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During cancer metastasis, cancer cells migrate through confined interstitial spaces, requiring extensive 

deformation of the cell body and nucleus. Previous studies found that nuclear compression induces 

heterochromatin formation; furthermore, the cytoskeleton can transmit extracellular forces to the nucleus, 

eliciting chromatin rearrangement and changes in gene expression. However, it remains unclear whether 

physical stress on the nucleus during confined migration through three-dimensional (3D) environments can 

induce chromatin modification and accessibility changes, and subsequently gene expression changes.  

 

Using custom-made microfluidic migration devices that mimic interstitial spaces in vivo, we here show that 

confined cell migration of fibroblasts and cancer cells results in increased H3K9me3 and H3K27me3 

heterochromatin marks compared to unconfined conditions, and that these marks persist for at least 4-5 

days. The migration-induced heterochromatin formation is dependent on histone modifying enzymes. 

Moreover, nuclear envelope proteins lamin A/C and emerin, and stretch-sensitive ion channels, contribute 

to the migration-induced heterochromatin formation. Finally, pharmacological inhibition of 

heterochromatin formation results in impaired cell migration compared to vehicle treatment, suggesting 

that heterochromatin formation promotes confined migration. Taken together, our study uncovers the novel 

phenomenon of heterochromatin formation induced by confined cell migration, and provides insights on 

the molecular mechanisms and its biological significance. 

 

As histone modifications often accompanies chromatin accessibility changes, we performed Assay for 

Transposase-Accessible Chromatin using sequencing (ATAC-seq) on cells migrating in 3D collagen 
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matrices, and found that cells in confined collagen matrices exhibit changes towards less accessible 

chromatin, consistent with the increased H3K9me3 and H3K27me3 heterochromatin levels. Confined 

migration increased chromatin accessibility near gene promoters associated with diverse functions such as 

chromatin silencing, tumor invasion, and DNA damage response. On the other hand, confined migration 

primarily reduced intergenic chromatin accessibility, particularly near centromeres and telomeres. 

Furthermore, transcription was decreased after confined migration through the microfluidic devices. Taken 

together, we demonstrate that confined migration induces chromatin accessibility and transcription changes 

associated with heterochromatin formation, which provides insights on the long-term functional 

consequences of confined migration. 

 

Finally, to better study the long-term consequences of confined migration, I designed a novel nuclear 

envelope (NE) rupture reporter utilizing the Cre-loxP recombination system for permanent labeling, and a 

laser capture microdissection (LCM)-based single cell RNA-seq assay tailored for microfluidic migration 

devices. The NE rupture reporter produced more persistent labeling compared to the commonly used cGAS-

mCherry reporter. However, the reporter exhibited high background labeling and, contrary to the design 

expectations, did not permanently labeled ruptured nuclei. The single cell RNA-seq assay demonstrates the 

feasibility of LCM for RNA collection from single cells in microfluidic devices. However, the high 

background noise hindered the interpretation of RNA-seq data. Nonetheless, the development and 

troubleshooting process of both tools provides useful insights for future optimization and new designs. 

 

This thesis, thus, provides the exciting discovery of migration-induced changes in chromatin states and 

accessibility, while presenting promising new tools that could enable future studies of long-term cell fates 

and gene expression changes resulting from confined migration.  
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SUMMARY 
 

Chapter 1: Introduction. I introduce the concept of the nucleus as a rate-limiting barrier during cell 

migration in confined three-dimensional (3D) environment and discuss the factors that govern the ability 

for the nucleus to pass through confined spaces, including nuclear size and rigidity, nuclear lamin levels 

and chromatin states. In addition, I explain the various mechanisms by which the cell moves the nucleus 

through confined spaces, and the biological consequences of nuclear deformation during confined migration. 

 

Chapter 2: Confined migration induces heterochromatin formation. I show that confined migration 

through 3D collagen matrices and microfluidic devices induce heterochromatin (H3K9me3 and H3K27me3) 

formation in various cell lines, including fibroblasts and cancer cells. I also show that the migration-induced 

increased heterochromatin is stable for days and inheritable after mitosis. I investigated the molecular 

mechanisms behind it, and found that migration-induced heterochromatin is dependent on various pathways 

including histone modifying enzymes and nuclear envelope proteins. Moreover, reducing heterochromatin 

formation impairs confined migration. Taken together, my study uncovers the novel phenomenon of 

heterochromatin formation induced by confined cell migration, and provides insights on the molecular 

mechanisms and its biological importance. 

 

Chapter 3: Confined migration alters chromatin accessibility and decreases transcription. By 

performing Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq) on cells during 

migration in 3D collagen matrices, I demonstrate that confined migration increased chromatin accessibility 

near promoter-transcription start sites of genes responsible for a wide range of functions such as chromatin 

silencing, tumor invasion, DNA damage checkpoint and cell cycle checkpoint. On the other hand, confined 

migration reduced chromatin accessibility in intergenic regions, particularly in centromeric/peri-

centromeric and telomeric/sub-telomeric regions. Moreover, confined migration through microfluidic 

devices decreases active transcription and nascent mRNA levels. Taken together, the predominantly 
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repressive chromatin accessibility changes and the decreased transcription supports the finding of 

migration-induced heterochromatin formation. My study also provides insights into the potential 

heterochromatin spreading and the functional consequences of confined migration. 

 

Chapter 4: Developing a nuclear envelope rupture reporter system and a single-cell RNA-seq assay 

for cell migration in microfluidic devices. I show the design and preliminary characterization of a nuclear 

rupture reporter system that aims to permanently labels cells that experience nuclear envelope rupture, in 

order to track their fates in vitro and in vivo. I present my work on the development a single-cell RNA-seq 

assay that utilizes laser capture microdissection and coupled with live-cell time lapse imaging, to precisely 

collect cells that are in different stages of migration in the microfluidic devices. Although both of the tools 

will require further optimization to achieve their goals, my development process provides useful insights 

for future improvements or innovations. 

 

Chapter 5: Conclusions and perspectives. This chapter provides a summary and conclusion of the work 

I have performed during my Ph.D., the follow-up studies needed to address some remaining questions, and 

the potential impact of my work on the field of cancer research. 
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CHAPTER 1: INTRODUCTION1 

 

Abstract 

 

From embryonic development to cancer metastasis, cell migration plays a central role in health and disease. 

It is increasingly becoming apparent that cells migrating in three-dimensional (3D) environments exhibit 

some striking differences compared with their well-established 2D counterparts. One key finding is the 

significant role the nucleus plays during 3D migration: when cells move in confined spaces, the cell body 

and nucleus must deform to squeeze through available spaces, and the deformability of the large and 

relatively rigid nucleus can become rate-limiting. In this chapter, we highlight recent findings regarding the 

role of nuclear mechanics in 3D migration, including factors that govern nuclear deformability, emerging 

mechanisms by which cells apply cytoskeletal forces to the nucleus to facilitate nuclear translocation, and 

finally, the emerging role of the nucleus as a cellular mechanosensor. Intriguingly, the ‘physical barrier’ 

imposed by the nucleus also impacts cytoplasmic dynamics that affect cell migration and signaling, and 

changes in nuclear structure resulting from the mechanical forces acting on the nucleus during 3D migration 

could further alter cellular function. These findings have broad relevance to the migration of both normal 

and cancerous cells inside living tissues, and motivate further research into the molecular details by which 

cells move their nuclei, as well as the consequences of the mechanical stress on the nucleus. 

 

 

 

 

 

 

 

 

1Portions of this work have been adapted from the following publication: 
 
McGregor, A.L.*, Hsia, C.-R.*, and Lammerding, J. (2016). Squish and squeeze—the nucleus as a 
physical barrier during migration in confined environments. Current Opinion in Cell Biology 40, 32–40. 
*, these authors contributed equally 
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The challenges of cell migration in three-dimensional confined environments 

 

In multicellular organisms, cell migration is essential in the development, maintenance and repair of various 

tissues (Munjal and Lecuit, 2014); it also enables immune cells to survey tissues and to respond to local 

challenges (Weninger et al., 2014). At the same time, cell migration drives the tissue invasion and metastasis 

of cancer cells, which is responsible for the vast majority of cancer deaths (Chaffer and Weinberg, 2011). 

While much of our current knowledge regarding the molecular and biophysical principles of cell migration 

stems from studying cells moving on 2D substrates (Gardel et al., 2010), it is now becoming evident that 

cells migrating in 3D environments encounter distinct physical challenges. During in vivo 

migration/invasion, cells must navigate many microstructural obstacles, including extracellular matrix 

(ECM) networks and neighboring cells. The pore sizes encountered in the interstitial space range from 0.1 

to 30 μm in diameter, which is, comparable to or significantly smaller than the size of the migrating cell 

(Doerschuk et al., 1993; Stoitzner et al., 2002; Weigelin et al., 2012). Cells have two strategies to penetrate 

such confined environments: (i) expanding the openings via physical remodeling and/or proteolytic 

degradation of the ECM [8] or (ii) contorting their shape to accommodate the available space (Wolf et al., 

2003). The cell membrane and cytoplasm are able to quickly deform and remodel to penetrate openings 

less than 1 μm in diameter (Wolf et al., 2013). In contrast, deformation of the nucleus, the largest and stiffest 

organelle, presents a more formidable challenge. Here we discuss emerging insights into the intracellular 

biomechanics and molecular processes involved in translocating the nucleus through tight spaces, including 

implications on migration efficiency and other biological functions (Table 1.1). 
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Table 1.1. Overview of relevant molecular components involved in nuclear mechanics and migration 

in confined environments. 

Components Functions References 

Lamins 

1. Major components of the nuclear lamina; determine 
nuclear shape and size; A-type lamins in particular are 
major contributors to nuclear stiffness. 

2. Contribute to anchoring LINC complex at the nuclear 
envelope. 

3. Bind to chromatin, particularly at lamin-associated 
domains (LADs) at the nuclear periphery; also interact 
with transcriptional regulators and DNA damage response 
proteins. 

(Booth-Gauthier et 
al., 2013; Crisp et al., 
2006; Lammerding et 

al., 2004, 2006; 
Shimi et al., 2008) 

Chromatin 

1. Heterochromatin facilitates 2D and transwell migration. 
2. Contributes to nuclear stiffness and elasticity. 
3. Chromatin reorganization, chromatin compartment 

switch, and heterochromatin formation can regulate gene 
expression in response to nuclear deformation and 
confined migration. 

(Damodaran et al., 
2018; Gerlitz, 2020; 
Golloshi et al., 2020; 
Jacobson et al., 2018; 
Krause et al., 2019; 

Meuleman et al., 
2013; Pajerowski et 

al., 2007) 

LINC complexes 
Physically connect the cytoskeleton and the nucleus, 
enabling force application and relaying of mechanical signal 
to the nucleus. 

(Chang et al., 2015; 
Crisp et al., 2006; 

Gundersen and 
Worman, 2013) 

Actomyosin 
bundles and non-
muscle myosin II 

(NMII) 

1. Actomyosin contraction is the major player of both 
actively pulling and pushing the nucleus. 

2. Actomyosin contraction is crucial for relaying mechanical 
signal to the nucleus. 

3. Non-muscle myosin IIA participates in actomyosin 
contraction at cell anterior to pull the nucleus. 

4. Non-muscle myosin IIB participates in actomyosin 
contraction at cell posterior to push the nucleus. 

(Dupin et al., 2011; 
Lämmermann et al., 
2008; Petrie et al., 

2014; Thomas et al., 
2015; Wolf et al., 

2013) 

Intermediate 
filaments 

1. Vimentin filaments interact with actomyosin (NMIIA) 
bundles to facilitate pulling of the nucleus. 

2. Intermediate filaments have the highest resistance to 
tensile force among the cytoskeleton, providing the 
strength needed for pulling the nucleus. 

