood, the involvement of genome architecture, more particularly the 3D spatial organization of DNA, in the 
regulation of gene expression has been studied intensively. Eukaryotic DNA is a two-meter long polymer packed in the cell nucleus 
in the form of chromatin fibers, a "beads on a string" structure, in which constitutive elements are the nucleosomes, short segment 
of DNA wrapped around a histones core [1]. Chromatin fibers are organized into 3D higher-order structures classified as euchromatin 
and heterochromatin domains. Euchromatin regions are active gene-rich domains of decondensed DNA, while heterochromatin 
mainly comprises highly packaged silenced DNA. However, the chromatin is not static and can change its organization in response 
to different stimuli. Key players in the chromatin organization are the post-translational histone modifications such as histone 
acetylation, which is generally considered a marker of euchromatin, and histone methylation highly localized in the heterochromatin 
regions [2].  
Within interphase cell nucleus, chromatin usually folds into characteristic structures called chromosomes located within distinct 
nuclear region known as chromosome territories (CT) [3-5]. Experimental techniques, such as Chromosome Painting, suggest that 
the spatial distribution of chromosomes is not stochastic [6]. Gene-rich chromosomes frequently localize in the inner part of the 
nucleus, while gene-poor chromosomes preferentially are in proximity of the nuclear envelope. On the other hand, chromosome 
size is anti-correlated with the distance from the nuclear center [3, 7]. 
The remodeling or alteration of the 3D organization of chromatin and chromosomes can lead to a variation of the condensation 
state of the genome, so facilitating or limiting the access of transcription machinery thus  resulting in a change of the cell 
transcriptome profile [1, 8]. 
Nowadays, it is well known that the mechanical environment in which the cell resides profoundly impacts nucleus content 
organization. In fact, the cell nucleus is mechanically connected to the external cellular space through the cytoskeleton. So, forces 
applied on the cell surface can be transmitted to the nucleus interior [8, 9]. Consequently, the mechanical conditioning of nuclear 
matter could be an effective way to modulate gene expression and hence cell phenotype [10, 11].  
Based on this evidence, the current project aims to investigate how mechanical stimuli can be finely tuned and used to activate or 
repress gene transcription in a quantitative and temporal predictable manner. This approach is central to understanding the 
geometric control of genetic programs involved in cellular homeostasis and the differentiation process. For example, cell mechanics 
can be modulated by altering the cellular morphology (shape, size, and aspect ratio) using engineered micropatterned substrates 
[12]. For example, adhesive islands limiting cell spreading area, strongly impact cytoskeleton's architecture thus inducing an 
alteration of the cell's mechanical and transcription state [8]. 
Additionally, we can employ cell confinement to modify the chromosome topology in a non-stochastic way. For example, adherent 
cells can spontaneously define an axis of polarity typical of migrating cells. This asymmetry of the cytoskeleton propagates inside 
the nucleus, causing chromosomes to adopt a conserved and non-random arrangement in the nuclear space [13, 14].  
In this project, the conformation and 3D organization of euchromatin/heterochromatin domains and CTs into the eukaryotic cell 
nucleus will be investigated with a multidisciplinary approach comprising: (i) nanoengineered chips, such as fibronectin 
micropatterned coated substrates, designed for the optimal cell machano-regulation; (ii) immunofluorescent techniques to label 
and recognize specific histone modifications and cell organelles of interest; (iii) DNA hybridization techniques, such as chromosome 
painting, to investigate the 3D conformation of specific chromatin domain and chromosome territories positioning. Then, super-
resolution microscopy techniques combined with advanced image analysis and mathematical modeling will be employed to 
extensively investigate the correlation between mechanical stimuli and 3D nuclear conformation. 
 



 
 
 
 
 
 
 
[1] Y. Wang, S. Maharana, M. D. Wang, and G. V. Shivashankar, "Super-resolution microscopy reveals decondensed 

chromatin structure at transcription sites," Scientific reports, vol. 4, no. 1, pp. 1-7, 2014. 
[2] A. J. Bannister and T. Kouzarides, "Regulation of chromatin by histone modifications," Cell research, vol. 21, no. 3, pp. 

381-395, 2011. 
[3] E. Lieberman-Aiden et al., "Comprehensive mapping of long-range interactions reveals folding principles of the human 

genome," science, vol. 326, no. 5950, pp. 289-293, 2009. 
[4] L. A. Mirny, "The fractal globule as a model of chromatin architecture in the cell," Chromosome research, vol. 19, no. 1, 

pp. 37-51, 2011. 
[5] T. Cremer and C. Cremer, "Chromosome territories, nuclear architecture and gene regulation in mammalian cells," Nature 

reviews genetics, vol. 2, no. 4, pp. 292-301, 2001. 
[6] G. Girelli et al., "GPSeq reveals the radial organization of chromatin in the cell nucleus," Nature biotechnology, vol. 38, no. 

10, pp. 1184-1193, 2020. 
[7] A. Bolzer et al., "Three-dimensional maps of all chromosomes in human male fibroblast nuclei and prometaphase 

rosettes," PLoS biology, vol. 3, no. 5, p. e157, 2005. 
[8] K. Amar, F. Wei, J. Chen, and N. Wang, "Effects of forces on chromatin," APL bioengineering, vol. 5, no. 4, p. 041503, 2021. 
[9] J. Zhang et al., "Nuclear mechanics within intact cells is regulated by cytoskeletal network and internal nanostructures," 

Small, vol. 16, no. 18, p. 1907688, 2020. 
[10] S. Li, D. Yang, L. Gao, Y. Wang, and Q. Peng, "Epigenetic regulation and mechanobiology," Biophysics Reports, vol. 6, no. 2, 

pp. 33-48, 2020. 
[11] A. Tajik et al., "Transcription upregulation via force-induced direct stretching of chromatin," Nature materials, vol. 15, no. 

12, pp. 1287-1296, 2016. 
[12] K. Mandal, I. Wang, E. Vitiello, L. A. C. Orellana, and M. Balland, "Cell dipole behaviour revealed by ECM sub-cellular 

geometry," Nature communications, vol. 5, no. 1, pp. 1-10, 2014. 
[13] P. Nastały et al., "Role of the nuclear membrane protein Emerin in front-rear polarity of the nucleus," Nature 

communications, vol. 11, no. 1, pp. 1-12, 2020. 
[14] Y. Wang, M. Nagarajan, C. Uhler, and G. V. Shivashankar, "Orientation and repositioning of chromosomes correlate with 

cell geometry–dependent gene expression," Molecular biology of the cell, vol. 28, no. 14, pp. 1997-2009, 2017. 
 

Luca Messina, PhD student XXXVII cycle, July 2022 

 