(Petrie and Yamada, 
2015; Petrie et al., 

2014) 

Integrins 
Form focal adhesions at the leading edge of the cell, 
mediating traction forces needed for cell movement and 
nuclear translocation. 

(Petrie et al., 2012; 
Wolf et al., 2013) 
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Components Functions References 

Microtubules 
and 

dynein/kinesin 
motor proteins 

1. Participate in nuclear rotation during 2D migration and in 
myotubes. 

2. Possible role in nuclear rotation and pulling in 3D 
migration. 

(Gundersen and 
Worman, 2013; Levy 
and Holzbaur, 2008; 

Wilson and 
Holzbaur, 2012) 

 

The size and rigidity of the nucleus: a physical barrier for cell migration 

 

The nucleus is the largest organelle in the cell, with a diameter between 3 and 15 μm (Lammerding, 2011; 

Martins et al., 2012), making it substantially larger than many pores encountered during migration in 

physiological tissues. Furthermore, biophysical measurements of isolated nuclei and intact cells reveal that 

the nucleus is typically 2–10-times stiffer than the surrounding cytoplasm (Lammerding, 2011). This 

combination of large size and relative rigidity of the nucleus led to the hypothesis that the nucleus can 

impact the cells’ ability to migrate (Friedl et al., 2011). Early support for this hypothesis came from work 

on tumor cells migrating through microfabricated channels with precisely defined constrictions (Balzer et 

al., 2012; Fu et al., 2012; Tong et al., 2012) (see Box 1.1 for more information on such devices). While 

moderate confinement results in increased migration speed by allowing cells to employ faster migration 

modes (e.g., ‘amoeboid migration’ and ‘chimneying’) than during 2D migration (Liu et al., 2015), 

constrictions below approximately 5 μm in diameter require substantial nuclear deformation and result in 

reduced migration speeds (Balzer et al., 2012; Davidson et al., 2014, 2015; Fu et al., 2012; Lautscham et 

al., 2015; Tong et al., 2012). A seminal study by Friedl, Wolf, and colleagues using a range of cell types 

demonstrated that nuclear deformability presents a physical limit for the migration through collagen 

matrices with varying pore sizes (Wolf et al., 2013). When inhibiting matrix metalloprotease (MMP) 

activity required to degrade ECM, migration speed declined with decreasing pore size as nuclei had to 

undergo increasing deformation (Wolf et al., 2013). At pore sizes smaller than 10% of the non-deformed 

cross-section of the nucleus, cells reached a ‘nuclear deformation limit’ resulting in complete migration 

arrest, despite continued protrusion of the cytoplasm (Wolf et al., 2013). Subsequent studies using a variety 
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of cell lines and experimental assays ranging from microfluidic devices, membranes with defined pores, 

ECM matrices, and in vivo xenografts have painted a similar picture, in which the deformability of the 

nucleus limits the cell's ability to pass through tight spaces, reducing or even stalling migration as the pore 

size decreases below the cross-section of the nucleus (Booth-Gauthier et al., 2013; Davidson et al., 2014, 

2015; Greiner et al., 2014; Guzman et al., 2014; Lautscham et al., 2015; Mak et al., 2013; Malboubi et al., 

2015; Rowat et al., 2013). Moreover, recent studies found that the physical stress of nuclear deformation 

through tight constrictions can result in transient loss of nuclear envelope integrity, termed ‘nuclear 

envelope rupture’ (Denais et al., 2016; Irianto et al., 2016; Raab et al., 2016). Assessing the role of specific 

physical factors on cell migration in confined environments, Lautscham and colleagues (Lautscham et al., 

2015) found that increased nuclear (but not cytoplasmic) volume, increased nuclear stiffness, reduced cell 

adhesion and lower cell contractility impaired migration through microfluidic constrictions. While the 

above findings prove common to a large variety of cell lines, including neutrophils, fibroblasts, and tumor 

cells, the exact degree of confinement necessary to elicit such effects, and the magnitude of the effect, varies 

with cell type. These differences indicate that variation in nuclear deformability, or the cytoskeletal forces 

applied to the nucleus, may be important modulators of the ‘nuclear barrier’ effect. 

 

Box 1.1. Development of tools to study migration in confined environments 

 

Microfabrication techniques are finding increased application to study cell migration in confined 

environments, complementing existing approaches such as transwell plates and collagen invasion assays 

(Haeger et al., 2014; Harada et al., 2014; Wolf et al., 2009, 2013). Besides micropillars, polymer scaffolds, 

and electrospun matrices (Booth-Gauthier et al., 2013; Greiner et al., 2014; Meehan and Nain, 2014; Qin 

et al., 2015), microfluidic devices made from polydimethylsiloxane (PDMS) by soft lithography 

(Duncombe et al., 2015; Lautenschläger and Piel, 2013) have proven particularly powerful in investigating 

cell migration through tight spaces by providing precisely defined microscale structures and constrictions 
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with cross-sections from 100 μm2 to less than 5 μm2 (Balzer et al., 2012; Davidson et al., 2014, 2015; Fu et 

al., 2012; Lange et al., 2015; Lautscham et al., 2015; Liu et al., 2015; Mak et al., 2013; Malboubi et al., 

2015; Rowat et al., 2013; Stroka et al., 2014, 2014; Thomas et al., 2015).These devices, which often include 

features to apply stable chemotactic gradients (Balzer et al., 2012; Davidson et al., 2014, 2015; Fu et al., 

2012; Malboubi et al., 2015; Tong et al., 2012), allow for user defined geometries ranging from simple 

straight channels (Balzer et al., 2012; Fu et al., 2012; Malboubi et al., 2015; Stroka et al., 2014) to more 

intricate designs mimicking physiological environments (Davidson et al., 2014, 2015; Lange et al., 2015; 

Lautscham et al., 2015; Mak et al., 2013; Rowat et al., 2013). Such microfluidic devices can be 

functionalized with a variety of ECM proteins to control cell adhesion. Since the devices are made of 

transparent PDMS and mounted on thin coverslips, they provide superb imaging conditions for live-cell 

imaging with high spatial and temporal resolution (Duncombe et al., 2015; Lautenschläger and Piel, 2013). 

 

Lamins determine nuclear deformability and migration through confined environments 

 

The deformability of the nucleus is largely determined by two components, the nuclear lamin network and 

chromatin (Dahl et al., 2004, 2005; Stephens et al., 2018). Lamins are type V nuclear intermediate filaments 

that can be divided into two subtypes, A-type (A, C, C2) and B-type (B1-3) lamins (Fisher et al., 1986; 

Furukawa et al., 1994; Lin and Worman, 1995, 1995; Machiels et al., 1996; McKeon et al., 1986; Peter et 

al., 1989; Vorburger et al., 1989) The different lamin subtypes form separate but interdigitating fibrillar 

networks at the nuclear periphery (Shimi et al., 2008, 2015). In addition to regulating nuclear shape and 

stiffness (Dahl et al., 2004; Lammerding et al., 2004, 2006; Schäpe et al., 2009; Swift et al., 2013), they 

play important roles in chromatin organization, DNA damage repair, and transcriptional regulation (Ho and 

Lammerding, 2012; Shimi et al., 2008; Solovei et al., 2013). Cell-stretching and micropipette aspiration 

experiments indicate that A-type lamins have a larger impact on nuclear stiffness than B-type lamins — 

nuclear stiffness strongly scales with expression of lamins A/C (Lammerding et al., 2004, 2006; Schäpe et 

al., 2009; Swift et al., 2013), although increased expression of lamin B1 can also increase nuclear rigidity 
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(Ferrera et al., 2014). Consistent with the ‘nuclear barrier’ hypothesis, recent studies found that cells with 

reduced levels of lamins A/C have more deformable nuclei and migrate faster through tight spaces than 

control cells with normal lamin A/C levels (Davidson et al., 2014; Harada et al., 2014). Conversely, 

increased expression of lamin A, or expression of a mutant lamin (progerin) that increases nuclear stiffness, 

impaired transit through narrow constrictions (Booth-Gauthier et al., 2013; Rowat et al., 2013). Loss of 

lamin A/C promotes cell migration through small constrictions by allowing larger nuclear deformation, 

rather than increased nuclear compression, as the nuclear volume does not decrease during nuclear 

translocation (Davidson et al., 2015). Moreover, lamin A/C depletion results in increased nuclear envelope 

rupture during migration through tight spaces (Denais et al., 2016; Raab et al., 2016; Xia et al., 2018).  

These findings have direct physiological and clinical relevance, since downregulation of lamins A/C during 

granulopoiesis is critical for the ability of neutrophils to pass through micron-sized constrictions (Rowat et 

al., 2013), and misregulation of lamins is common to many cancers (Hutchison, 2014) (see Box 1.2 for 

more information). Less is known about the role of B-type lamins in 3D migration. Loss of B-type lamins 

increases nuclear envelope rupture and impairs migration of neurons, which lack A-type lamins, in the 

developing brain, and this effect is caused by increased DNA damage and cell death, as well as defects 

connecting the nuclear interior and cytoplasm (Chen et al., 2019; Coffinier et al., 2010; Young et al., 2014). 

Given recent reports that lamin A/C levels and organization can vary in response to substrate stiffness and 

cytoskeletal tension (Buxboim et al., 2014; Ihalainen et al., 2015; Swift et al., 2013), it is intriguing to 

speculate that cells could also dynamically adjust their nuclear stiffness during migration. 

 

Box 1.2. Lamins, nuclear shape, and disease 

 

Mutations in lamins cause a large spectrum of human diseases, ranging from muscular dystrophy and 

dilated cardiomyopathy to premature aging (Davidson and Lammerding, 2014; Schreiber and Kennedy, 

2013). Increasing reports indicate that altered lamin expression (rather than mutations) is found in many 
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cancers, and often correlates with negative clinical outcomes (Denais and Lammerding, 2014; Hutchison, 

2014; Krause and Wolf, 2015). For example, reduced expression of lamin A/C has been reported in breast 

(Capo-chichi et al., 2011; Wazir et al., 2013) and cervical cancer (Capo-chichi et al., 2016), and is correlated 

with an increased recurrence of stage II and III colon cancer (Belt et al., 2011) and reduced disease-free 

survival in breast cancer (Wazir et al., 2013). However, in other cases, increased A-type lamin expression 

is associated with disease progression, specifically in prostate, colon and ovarian cancers (Chow et al., 

2012; Willis et al., 2008). Given the multiple function of lamins, changes in their expression are expected 

to have pleiotropic effects, altering not only nuclear stiffness but also proliferation, survival, and gene 

expression (Chow et al., 2012; Denais and Lammerding, 2014; Hutchison, 2014; Krause and Wolf, 2015; 

Mitchell et al., 2015). Nonetheless, it is intriguing that more invasive breast cancer cell lines such as Hs578T 

and MDA-MB-231 are capable of more extensive nuclear deformation than normal and non-malignant 

controls (Chiotaki et al., 2014), and move faster through migration devices designed to mimic tight spaces 

inside the body (Fu et al., 2012). Future studies should be directed at characterizing the effects of altered 

lamin levels on cell migration, as well as other cellular functions, in more detail. 

 

The role of chromatin in nuclear deformability and migration 

 

Chromatin, consisting of DNA wrapped around histone octamers, occupies most of the nuclear interior and 

contributes to the viscoelastic response of nuclear deformation (Dahl et al., 2005; Pajerowski et al., 2007). 

Chromatin exists in two states: (i) the open ‘euchromatin’, which is typically transcriptionally active, and 

(ii) the closed, more compact ‘heterochromatin’, which is associated with inactive genes (Eissenberg and 

Elgin, 2001; Strålfors and Ekwall, 2011).  

 

In the past decade, numerous studies have highlighted the importance of heterochromatin in 2D and 

transwell migration (Gerlitz, 2020; Gerlitz and Bustin, 2010; Liu et al., 2018; Segal et al., 2018; Zhang et 

al., 2016a, 2016b). Global chromatin condensation and heterochromatin formation accompanied by 
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increased nuclear stiffness occurs after induction of cell migration in scratch wound and transwell assays. 

Blocking or depletion of histone methyltransferase such as G9a and SUV39H1 (responsible for H3K9me2/3 

heterochromatin) or EZH2 (responsible for H3K27me3 heterochromatin) impairs migration (Gerlitz and 

Bustin, 2010; Liu et al., 2018; Segal et al., 2018; Zhang et al., 2016a, 2016b). Aside from the change of 

nuclear mechanical properties, the Gerlitz group showed that H3K27me3 heterochromatin modifications 

help coordinate transcriptomic changes required for cell migration by preventing unnecessary gene 

expression (Segal et al., 2018).  

 

On the other hand, little is known about the role chromatin states play in 3D migration in confined 

environments. Promoting euchromatin over heterochromatin organization, for example by treatment with 

the histone deacetylase inhibitor trichostatin A (TSA), results in softer and more deformable nuclei (Krause 

et al., 2019; Pajerowski et al., 2007; Panagiotakopoulou et al., 2016; Stephens et al., 2018). Interestingly, 

treatment with 5’-deoxy-5’-methylthioadenosine (MTA), a histone methyltransferase inhibitor that cause 

de-condensation of chromatin, impairs the migration of the cells through microchannels (Fu et al., 2012). 

Treatment with TSA shows a similar inhibitory effect on cell migration through microfluidic constrictions, 

and surprisingly, nuclear stiffness correlates positively with migration speed (Krause et al., 2019). High 

dosage of TSA substantially enlarges nuclear size, which is likely to cause this counterintuitive effect 

(Krause et al., 2019; Lautscham et al., 2015). However, a lower dosage of TSA, which does not increase 

nuclear size, still slows down confined migration, which the authors suggest may be due to the reduced 

elasticity and the inability of the nucleus to change shape efficiently, or a less dynamic cytoskeleton network 

(Krause et al., 2019). It remains unclear if transcriptional regulation is involved in this effect, motivating 

future research on the role of chromatin organization, particularly the role of heterochromatin, in cell 

migration through confined constrictions.  
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Cytoskeletal forces pulling or pushing on the nucleus 

 

Recent studies have shed light onto the molecular components physically connecting the nucleus and 

cytoskeleton (Fig. 1-1a), revealing that the linker of nucleoskeleton and cytoskeleton (LINC) complex is 

the ‘clutch’ that enables transmission of mechanical force across the nuclear envelope (Crisp et al., 2006). 

We refer the reader to excellent recent reviews (Chang et al., 2015; Gundersen and Worman, 2013) and the 

article by Burridge et al. in this issue for more details on LINC complex function. However, the mechanism 

by which cells move the nucleus through confined spaces, including whether cells predominantly pull or 

push on the nucleus (Fig. 1-1b), remains incompletely understood. It is likely that cells apply a varying 

combination of both mechanisms, depending on the specific conditions. 
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Figure 1.1: Schematic overview of the physical connections between the nucleus and cytoskeleton, 

and their roles in moving the nucleus through confined spaces. (a) At the nuclear periphery, chromatin 

interacts with lamins at lamina-associated domains (LADs). SUN domain proteins (SUN1 and SUN2) are 
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anchored to the nuclear lamina and other components of the nuclear interior by their C-terminus. The N-

terminal luminal long stalks and SUN domains of SUN1/2 form trimers that interact with KASH domain 

proteins located in the outer nuclear membrane (nesprin-1/-2/-3, along with the cell-type specific nesprin-

4 and KASH5), forming the LINC complex (Sosa et al., 2012). The strong interaction between SUN domain 

trimers and the KASH domains provide the basis to mechanically couple the nuclear interior with the 

cytoskeleton — nesprins interact directly with actomyosin bundles, or indirectly with microtubules and 

intermediate filaments via intermediary proteins (such as kinesin, dynein, plectin) (Gundersen and Worman, 

2013). Mechanical force transmission via nucleo-cytoskeletal coupling may also trigger 

mechanotransduction events, ranging from the recruitment of lamins to the LINC complex to changes in 

chromatin organization and gene expression, which may further impact cell migration processes. (b) 

Cytoskeletal organization and dynamics during migration in confined 3D environments. As the cell passes 

through narrow pores, the nucleus separates the cell into front and back ends. The insets depict proposed 

mechanisms by which the cytoskeleton translocates the nucleus through confined spaces, including pushing 

via actomyosin contraction at the posterior of the nucleus (1), pulling via actomyosin contraction facilitated 

by intermediate filaments (2), pulling via microtubule-associated motors (3), and rotation via microtubule-

associated motors (4). 

 

Pulling the nucleus forward 

 

In most migrating cells, the nucleus is positioned rearward, that is, in the back of the cell (Gundersen and 

Worman, 2013). Recent studies indicate that actomyosin contractility, possibly in combination with 

intermediate filaments (Dupin et al., 2011; Ketema et al., 2013), physically pull the nucleus forward during 

2D and 3D migration (Wolf et al., 2013; Wu et al., 2014). In 3D lamellipodial-based migration, actomyosin 

contractility and integrin-mediated traction at the leading edge are required to translocate the nucleus 

through narrow constrictions (Wolf et al., 2013). During 3D lobopodial-based migration, non-muscle 

myosin IIA (NMIIA)-containing actomyosin bundles work with vimentin filaments to pull the nucleus 
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forward by binding to nesprin-3α of the LINC complex via plectin (Ketema et al., 2013; Petrie et al., 2014). 

Whereas microtubule associated motors are dispensable for nuclear translocation in 2D migration (Wu et 

al., 2014), the microtubule-associated motors dynein/kinesin, which can directly bind to LINC complex 

proteins (Chang et al., 2015), are essential for interkinetic nuclear migration in neurons (Tsai et al., 2010). 

Dynein and kinesin are also required for nuclear positioning in multinucleated myotubes, where nuclei are 

squeezed, rotated and translocated to form proper myotube structure (Wilson and Holzbaur, 2012). Thus, it 

is possible that microtubule-associated motors also participate in nuclear translocation during 3D cell 

migration. 

 

Pushing the nucleus forward 

 

Actomyosin contraction at the back of the cell is required for squeezing the leukocyte nucleus through 

narrow pores (Lämmermann et al., 2008). In breast and brain cancer cells, non-muscle myosin IIB (NMIIB) 

is recruited to the perinuclear cytoskeleton and posterior of the cell, possibly via nesprin-2, where it applies 

pushing forces to the nucleus to facilitate nuclear translocation through confined 3D environments (Ivkovic 

et al., 2012; Thomas et al., 2015). Depletion of NMIIB, but not NMIIA, impairs migration of breast cancer 

cells through microfluidic constrictions and dense collagen matrices (Thomas et al., 2015), suggesting a 

specific role of perinuclear NMIIB actin networks in squeezing the nucleus through constrictions. 

Nonetheless, further studies are required to determine whether NMIIB-dependent actomyosin contraction 

constitutes a general mechanism for nuclear translocation, whether it also involves nesprin-3α and vimentin 

filaments, and whether increased pulling forces can compensate for impaired pushing forces and vice versa. 

 

Physical compartmentalization by the nucleus 

 

During migration through confined spaces, the nucleus takes up most of the space within the constriction, 

thus leaving little or no room for cytoplasmic transport around the nucleus and effectively dividing the 
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cytoplasm into ‘front’ and ‘back’ compartments (Fig. 1-1b). This intracellular compartmentalization plays 

an important role in two mechanisms: osmotic pressure differences caused by water permeation, and 

intracellular pressure generated by the nucleus as an active ‘piston’ (Petrie et al., 2014; Stroka et al., 2014). 

Polarized distribution of Na+/H+ pumps and aquaporins on the plasma membrane at the front and back of 

the cell alters water permeation and can drive migration and nuclear translocation, even when actin 

polymerization is inhibited (Stroka et al., 2014). However, since this osmotic pressure-based mechanism 

has only been described in tube-like microchannels that restrict fluid flow to the front and back of the cells, 

its relevance in more physiological environments still needs to be examined. Work by the Yamada group 

(Petrie et al., 2014) reveals that during lobopodial-based migration, actomyosin-mediated pulling of the 

nucleus compresses the front of the cell, similar to a piston in a cylinder, building up higher intracellular 

pressure within this compartment and driving the formation of new lobopodial protrusions at the leading 

edge. The nucleus may similarly serve as a counterbalance for the directional protrusion of invadopodia, 

causing visible indentation of the basal nuclear surface (Revach et al., 2015). Taken together, these studies 

illustrate how cells can take advantage of the large and rigid nucleus to promote cell migration in 3D 

environments. 

 

Biological consequences of nuclear deformation during 3D cell migration 

 

The nucleus is not only a passive mechanical element, but also houses the cell's genomic information and 

is the site of DNA replication, transcription, and RNA processing. Thus, the substantial mechanical forces 

and deformation incurred during migration through tight spaces may have severe biological consequences 

that impact cellular function and viability. 
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Influences on nuclear envelope integrity, genomic stability, and cell survival 

 

Aside from the transient uncontrolled exchange of nucleoplasm and cytoplasm, nuclear envelope ruptures 

induced by migration through tight spaces can result in DNA damage (Nader et al., 2020; Shah et al., 2020; 

Xia et al., 2019). A recent study on the preprint server shows that rupture-induced DNA damage caused by 

cytoplasmic exonuclease TREX-1 can drive invasion of breast carcinoma in mouse model (Nader et al., 

2020). Even without nuclear envelope rupture, nuclear deformation alone is sufficient to cause DNA 

damage, through segregation of DNA damage repair proteins (Irianto et al., 2016) or mechanical-induced 

replication stress (Shah et al., 2020). Interestingly, recent studies have produced conflicting results on the 

effect of cell migration through tight spaces on cell viability. Whereas one study found increased apoptosis 

after migration through small (3 μm) pores, particularly in lamin A/C-deficient cells (Harada et al., 2014), 

others reported no noticeable increase in cell death during confinement (Davidson et al., 2015; Denais et 

al., 2016; Liu et al., 2015; Raab et al., 2016; Shah et al., 2020). The cause of migration-induced DNA 

damage, whether by deformation alone, or nuclear envelope rupture, seems to be highly dependent on cell 

type (Shah et al., 2020), possibly due to variable levels of DNA damage response proteins or cytoplasmic 

nucleases. This cell line-dependency may also explain the differential results of cell viability observed in 

different studies. 

 

Influences on mechanotransduction signaling, genomic organization, and gene expression 

 

Mechanical stress on the nucleus during migration may also trigger non-lethal changes, which could further 

affect cell migration and cellular function. Recent studies in which isolated nuclei were subjected to 

mechanical stress suggest that the nucleus itself can act as a mechanosensitive element. Force application 

via the LINC complex induces rapid phosphorylation of the inner nuclear membrane protein emerin, leading 

to recruitment of lamin A/C to the nuclear envelope and nuclear stiffening (Guilluy et al., 2014). Shearing 

isolated nuclei causes partial unfolding of lamin A/C, exposing cryptic binding sites that could initiate 
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mechanotransduction events (Swift et al., 2013). Furthermore, changes in the mechanical 

microenvironment and force application to intact cells can induce chromatin remodeling (Iyer et al., 2012; 

Li et al., 2011) and dissociation of nuclear protein complexes (Poh et al., 2012), which could affect both 

nuclear deformability and gene expression (see (Kaminski et al., 2014) and (Guilluy and Burridge, 2015) 

for a detailed discussion of nuclear mechanotransduction). Indeed, force-induced stretching of the 

chromatin can upregulate transgene expression (Tajik et al., 2016), further demonstrating the impact of 

nuclear mechanosnsing on gene expression. Recent works using genome-wide chromosome conformation 

capture (Hi-C) demonstrate that migration through constricted transwell pores result in genomic 

rearrangement in LADs (Golloshi et al., 2020) and disruption of chromatin interactions (Jacobson et al., 

2018), suggesting that nuclear deformation during migration can result in long-term changes in genomic 

organization. However, the impact of such genomic rearrangement on gene expression remains to be 

investigated. 

 

Two recent publications suggest that the nucleus functions as a ‘cellular ruler’ that can directly sense the 

degree of confinement and regulate cellular responses, particularly cell contractility for confined migration 

(Lomakin et al., 2020; Venturini et al., 2020). The studies demonstrated that confinement of less than the 

height of 5-10 μm unfolds and stretches the nuclear envelope and the connecting endoplasmic reticulum 

(ER), resulting in release of intracellular Ca2+ and subsequent activation of cytoplasmic phospholipase A2 

(cPLA2) signaling (Lomakin et al., 2020; Venturini et al., 2020). The activated cPLA2 signaling then 

triggers increased cortical actomyosin contractility, which facilitates cell migration through confined 

environments (Lomakin et al., 2020; Venturini et al., 2020). Depletion of lamin A/C or lamin B receptor 

(LBR) abolishes the nuclear mechanosensing ability, suggesting the importance of an intact nuclear 

envelope structure (Lomakin et al., 2020). However, it is still unclear how much of the mechanosensing 

can be directly attributed to the nucleus, instead of the connecting ER, where most of the intracellular Ca2+ 

is stored. Thus, follow-up studies are needed to address the role of ER in the nuclear mechanosensing 
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mechanism. Nonetheless, the two recent publications establish a new foundation for future research 

focusing on nuclear mechanics in confined migration and other biological context. 

 

Conclusions and outlook 

 

The nucleus has long been recognized as a central hub for genomic information and its processing. Work 

published over the past decade makes it clear that one has to also consider the physical impact of the nucleus 

on cellular function, particularly during migration in 3D environments. The nucleus, with its large volume 

and relative rigidity, acts as physical barrier when cells encounter pore sizes smaller than the nuclear 

diameter, resulting in reduced migration efficiency or even complete migration arrest. The extent of this 

nuclear barrier effect is largely driven by the nuclear size and stiffness, which is governed by the levels of 

the nuclear envelope proteins lamin A/C and chromatin organization. These findings are particularly 

relevant to immune cells and to invading cancer cells, which move through tissues with pore sizes smaller 

than the size of the nucleus and often have altered expression of lamins and other nuclear envelope proteins. 

Despite recent advances, many open questions remain. For example, can cells dynamically adjust their 

nuclear stiffness to facilitate cell migration through tight spaces, possibly by phosphorylation and/or 

degradation of nuclear lamins, or changes in chromatin modification? Given its importance in 2D and 

transwell migration, what is the role of heterochromatin in 3D confined migration? Are some cells 

particularly well-suited for 3D migration, either by having more deformable nuclei or by pulling/pushing 

harder on the nucleus? What are the precise molecular mechanisms by which cells translocate the nucleus 

through tight spaces? What role in mechanosensing does the nucleus play, for example, versus the ER, cell 

surface receptors, or cytoskeleton? Although we know that migration through tight spaces induces DNA 

damage and genomic rearrangement, do these changes alter gene expression and long-term cell fates? Such 

mechanically induced events could not only affect migration itself, for example, by altering nuclear stiffness 

and cytoskeletal dynamics, but also impact various other cellular functions and even viability. To drive new 

discoveries, it will be crucial to combine new imaging tools, such as fluorescence resonance energy transfer 
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(FRET)-based intracellular force probes (Cost et al., 2015), with microfabricated environments that mimic 

physiological environments while providing defined geometries and enhanced live-cell imaging conditions, 

as well as single cell based assays to measure cell viability, gene expression, and epigenetic modification. 

Further insights into the role of the nucleus in 3D migration will not only improve our understanding of the 

physical constraints during migration in physiological environments, but may ultimately lead to new 

strategies to better target invasive cancer cells and to reduce or eliminate metastatic spreading. 
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CHAPTER 2: CONFINED MIGRATION INDUCES HETEROCHROMATIN FORMATION1 

 

Abstract 

 

During cancer metastasis, cancer cells migrate through confined interstitial spaces, requiring extensive 

deformation of the cell body and nucleus. Previous studies found that nuclear compression induces 

heterochromatin formation. However, it remains unclear whether physical stress on the nucleus during 

confined migration through three-dimensional (3D) environments can induce chromatin modification 

changes. Here, we performed immunofluorescence imaging of fibroblasts and cancer cells migrating 

through collagen matrices and custom-made microfluidic migration devices that mimic interstitial spaces 

in vivo. Confined cell migration resulted in increased H3K9me3 and H3K27me3 heterochromatin marks 

compared to unconfined conditions, and the marks persisted for at least 4-5 days. The migration-induced 

heterochromatin formation was dependent on histone modifying enzymes. Moreover, nuclear envelope 

proteins lamin A/C and emerin, and stretch-sensitive ion channels also contributed to migration-induced 

heterochromatin formation. Blocking heterochromatin formation resulted in impaired cell migration 

compared to vehicle treated controls. Taken together, our study indicates that migration of cancer cells and 

fibroblasts through confined spaces can induce heterochromatin formation, which is expected to both alter 

the physical properties of the nucleus and to modulate gene expression and the subsequent cell fates of 

metastatic tumor cells. Targeting the ability of chromatin condensation upon confined migration may serve 

as a novel approach in treating metastatic cancers. 

 
 
 
 
 
 
 
 
Introduction 
 

1Portions of this work have been adapted from the following manuscript in preparation: 
 
Hsia, C.-R., McAllister, J., Hasan, O., Judd, J., Lee, S., Chang, C.-Y., Feschotte, C., Soloway, P., 
Lammerding, J. (2021). Confined Migration Induces Heterochromatin Formation and Alters Chromatin 
Accessibility.  
 
Author contributions: JM performed and analyzed CK2 siRNA experiments. JM analyzed GFP-HDAC3 
experiments. OH helped analyzed experiments including chromatin staining of untreated cell migration 
in migration devices, the role of nuclear envelope rupture, and nuclear transit time. C-YC helped with 
initial optimization of histone modifying enzyme conditions. The rest of the experiments were 
performed and analyzed by C-RH. 
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Introduction 

 

Cell migration is a crucial biological process in healthy body functions, including embryonic development 

(Scarpa and Mayor, 2016), immune surveillance (Luster et al., 2005), and wound healing (Song et al., 2002). 

Impaired cell migration leads to diseases (Cumberbatch et al., 2006; Eming et al., 2014; Guerrini and Parrini, 

2010). On the other hand, metastasis is the major cause of cancer-related death, and targeting invasive 

cancer cells has been an ongoing goal for developing effective therapy (Chaffer and Weinberg, 2011).  

 

Cell migration in 3-dimensional (3D) environment has emerged as a critical field of study, due to increasing 

evidence that in vitro 3D models, such as collagen matrices (Wolf et al., 2013) and microfluidic devices 

(Denais et al., 2016; Raab et al., 2016), better resemble cell migration in vivo than commonly used 2-

dimensional (2D) models (Paul et al., 2017). During immune cell infiltration, or cancer invasion into the 

interstitial spaces, cells often need to deform themselves and squeeze through narrow constrictions that are 

within the range of 0.5-20 μm (Kameritsch and Renkawitz, 2020; Weigelin et al., 2012). Through 

mechanotransduction pathways and mechanosensing mechanisms, cells are able to respond to 

environmental cues with cellular changes such as adjusting migration mode and cell polarity, to facilitate 

efficient migration in confined environments (Liu et al., 2015; Lomakin et al., 2020; Venturini et al., 2020; 

Zhao et al., 2019).  

 

The nucleus, as the largest and the most rigid organelle (Lammerding, 2011; Swift et al., 2013), undergoes 

severe deformation and even nuclear envelope rupture during confined migration (Denais et al., 2016; 

Irianto et al., 2016; Raab et al., 2016). Most recently, the nucleus has been shown to serve as a ‘cellular 

ruler’ to gauge the spatial constraints of the microenvironment (Lomakin et al., 2020; Venturini et al., 2020). 

Despite the importance of the nucleus as mechanical sensor, the traditional duty of the nucleus remains 

crucial: housing, protecting, and regulating genomic DNA, in the form of chromatin (Margueron and 

Reinberg, 2010). 
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Epigenetic modifications such as histone modifications and DNA methylation, dictate two states of 

chromatin: the relaxed and transcriptionally active euchromatin, and the condensed and transcriptionally 

silenced heterochromatin (Janssen et al., 2018; Strålfors and Ekwall, 2011). Chromatin states are mainly 

determined by diverse post-translational modifications on the N-terminal tails on the histone proteins 

(Bannister and Kouzarides, 2011), and the methylation of DNA (Rose and Klose, 2014). For example, 

H3K9me3 (trimethylated histone H3 on lysine 9) is associated with constitutive heterochromatin, which 

mostly locates in centromeric and telomeric regions; H3K27me3 (trimethylated histone H3 on lysine 27) is 

associated with facultative heterochromatin, which is developmentally-regulated and therefore more 

changeable; while H3K9ac (acetylated histone H3 on lysine 9) is associated with euchromatin and active 

promoters (Lennartsson and Ekwall, 2009). The levels of euchromatin and heterochromatin not only 

contribute to gene expression levels, but also to nuclear stiffness, shape, and the ability of the nucleus to 

protect DNA from mechanical challenges (Nava et al., 2020; Stephens et al., 2018). Recent studies on how 

the chromatin states respond to mechanical stimulus have yielded interesting yet diverse results. 

Compression of the nucleus in cells induces reversible chromatin condensation with increased H3K9me3 

and H3K27me3 marks (Damodaran et al., 2018), whereas uniaxial stretching of the nucleus in cells induces 

rapid and transient loss of heterochromatin required for prevention of DNA damage (Nava et al., 2020). In 

the context of cell migration, global heterochromatin formation of H3K9me3 and H3K27me3 has been 

shown in many cell lines to be crucial for 2D wound healing and transwell migration (Gerlitz, 2020; Gerlitz 

and Bustin, 2010; Liu et al., 2018; Zhang et al., 2016a, 2016b), while increased euchromatin facilitates cell 

migration through 3D collagen matrices (Wang et al., 2018). One study also reported that repression via 

H3K27me3 heterochromatin is crucial for migration-specific gene expression in 2D environments (Segal 

et al., 2018). However, the link connecting confined 3D migration, chromatin modifications, genomic 

accessibility, and transcriptional activity changes has not been fully established. 
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Here, we show that confined 3D migration in collagen matrices and microfluidic devices induced persistent 

heterochromatin formation in cancer cells and fibroblasts, and that the process was dependent on histone 

modifying enzymes and modulated by nuclear envelope proteins and stretch-sensitive ion channels. Finally, 

we show that heterochromatin formation modulated migration speed through confined spaces, in particular, 

reducing heterochromatin level impaired 3D migration. 

 

Materials and Methods 

 

Cell lines and cell culture 

 

The fibrosarcoma cell line HT1080 (ACC315) was purchased from DSMZ in Braunschweig, Germany. 

The breast adenocarcinoma cell line MDA-MB-231 (ATCC HTB-26) was purchased from American Type 

Culture Collection (ATCC). The SV40-immortalized human fibroblasts were purchased from the Coriell 

Institute for Medical Research. All cell lines were cultured in Dulbecco's Modified Eagle Medium (DMEM, 

Gibco) supplemented with 10% (v/v) fetal bovine serum (FBS, Seradigm) and 1% (v/v) penicillin and 

streptomycin (Pen-Strep, Gibco), under humidified conditions at 37°C and 5% CO2. 

 

Plasmids and generation of fluorescently labeled cell lines 

 

HT1080 cells and MDA-MB-231 cells were stably or transiently modified with either of the following 

constructs: lentiviral construct GFP-HP1α (pCDH-CMV-EGFP-HP1α-EF1-puro) for imaging of 

heterochromatin formation; retroviral construct NLS (nuclear localization sequence)-GFP and H2B-

tdTomato (pQCXIP-NLS-copGFP-P2A-H2B-tdTomato-IRES-puro) for measuring of nuclear transit time 

(Elacqua et al., 2018); GFP-HDAC3 (pCMV-EGFP-HDAC3, a gift from Nikhil Jain) for imaging of 

HDAC3 translocation; doxycycline-inducible PiggyBac constructs DN-KASH2 (pPB-tetO-mBFP-

KASH2-EF1α-rtTA-IRES-Neo) and mock control (pPB-tetO-mBFP-EF1α-rtTA-IRES-Neo) for LINC 
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complex disruption (Earle et al., 2020); lentiviral construct cGAS-mCherry (pCDH-CMV-cGASE225A/D227A-

mCherry2-EF1-blastiS) for imaging of NE rupture (Denais et al., 2016). cGAS is a protein that binds 

cytosolic DNA. Mutant cGAS with E225A/D227A amino acid substitutions show impaired enzymatic 

activity and interferon production, but it is still able to bind cytosolic DNA (Civril et al., 2013). 

 

Viral modification 

 

Pseudo-viral particles were produced as described previously (Denais et al., 2016). In brief, 293-TN cells 

(System Biosciences) were co-transfected with lentiviral packaging plasmid and envelope plasmid 

(psPAX2 and pMD2.G, gifts from Didier Trono) using PureFection (SBI), following the manufacturer’s 

protocol. Lentivirus-containing supernatants were collected at 48 hours and 72 hours post-transfection and 

filtered through a 0.45 μm filter. Cells were seeded into 6-well plates to reach 50-60% confluency on the 

day of infection and were transduced 2-3 consecutive days with the viral supernatant in the presence of 8 

μg/mL polybrene (Sigma). The viral supernatant was replaced with fresh culture medium, and cells were 

cultured for 24 hours before selection with 1 μg/mL of puromycin (InvivoGen) or 6ug/mL of blasticidine 

S (InvivoGen) for 7 days. After selection, cells were sub-cultured and maintained in medium without the 

continued use of selection agents.  

 

siRNA-mediated depletion 

 

siRNAs (small interfering RNAs) used were as followed: human LMNA (ON-TARGET plus SMARTpool, 

Dharmachon Horizon, L-004978-00), human EMD (Ambion Silencer Select, ID: s4646), human HDAC3 

(ON-TARGET plus SMARTpool, Dharmachon Horizon, L-003496-00), human CK2α (Santa Cruz, sc-

29918), and non-target (NT) negative control (ON-TARGETplus non-targeting pool, Dharmachon, D-

001810-10). Cells were seeded into 12-well plates at a density of 40,000 cells per well the day prior to 

treatment, and transfected with siRNA using Lipofectamine RNAiMAX (Invitrogen) following the 
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manufacturer’s protocol at a final concentration of 20 nM. Cells were transfected again with fresh siRNA 

at 24 hours. Cells were trypsinized for migration experiments at 48 hours after transfection. For HDAC3 

knockdown, 40 nM of siRNA was used, and cells were trypsinized for migration experiments at 72 hours 

after transfection, including 24 hours of recovery in culture media without transfection reagents. Cells 

treated with the same condition and duration were harvested for validation of successful protein depletion 

by Western blot analysis and immunofluorescence (IF) staining. 

 

Pharmacological treatments 

 

Cells were treated with inhibitors at the time of seeding into the migration device and throughout the 

experiment. Fresh culture media containing inhibitors were changed every 24 hours. Cells were treated with 

either 5 μM of 3-Deazaneplanocin A (DZNep, Cayman Chemical) for broad-band inhibition of histone 

methyltransferases (with the exception of 10 μM for HT1080 cells staining experiments); 250 nM of 

Trichostatin A (TSA, Sigma) for broad-band inhibition of HDACs (with the exception of 125 nM for MDA-

MB-231 cells staining experiments); 10 μM of RGFP966 (Selleckchem) for inhibition of HDAC3; 1 μM 

of JIB-04 (Selleckchem) for inhibition of Jumonji histone demethylases; 10 μM of GdCl3 (Santa Cruz) for 

inhibition of mechanosensitive ions channels. Cells treated with the same condition and duration were 

harvested for validation of successful enzymatic activity inhibition by Western blot analysis and IF staining. 

Inhibitor stocks were dissolved in dimethyl sulfoxide (DMSO) (Sigma) (with the exception of GdCl3 in 

water) before diluting into cell culture medium.  

 

Single cell collagen matrix migration assays 

 

To create glass-bottom wells for collagen matrices, blocks of polydimethylsiloxane (PDMS) were punched 

with a 10 mm biopsy punch and covalently bonded onto glass coverslips (VWR) (pre-cleaned with 0.2 M 

HCl) after plasma treatment of 5 minutes. The preparation and making of collagen matrices was performed 
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as described previously (Cross et al., 2010; Denais et al., 2016). In short, individual wells on glass coverslips 

were treated with 1% polyethylenimine (PEI, Sigma) for 10 minutes, followed by 0.1% glutaraldehyde 

(Sigma) treatment of 30 minutes for consistent bonding of collagen matrices, and washed with PBS. To 

generate single cell-containing collagen matrices at specified collagen concentrations (0.3, 1.0, and 1.7 

mg/mL), acidic solution of rat tail type-I collagen (Corning) was supplemented with complete DMEM 

(supplemented with FBS and Pen-Strep) and NaOH to reach a neutral pH of 7.4, and then mixed with cell 

suspension in culture media to reach a final density of 100,000 cells per mL. Collagen matrices were 

allowed to polymerize under humidified conditions at 37°C and 5% CO2 for 30 min before adding complete 

DMEM with either DMSO or a board MMP inhibitor, GM6001 (Millipore, 20 μM) to submerge the 

matrices. Cells were allowed to migrate in the matrices for 48 hours before fixation and IF staining. 

 

Fabrication and use of microfluidic migration devices 

 

The microfluidic migration devices were designed and fabricated as described previously (Davidson et al., 

2015; Denais et al., 2016). In brief, PDMS replicas of the migration device molds were made from Sylgard 

184 following the manufacturer’s protocol (1:10) and baking at 65°C for 2 hours. Once the PDMS was 

demolded and cut into individual blocks of devices, biopsy punches were used to create reservoirs and cell 

seeding pores. Glass coverslips (VWR) were cleaned with 0.2 M HCl overnight, rinsed with water and 

isopropanol, and dried with compressed air.  

Covalent bonding protocol: For live cell imaging experiments, the migration devices were assembled after 

plasma treatment of both the PDMS blocks and glass coverslips for 5 minutes, by gently pressing the PDMS 

blocks on the activated coverslips to form covalent bonds. The assembled devices were heated on a hot 

plate at 95°C for 5 minutes to improve adhesion.  

Non-covalent bonding protocol: For fixed cell IF staining experiments, the migration devices were 

assembled after plasma treatment of only the glass coverslips for 5 minutes, by gently pressing the PDMS 

blocks on the activated coverslips to form non-covalent bonds. The assembled devices were heated on a hot 
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plate at 65°C for 1 hour to improve adhesion, and then plasma treated for another 5 minutes after prolonged 

(10 minutes) vacuuming.  

After bonding, devices were filled with 70% ethanol (the step was skipped in non-covalent bonding 

protocol) to sterilize, then rinsed and coated with 50 µg/mL rat tail type-I collagen (Corning) in 0.02 N 

acetic acid overnight at 4°C. After coating, the devices were rinsed with complete DMEM before cell 

seeding. For overnight live cell imaging experiments and standard IF staining experiments, 30,000 cells 

suspended in 5 µl of media were seeded into individual loading chambers of the migration devices. A 0-to-

200 ng/mL platelet-derived growth factor (PDGF, Cell Signaling) gradient in DMEM was established for 

migration of human fibroblasts. For low confluency IF staining experiments (5-days-long time-lapse 

imaging, staining with inhibitor treatments and siRNA depletions), 6,000 cells were seeded, and a 2-to-

10% (v/v) FBS gradient in DMEM was established for increased cell migration capacity. Subsequently, 

devices were put under humidified conditions at 37°C and 5% CO2, for either a minimum of 6 hours to 

allow cell adhesion before live cell imaging under a confocal microscopy, or around 48 hours to allow cell 

migration before fixation and IF staining. For overnight live-cell imaging experiments, devices were 

covered with glass coverslips to minimize evaporation. Cells were imaged every 10 minutes for 14 to 16 

hours in FluoroBrite DMEM (Gibco) supplemented with 10% (v/v) FBS, 1% (v/v) Pen-Strep, GlutaMax 

(Gibco) and 25 mM HEPES (Gibco), at 37°C in a heated stage chamber of a confocal microscopy. Where 

indicated, media inside the devices was supplemented with DMSO (vehicle) or inhibitors throughout the 

experiments. For experiments with GFP-HDAC3, SPY555-DNA (Cytoskeleton, dilution 1:3000) was used 

to label nuclear regions. 

 

Immunofluorescence staining 

 

For staining of cells in microfluidic migration devices, cells were fixed with 4% paraformaldehyde (PFA, 

Sigma) in PBS for 30 minutes at room temperature. After PBS washes, the devices were carefully removed 

by inserting razor blades from the PDMS edges into the interface between the PDMS and the glass 



 29 

coverslips, and then gradually lifting up the PDMS blocks. For staining of cells seeded directly on glass 

coverslips, cells were fixed with 4% PFA in PBS for 10 minutes at room temperature. The fixation step was 

followed by permeabilization with 0.3% Triton-X100 (Sigma) in PBS for 15 minutes, blocking with 3% 

BSA in PBS supplemented with 0.2% Triton-X100 and 0.05% Tween-20 (Sigma) for 1 hour at room 

temperature, and incubation overnight at 4°C with primary antibodies (rabbit anti-H3K9me3, Abcam, 

ab8898, dilution 1:1000; rabbit anti-H3K27me3, Millipore, 07-449, dilution 1:250; mouse anti-H3K9ac, 

GeneTex, GT464, dilution 1:500; mouse anti-HDAC3, Cell Signaling, 3949, dilution 1:200 ; rabbit anti-

pSer424-HDAC3, Cell Signaling, 3815, dilution 1:200; mouse anti-lamin A/C, Santa Cruz, sc-376248, 

dilution 1:300; mouse anti-lamin A, Santa Cruz, sc-518013, dilution 1:100; mouse anti-emerin, Leica 

Biosystems, NCL-EMERIN, dilution 1:200) in the same blocking buffer. The samples were then washed 

with PBS and stained with Alexa Fluor secondary antibodies (Invitrogen) and DAPI (Sigma, dilution 

1:1000). For staining of 5-methylcytosine, cells were treated with 4N HCl for an hour at 37°C for denaturing 

of DNA, and washed with PBS before blocking and primary antibody incubation (mouse-anti 5-

methycytosine, Eurogentec, BI-MECY-0100, dilution 1:250). After PBS washes, the samples were 

mounted with Hydromount Nonfluorescing Mounting Media (Electron Microscopy Sciences) onto glass 

slides (VWR) for confocal microscopy imaging within the next few days. 

 

Protein immunoblot analysis 

 

Cells were lysed in RIPA buffer or high-salt RIPA buffer supplemented with cOmplete EDTA-Free 

protease inhibitor (Roche) and PhosSTOP phosphatase inhibitor (Roche) on ice for 3 minutes. Lysates were 

then vortexed for 5 minutes, and spun down at 4°C. For lysates blotting for proteins that form network 

scaffolds (lamin A/C and emerin), lysates were sonicated and briefly boiled before spinning down to 

remove potential DNA contamination. Supernatant were then transferred to new tubes. Protein 

concentration was quantified by Bio-Rad Protein Assay and a Model 550 Microplate Reader. 25 µg of 

protein lysate was heat-denatured at 95°C for 5 minutes in Laemmli sample buffer (Bio-Rad), and then 
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separated using a 4 to 12% Bis-Tris polyacrylamide gel (Invitrogen) following a standard SDS-PAGE 

protocol. Protein was transferred using a semi-dry system (Bio-Rad) to a polyvinylidene fluoride membrane 

(Millipore, IPVH00010) for 1.5 hour at a current of 16 mA. Membranes were blocked with 3% BSA in 

Tris-buffered saline containing 0.1% Tween-20 (TBST) for 1 hour at room temperature, and then incubated 

overnight at 4°C with primary antibodies (rabbit anti-H3K9me3, Abcam, ab8898, dilution 1:3000; rabbit 

anti-H3K27me3, Millipore, 07-449, dilution 1:3000; mouse anti-H3K9ac, GeneTex, GT464, dilution 

1:3000; mouse anti-lamin A/C, sc-376248, Santa Cruz, dilution 1:1000; mouse anti-emerin, Leica 

Biosystems, NCL-EMERIN, dilution 1:500; mouse anti-HDAC3, Santa Cruz, sc-136290, dilution 1:500; 

mouse anti-CK2α, Santa Cruz, sc-365762, dilution 1:250) in the same blocking buffer. After TBST rinses, 

membranes were incubated with loading control primary antibody (mouse anti-histone H3, Abcam, 

ab195277, dilution 1:5000; rabbit anti-histone H3, Cell Signaling, 4499, dilution 1:1000; mouse anti-

GAPDH, Proteintech, 60004-1-Ig, dilution 1:20000; rabbit anti-pan-actin, Cell Signaling, 8456, dilution 

1:1000) for 1 hour at room temperature. Protein bands were detected using IRDye 680LT and IRDye 

800CW secondary antibodies (LI-COR), imaged with an Odyssey CLx imaging system (LI-COR), and 

analyzed with Image Studio Lite (LI-COR). 

 

Extended imaging using an incubator microscope 

 

Long-term imaging was performed using an IncuCyte Live-Cell Analysis System (Sartorius) inside the cell 

culture incubator, with minimized changes in humidity and CO2. Cells expressing NLS-GFP and migrating 

inside the microfluidic migration devices were imaged using the IncuCyte filter module for 5 days, every 

10 minutes, with a 20× objective. The acquired migration movies were processed and exported using the 

IncuCyte ZOOM software. At the end of imaging, the cells were immediately fixed for IF staining of 

heterochromatin and euchromatin marks. Time-lapse sequences of the NLS-GFP expressing cells were used 

to track the length of time after nuclear transit through migration constrictions prior to fixation. 
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Confocal microscopy 

 

Fixed cells on coverslips and live cells migrating in microfluidic devices were imaged with an inverted 

Zeiss LSM700 confocal microscope. Z-stack images were collected using 20× air (NA = 0.8) or 40× water-

immersion (NA = 1.2) objectives. Airy units for all images were set at 1.0. For live cell imaging, the image 

acquisition was automated through ZEN (Zeiss) software at 10 minutes intervals, at 37°C in a heated stage 

chamber. Where indicated, temperature of the heated chamber was lowered to 33°C. 

 

Fluorescence recovery after photobleaching (FRAP) 

 

Images were acquired with an inverted Zeiss LSM700 confocal microscope using a ×63 oil-immersion 

(NA = 1.4) objective, at 37°C in a heated stage chamber. For FRAP experiment, three 1.8 μm by 1.8 μm 

regions were selected in each cell: one as the “unbleached” control region, one as the low GFP-HP1α 

intensity “euchromatin” control region, and one as the high GFP-HP1α intensity “inquiry” region (with 

GFP-HP1α foci or enrichment). The three regions were first imaged for 2 seconds at 1% power of 488 nm 

laser and 0.2 second intervals, to calculate the pre-bleach values. The euchromatin control and the inquiry 

regions were then bleached with a laser pulse of 12% power for 20 iterations. Following bleaching, the 

three regions were imaged for at least 24 seconds at 1% power and 0.2 second intervals. The FRAP image 

acquisition was automated through ZEN (Zeiss) software. Fluorescence recovery was measured as 

percentage of recovery (with pre-bleach value as 100%), normalized to unbleached control. Immobile 

fractions were measured as fluorescence intensity that had not recovered after 24 seconds, after the recovery 

curve had reached plateau (by around 22 seconds). 
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Image analysis 

 

Image sequences were analyzed using ZEN (Zeiss), ImageJ or MATLAB (Mathworks) using only linear 

intensity adjustments uniformly applied to the entire image region. Region-of-interest intensities were 

extracted using ImageJ. All confocal image stacks were three-dimensionally reconstructed as maximum 

intensity projections, and then processed with standard background subtraction (rolling ball). To quantify 

normalized heterochromatin values, nuclear areas were selected by thresholding using the median-filtered 

DAPI channel. Mean grey intensity of the heterochromatin mark (H3K9me3 or H3K27me3) and the 

euchromatin mark (H3K9ac) were quantified, and the heterochromatin intensity was divided by the 

euchromatin intensity to obtain normalized heterochromatin values. Apoptotic fragments and overlapped 

nuclei were manually excluded from the dataset. Experiments with high cell seeding variability between 

control and experimental groups were excluded. For all other quantification of staining intensities, nuclear 

areas were selected by thresholding using the median-filtered DAPI channel (or other comparable nuclear 

signal when DAPI was not available), and mean grey intensities of channels of interests were quantified. 

All staining thresholding and quantification were performed through custom ImageJ Macros (available at 

https://github.com/chiehrenhsia/ConfinedMigration) to ensure consistency and reproducibility. To 

visualize and quantify heterochromatin enrichment in nuclear blebs, the heterochromatin mark channel 

(H3K9me3 or H3K27me3) was divided by the euchromatin mark (H3K9ac) channel using the “image 

calculator” function in ImageJ. In the euchromatin (H3K9ac) channel, pixels with 0 value were converted 

to 1 to ensure division without errors. The normalized image was then median-filtered and a nuclear mask 

of median-filtered DAPI channel was applied to exclude artifacts of signal out of the nucleus. A line profile 

was drawn manually along the midline of the individual nucleus and the nuclear bleb. To quantify cells 

with persistent GFP-HP1α enrichments, time-lapse cell migration movies were blinded to the observer to 

record the time duration of GFP-HP1α enrichment formation after the start of nuclear transit in Rainbow 

RGB pseudo-color channel. An enrichment was defined by at least 30% increase in nuclear bleb GFP 

intensity compared to the main nucleus. The durations of all GFP-HP1α enrichments were plotted, and 
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enrichments with durations longer than the mean plus 95% confidence interval were considered 

significantly longer than the mean, therefore defined as persistent enrichments. To quantify GFP-HDAC3 

nuclear/cytoplasmic ratio, nuclear region was selected using SPY555-DNA signal, and whole-cell region 

was traced manually in ImageJ. Cytoplasmic GFP signal was calculated by whole-cell GFP signal 

subtracting nuclear GFP signal. Nuclear/cytoplasmic (Nuc/Cyto) ratio was then calculated by dividing 

nuclear signal with cytoplasmic signal. Nuc/Cyto ratio of GFP-HDAC3 from 2-6 time points immediately 

before and after nuclear transit were quantified and averaged. To quantify nuclear transit time through 

microfluidic migration channels, time-lapse cell migration movies were analyzed using a custom MATLAB 

program, as described previously (Elacqua et al., 2018). Any single outlier with a transit time 180 minutes 

greater than the rest of the dataset, was considered a non-motile cell and excluded from the analysis. Graphs 

were generated in Prism 7.0a or 8.2.0 (GraphPad) or Excel (Microsoft); figures were assembled in 

Illustrator (Adobe). 

 

Statistical analysis 

 

Unless otherwise noted, all experimental results are pooled from at least three independent experiments. 

For data with normal distribution, two-tailed Student’s t test with Welch’s correction (comparing one 

variable in two conditions), or one-way analysis of variance (ANOVA) with Tukey’s post hoc test for 

multiple comparisons (comparing one variable in more than two conditions) was used. For data where two 

factors were involved, two-way ANOVA with Tukey’s post hoc test for multiple comparisons was used. 

For data with non-normal distribution (nuclear transit time), Kruskal-Wallis H test with Dunn’s post hoc 

test for multiple comparisons was used. For paired data (Nuc/Cyto ratio of GFP-HDAC3 before and after 

nuclear transit), paired t test was used. All statistical tests were performed using GraphPad Prism version 

7.0a for Mac, or version 8.2.0 for Windows, GraphPad Software, San Diego, California USA. Statistical 

details are provided in the figure legends. Unless otherwise noted, error bars represent the standard error of 

the mean (SEM). 
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Results 

 

Heterochromatin increases during and after cell migration through confined environments 

 

During cell migration, two critical factors determine the degree of confinement a cell encounters as it 

navigates through the ECM: the pore sizes of the ECM scaffold, and the cell’s ability to degrade and 

remodel its surrounding matrix (Wolf et al., 2013). Cancer cells secrete various matrix metalloproteinases 

(MMP) to degrade ECM components, allowing them to widen the pore sizes and facilitate nuclear transit 

(Wolf et al., 2013). If MMPs are blocked, the cells are forced to migrate through pre-existing pores in the 

ECM (Wolf et al., 2013). Previous studies have established the correlation between different concentrations 

of rat tail type-I collagen to form 3D matrices and the resulting pore sizes (in the absence of cells), ranging 

from the least confined “low concentration” (0.3 mg/mL collagen) with pore size of »27 μm2, to the most 

confined “high concentration” (1.7 mg/mL) with pore size of »4 μm2 (Wolf et al., 2013).  

 

To investigate the effect of confined cell migration on histone modifications, we allowed HT1080 

fibrosarcoma cells and SV40-immortalized human skin fibroblasts to migrate through 3D collagen matrices 

of different collagen concentrations, in the absence or presence of a broad-band MMP inhibitor (MMPi, 

GM6001), and then performed immunofluorescence staining for two heterochromatin marks (H3K27me3 

and H3K9me3) and an euchromatin mark (H3K9ac) (Fig. 2.1A-D, Fig. S1A-B). To probe for true histone 

modification changes, and to rule out the effect of physical compaction due to nuclear deformation, we 

normalized the heterochromatin mark intensity to euchromatin mark intensity in each cell to obtain 

normalized heterochromatin levels (Fig. 2.1A, C). On top of MMPi treatment and DMSO vehicle treatment, 

we categorized cells into having either visually “undeformed” nuclei, or substantially deformed nuclei in 

the middle of “squeezing” through tight spaces, to study the immediate impact on chromatin modifications 

of nuclear squeezing. Interestingly, cells squeezing through narrow spaces in medium or high concentration 
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collagen matrices showed increased levels of both H3K9me3 (Fig. 2.1B, Fig. S1A) and H3K27me3 (Fig. 

2.1D, Fig. S1B), compared to cells with undeformed nuclei in low concentration collagen matrices, 

suggesting heterochromatin formation due to substantial deformation of the nucleus. In medium to high 

concentration collagen matrices, even when the nucleus was not visually deformed, both HT1080 cells and 

fibroblasts had increased H3K27me3 heterochromatin levels compared to cells in low concentration 

collagen (Fig. 2.1D, Fig. S1B), suggesting that more confined environment induced an overall higher 

heterochromatin level. Since cells with undeformed nuclei in medium or high concentration collagen may 

have squeezed through tight spaces and recovered to the normal nuclear shape, it was reasonable to suspect 

that substantial deformation was necessary for heterochromatin formation. Surprisingly, treatment of MMPi 

did not affect heterochromatin level of undeformed nuclei in collagen matrices of the same concentration 

(Fig. 2.1A-D, Fig. S1A-B), suggesting that even when the cells were able to degrade the collagen matrix, 

thus avoiding substantial nuclear deformation, the confinement on the nucleus in medium to high 

concentration collagen matrices was still sufficient to induce heterochromatin formation.  

 

Along with the global increase of heterochromatin, cells squeezing through tight spaces in high 

concentration collagen matrices often showed locally enriched heterochromatin, mostly located in nuclear 

blebs (Fig. S1C). The mechanisms of its formation and the biological significance of this bleb-enriched 

heterochromatin remains to be investigated. 

 

To more precisely control the pore sizes that cells encounter during 3D migration, we allowed cells to 

migrate through custom-made polydimethylsiloxane (PDMS) microfluidic migration devices (Davidson et 

al., 2015; Denais et al., 2016) with 15×5 μm2 control channels, where nuclear deformation is not required 

for transit, and ≤2×5 μm2 confined channels, where transit is dependent on severe nuclear deformation and 

squeezing (Fig. S1D). Cells were categorized according to their locations in the device: 1) in the unconfined 

area “before” entering the channels, 2) in the middle of “squeezing” through the confined constrictions (or 

passing through the larger control constrictions), or 3) “after” migration out of the channels into the 
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unconfined area (Fig. S1D). Immunofluorescence staining revealed that heterochromatin formation was 

induced during and after cell migration through both control and confined channels, based on normalized 

H3K9me3 and H3K27m3 levels in HT1080 cells (Fig. 2.1E-H), fibroblasts (Fig. S1E-H), and MDA-MB-

231 cells (Fig. S1I-J), when compared to cells in the unconfined area before entering the channels. 

Moreover, cells after migration through confined channels showed higher heterochromatin levels compared 

to cells after migration through control channels (Fig. 2.1E-H, Fig. S1H-J), suggesting that substantial 

nuclear deformation can result in persistent and higher level of heterochromatin formation. Notably, 

facultative heterochromatin H3K27me3 in both HT1080 and fibroblasts showed more substantial and 

persistent increase after migration (Fig. 2.1H, Fig. S1H), when compared to the increase in constitutive 

heterochromatin H3K9me3 levels (Fig. 2.1F, Fig. S1F). This is consistent with the results from 3D collagen 

matrix migration studies (Fig. 2.1B, D, Fig. S1A, B), as expected by the more changeable nature of 

H3K27me3. Migration-induced heterochromatin formation was further demonstrated when we separately 

compared heterochromatin and euchromatin intensities across the different areas in the migration device 

(Fig. 2.1I, J, Fig. S1K-N). Throughout the migration process, heterochromatin marks were substantially 

upregulated, while the euchromatin mark stayed at a consistent or decreased level, particularly after cells 

migrated out of the channels in HT1080 and MDA-MB-231 cells (Fig. 2.1I, J, Fig. S1M, N). 

 

Since DNA methylation machineries are often recruited to sites of H3K9me3, such as peri-centromeric 

regions (Rose and Klose, 2014), we suspected that an increase of DNA methylation would coincide with 

increased H3K9me3 levels. Indeed, migration through both control and confined channels increased 5-

methylcytosine (5-meC) intensities, particularly after cells migrated out of the channels (Fig. S1O, P).  

 

The fact that migration through both control and confined channels resulted in increased heterochromatin 

suggested that even the confinement provided by 15×5 μm2 control channels, where the nucleus was not 

substantially deformed, was sufficient to induce heterochromatin formation. These results are consistent 

with recent observations that cell confinement to heights of 5 to 7 μm is sufficient to elicit mechanosensing 
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responses of the nucleus (Lomakin et al., 2020; Venturini et al., 2020) and our observation in the collagen 

matrix migration experiments that heterochromatin formation was independent of the ability of cells to 

degrade collagen (i.e. MMPi-treated or not). However, migration through confined channels resulted in 

higher heterochromatin level compared to migration through control channels, even after the cells migrated 

out of the channels, implying that the nuclear transit and squeezing through tight constrictions can induce 

persistent heterochromatin modification. 
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Figure 2.1: Confined migration induces heterochromatin formation. (See the next page for figure legend.) 
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Figure 2.1: Confined migration induces heterochromatin formation. (A) Representative images of 

staining of H3K9me3 (red) and H3K9ac (green) in HT1080 cells migrating in low (0.3 mg/mL), medium 

(1.0 mg/mL) or high (1.7 mg/mL) concentration collagen matrices, under DMSO (vehicle control) or MMPi 

treatment. Arrows indicate squeezing nuclei. Normalized heterochromatin level (H3K9me3 divided by 

H3K9ac) is shown in inverted grayscale. Scale bars: 10 μm. (B) Quantification of H3K9me3 normalized 

heterochromatin level in HT1080 cells migrating in collagen matrices. All values are normalized to DMSO-

treated undeformed cells. From left to right in the bar chart, each bar represents the mean of n = 25, 27, 4, 

39, 46, 20, 40, 24, 20 cells, respectively. *p < 0.05, ** p < 0.01, ***p < 0.001 based on two-way ANOVA 

with Tukey’s multiple comparison test. (C) Representative images of staining of H3K27me3 (red) and 

H3K9ac (green) in HT1080 cells migrating in different concentrations of collagen matrices, under DMSO 

(vehicle control) or MMPi treatment. Arrows indicate squeezing nuclei. Images were thresholded with 

DAPI staining. Normalized heterochromatin level (H3K27me3 divided by H3K9ac) is shown in inverted 

grayscale. Scale bars:10 μm. (D) Quantification of H3K9me3 normalized heterochromatin level in HT1080 

cells migrating in collagen matrices. All values are normalized to DMSO-undeformed cells.  From left to 

right in the bar chart, each bar represents the mean of n = 91, 43, 5, 27, 18, 10, 24, 31, 16 cells, respectively. 

*p < 0.05, ** p < 0.01, ***p < 0.001 based on two-way ANOVA with Tukey’s multiple comparison test. 

(E) Representative images of staining of H3K9me3 (red) and H3K9ac (green) in HT1080 cells migrating 

in a microfluidic migration device, in control or confined channels. Normalized heterochromatin level 

(H3K9me3 divided by H3K9ac) is shown in inverted grayscale. Scale bars: 40 μm. (F) Quantification of 

H3K9me3 normalized heterochromatin level in HT1080 cells migrating in migration devices. All values 

are normalized to control channels “before” cells.  From left to right in the bar chart, each bar represents 

the mean of n = 1340, 39, 136, 2572, 84, 194 cells, respectively. ***p < 0.001 based on two-way ANOVA 

with Tukey’s multiple comparison test. (G) Representative images of staining of H3K27me3 (red) and 

H3K9ac (green) in HT1080 cells migrating in a microfluidic migration device, in control or confined 

channels. Normalized heterochromatin level (H3K27me3 divided by H3K9ac) is shown in inverted 

grayscale. Scale bars: 40 μm. (H) Quantification of normalized H3K27me3 heterochromatin level in 
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HT1080 cells migrating in migration devices. All values are normalized to control channels “before” cells. 

From left to right in the bar chart, each bar represents the mean of n = 982, 51, 125, 1255, 46, 91 cells, 

respectively. *p < 0.05, ***p < 0.001 based on two-way ANOVA with Tukey’s multiple comparison test. 

(I) Separate quantification of H3K9me3 (red) and H3K9ac (green) intensities of HT1080 cells migrating 

through confined channels in migration devices. All H3K9me3 and H3K9ac levels are normalized to their 

levels in “before” cells, respectively. From left to right in the bar chart, each bar represents the mean of n 

= 2574, 2574, 84, 84, 202, 202, 146, 146, 194, 194 cells, respectively. ***p < 0.001 based on two-way 

ANOVA with Tukey’s multiple comparison test. (J) Separate quantification of H3K27me3 (red) and 

H3K9ac (green) intensities of HT1080 cells migrating through confined channels in migration devices. All 

H3K27me3 and H3K9ac levels are normalized to their levels in “before” cells, respectively. From left to 

right in the bar chart, each bar represents the mean of n = 1286, 1286, 49, 49, 133, 133, 60, 60, 103, 103 

cells, respectively. ** p < 0.01, ***p < 0.001 based on two-way ANOVA with Tukey’s multiple comparison 

test. Data in this figure are presented as mean ± SEM.   

 

 
Heterochromatin formation is induced after nuclear transit and is persistent after confined migration 

 

To investigate the correlation between nuclear transit through constrictions and heterochromatin formation, 

we compared heterochromatin levels between “before” (cells before entering the channels), “zone 1” (cells 

after one nuclear transit), “zone 2” (cells after two nuclear transits), and “after” (cells after three nuclear 

transits) (Fig. 2.2A, left panel). Both HT1080 and MDA-MB-231 cells showed increased heterochromatin 

level in a cumulative manner after each round of nuclear transit (Fig. 2.2A, right panel, Fig. S2A), 

suggesting that heterochromatin formation is correlated with the number of nuclear transit events. However, 

immunofluorescence staining can only obtain population data at a single and fixed timepoint. To monitor 

the process of migration-induced heterochromatin formation in living cells, we generated cells stably 

expressing GFP-HP1α, a reporter for H3K9me3, which, however, also requires H3K27me3 for binding to 



 41 

H3K9me3 (Boros et al., 2014; Cheutin et al., 2003). We then performed time-lapse overnight live-cell 

imaging of cells migrating through the migration devices and monitored the dynamics of GFP-HP1α signal 

(Fig, 2.2B). As expected, more local enrichments of GFP-HP1α in nuclear blebs were formed during 

migration through confined channels, when compared to control channels (Fig. 2.2C). Moreover, persistent 

GFP-HP1α enrichments with duration of more than four hours after nuclear transit completion were only 

observed in confined channels (Fig. 2.2D, Fig. S2B). To validate whether these migration-induced GFP-

HP1α enrichments reflected true heterochromatin formation, we performed fluorescence recovery after 

photobleaching (FRAP) analysis to determine the dynamics and fraction of bound GFP-HP1α in these areas 

(Schmiedeberg et al., 2004) (Fig. 2.2E and H). If the enriched GFP-HP1α signal was caused by its binding 

to heterochromatin, then after photobleaching, the fluorescence recovery in the enriched area should be 

slower compared to the recovery of an unbound and mobile area. By calculation of the recovered fraction 

of GFP signal after the recovery curve reaches its plateau, we were able to calculate the mobile fraction of 

GFP-HP1α in the bleached area. Results of FRAP revealed that the nuclear bleb enrichments showed a drop 

of GFP-HP1α mobile fraction compared to non-bleb nuclear regions, similar to the drop of mobile fraction 

in centromeric heterochromatic foci compared to non-foci regions (Fig. 2.2F-G and I-J), suggesting that 

GFP-HP1α was stably bound to the enrichments in nuclear bleb regions due to heterochromatin formation 

after nuclear transit. 

 

To fully monitor the dynamics of migration-induced heterochromatin after cells migrate out of the channels, 

we performed long-term time-lapse imaging of cells in the migration device in an incubator-mounted 

microscope to track single cells of the duration after their completion of nuclear transits, and then fixed and 

stained the cells for H3K27me3 and H3K9ac histone marks (Fig. 2.2K). Intriguingly, the heterochromatin 

levels of cells up to 5-days after nuclear transit were still significantly higher compared to cells in the 

unconfined “before” area (Fig. 2.2L). In the cells we quantified, most of the cells had gone through at least 

one round of cell cycle and mitosis, and only a small fraction of cells did not go through mitosis (Fig. 2.2K). 

Cells that undergone mitosis all showed increased heterochromatin levels, and did not show any significant 
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trend of reversion (Fig. S2C-D), suggesting that these migration-induced epigenetic modifications were 

inherited through DNA replication and mitosis. Moreover, cells that did not undergo mitosis after nuclear 

transit showed a slight trend (p = 0.08) of increasing heterochromatin level overtime (Fig. S2E-F). Overall, 

the 5-days-long experiment demonstrated the persistence of migration-induced heterochromatin, regardless 

of mitosis occurrences.  



 43 

 
 

Figure 2.2: Nuclear transit induces cumulative and persistent heterochromatin formation. (See the 

next page for figure legend.) 
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Figure 2.2: Nuclear transit induces cumulative and persistent heterochromatin formation. (A) Left 

panel: Representative images of normalized H3K27me3 heterochromatin level in HT1080 cells migrating 

in migration devices, with highlights on “before”, “zone 1”, “zone 2”, and “after” areas. Scale bars: 40 μm. 

Right panel: comparison between normalized heterochromatin levels of HT1080 fibrosarcoma cells in each 

area. All values are normalized to cells in the unconfined area “before” migration. From left to right in the 

bar chart, each bar represents the mean of n = 1255, 157, 57, 91 cells, respectively. ***p < 0.001 based on 

one-way ANOVA with Tukey’s multiple comparison test. (B) Representative inverted grayscale image 

sequence of local enrichment of GFP-HP1α (indicated by arrowhead) in HT1080 fibrosarcoma cells. 

Dashed lines indicate constriction pillars. Scale bar: 10 μm. (C) Quantification of HT1080 cells with local 

enrichment of GFP-HP1α in control channels (n = 50 cells) and confined channels (n = 60 cells). **p < 

0.01 based on student’s t test with Welch’s correction for unequal variances. (D) Quantification of HT1080 

cells with persistent local enrichment of GFP-HP1α in control channels (n = 50 cells) and confined channels 

(n = 60 cells). **p < 0.01 based on student’s t test with Welch’s correction for unequal variances. (E) 

Representative inverted grayscale image of an HT1080 cell with GFP-HP1α centromeric foci (red square) 

for FRAP analysis. FRAP signal was compared to a non-foci region (green square) and normalized to a no-

bleach area (cyan square). Scale bars: 10 μm. (F) FRAP curves of HT1080 cells with GFP-HP1α 

centromeric foci (n = 12 cells) and non-foci regions (n = 12 cells). Curves and shaded areas represent mean 

± SEM. (G) Quantification of the mobile fractions (recovered fraction) of GFP-HP1α in non-foci regions 

(n = 12 cells) and centromeric foci (n = 12 cells) at 24 seconds of recovery. **p < 0.01 based on student’s 

t test with Welch’s correction for unequal variances. (H) Representative inverted grayscale image of an 

HT1080 cell with GFP-HP1α nuclear bleb enrichment (red square) for FRAP analysis. FRAP signal was 

compared to a non-bleb region (green square) and normalized to a no-bleach area (cyan square). Scale bars: 

10 μm. (I) FRAP curves of HT1080 cells with GFP-HP1α nuclear bleb enrichment and non-bleb regions (n 

= 6 cells). Curves and shaded areas represent mean ± SEM. (J) Quantification of the mobile fractions 

(recovered fraction) of GFP-HP1α in non-bleb regions (n = 6 cells) and nuclear bleb enrichment (n = 6 cells) 

at 24 seconds of recovery. *p < 0.05 based on student’s t test with Welch’s correction for unequal variances. 
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(K) Representative image sequences of extended imaging of HT1080 cell migration (left panel) and the 

normalized heterochromatin levels afterwards (right panel). Green represents NLS-GFP, red represents 

H3K27me3, and cyan represents H3K9ac. Scale bars: 20 μm. Cell A (upper left panel) is an example of 

cells without mitosis after nuclear transit, while cell B (lower left panel) went through 3 mitosis. Arrows 

indicate ancestors of cell B. (L) The correlation of normalized H3K27me3 heterochromatin level with hours 

after the last nuclear transit through confined constrictions in HT1080 cells, binned by an interval of 24 

hours (0-24, 24-48, 48-72, 72-96, 96-120). All values are normalized to “before” cells. From left to right in 

the bar chart, each bar represents the mean of n = 1047, 4, 3, 10, 23, 3 cells, respectively. ***p < 0.001 

based on one-way ANOVA with Tukey’s multiple comparison test. Data in this figure are presented as 

mean ± SEM.  

 

Migration-induced heterochromatin formation is dependent on histone modifying enzymes  

 

Chromatin modifications are diverse processes that exhibit complex interplays between their corresponding 

histone and DNA modifying enzymes, the catalytic complexes, and other reader proteins (Bannister and 

Kouzarides, 2011; Morgan and Shilatifard, 2020; Zhang et al., 2015). Histone marks are put on or removed 

by histone modifying enzymes for the transition between chromatin euchromatin and heterochromatin 

states (Allshire and Madhani, 2018). To investigate the molecular mechanisms behind migration-induced 

heterochromatin formation, we used histone modifying enzyme inhibitors to block specific steps of the 

euchromatin-heterochromatin transition (Fig. 2.3A). Given the importance of histone deacetylases (HDACs) 

in recent studies of force-induced heterochromatin formation (Alisafaei et al., 2019; Damodaran et al., 

2018), we first used Trichostatin A (TSA), a broadband histone deacetylase inhibitor (pan-HDACi) 

(Vigushin et al., 2001) (Fig. S3A), to block the removal of histone acetylation, thereby preventing 

heterochromatin formation. Pan-HDACi treatment slightly decreased the baseline heterochromatin level of 

cells in the unconfined area “before” entering the channels, and reduced heterochromatin formation after 

cell migration through confined channels, when compared to DMSO vehicle control (Fig. 2.3B), suggesting 
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that migration-induced heterochromatin is dependent on HDACs. Previous studies have shown that 

HDAC3 plays a crucial role in catalyzing heterochromatin formation during cell compression or geometry 

constraint (Alisafaei et al., 2019; Damodaran et al., 2018). Therefore, we hypothesized that HDAC3 may 

also play a crucial role in migration-induced heterochromatin formation. Indeed, treatment with RGFP966, 

a potent HDAC3 inhibitor (HDAC3i) (Malvaez et al., 2013) (Fig. S3B), demonstrated nearly the same 

inhibitory effect on heterochromatin formation after confined migration as pan-HDACi (Fig. 2.3C). 

Depletion of HDAC3 by siRNA (Fig. S3D) similarly reduced heterochromatin formation after migration 

through confined channels, compared to non-target siRNA control (Fig. S3E). The fact that pan-HDACi 

did not provide an additional layer of inhibition compared to HDAC3i suggests a dominant role of HDAC3 

in the process. We then used 3-Deazaneplanocin A (DZNep), a broadband histone methyltransferases 

inhibitor (HMTi) (Miranda et al., 2009; Stephens et al., 2018) (Fig. S3A) to block the addition of methyl 

groups for H3K9me3 and H3K27me3. The resulting inhibitory effect on migration-induced 

heterochromatin formation was similar to that of the pan-HDACi or HDAC3i (Fig. 2.3D). As expected, 

combined treatment of HMTi and pan-HDACi greatly reduced the baseline heterochromatin level before 

migration, while completely eliminating heterochromatin formation in cells squeezing through 

constrictions and after migrating out of the channels (Fig. 2.3E). To test if the transition from 

heterochromatin back to euchromatin by histone demethylases (HDM) also affect the dynamics of 

migration-induced heterochromatin formation, we used JIB-04, a Jumonji-domain histone demethylases 

inhibitor (HDMi) (Fig. S3C) that increases H3K27me3 labeling (Parrish et al., 2018). Interestingly, JIB-

04-treated cells squeezing through constrictions and after migrating out of the channels both showed 

increased levels of heterochromatin when compared to DMSO vehicle control (Fig. 2.3F). This suggests 

that migration-induced heterochromatin formation was under control by the dynamic transition between 

heterochromatin and euchromatin. 

 

To uncover specific mechanisms by which HDAC3 functions in migration-induced heterochromatin 

formation, we stained for phosphorylation of HDAC3 on Serine 424 (pSer424-HDAC3), which is critical 
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for HDAC3 enzymatic activity (Zhang et al., 2005). We observed an increase of pSer424-HDAC3 in cells 

after migration through confined channels, but not in cells after migration through control channels (Fig. 

2.3G). This particular phosphorylation is catalyzed by Casein Kinase 2 (CK2) (Zhang et al., 2005). Thus, 

we tested whether depletion of CK2α, a subunit of CK2 (Litchfield, 2003) (Fig. S3F), could inhibit 

heterochromatin formation after migration. Indeed, we observed reduced heterochromatin formation after 

cells depleted of CK2α migrated through confined channels, when compared to non-target siRNA control 

(Fig. 2.3H). This suggests that CK2-dependent phosphorylation of HDAC3 contributes to migration-

induced heterochromatin formation.  

 

Previous studies demonstrated that the cytoplasmic to nuclear translocation of HDAC3 can control 

heterochromatin formation under mechanical challenges (Alisafaei et al., 2019; Damodaran et al., 2018), 

which prompted us to investigate the intracellular localization of HDAC3 during confined migration. We 

generated cells stably expressing GFP-HDAC3 and performed time-lapse imaging of cells migrating 

through the migration devices to quantify the dynamics of its nuclear/cytoplasmic (Nuc/Cyto) ratio within 

an hour before and after nuclear transit. Nuc/Cyto ratio of GFP-HDAC3 did not increase after nuclear transit 

through confined constrictions (Fig. 2.3I). In some cases, Nuc/Cyto ratio even showed a decrease after 

nuclear transit (Fig. 2.3I). This suggests that nuclear translocation of HDAC3 did not play a major role in 

migration-induced heterochromatin formation. However, tracking GFP-HDAC3 dynamics in a longer 

timeframe or performing staining on endogenous HDAC3 will be needed to rule out potential slow 

responses of its translocation.   
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Figure 2.3: Migration-induced heterochromatin formation is dependent on histone modifying 

enzymes. (See the next page for figure legend.) 
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Figure 2.3: Migration-induced heterochromatin formation is dependent on histone modifying 

enzymes. (A) A simplified schematic of the histone modifying enzymes involved in the transition between 

euchromatin state (top, in green) and heterochromatin state (bottom, in red). In this study, we used inhibitors 

blocking histone deacetylase (HDAC), histone methyltransferase (HMT), and histone demethylase (HDM). 

(B) Left panel: Representative images of normalized H3K27me3 heterochromatin in HT1080 cells treated 

with DMSO (vehicle) control or pan-HDACi during confined migration. Scale bars: 10 μm. Right panel: 

Quantification of normalized H3K27me3 heterochromatin in HT1080 cells treated with DMSO (vehicle) 

control or pan-HDACi during confined migration. All values are normalized to DMSO “before” cells. From 

left to right in the bar chart, each bar represents the mean of n = 947, 468, 18, 5, 74, 22 cells, respectively. 

**p < 0.01, ***p < 0.001 based on two-way ANOVA with Tukey’s multiple comparison test. (C) Left 

panel: Representative images of normalized H3K27me3 heterochromatin in HT1080 cells treated with 

DMSO (vehicle) control or HDAC3i during confined migration. Scale bars: 10 μm. Right panel: 

Quantification of normalized H3K27me3 heterochromatin in HT1080 cells treated with DMSO (vehicle) 

control or HDAC3i during confined migration. All values are normalized to DMSO “before” cells. From 

left to right in the bar chart, each bar represents the mean of n = 947, 349, 18, 17, 74, 86 cells, respectively. 

**p < 0.01, ***p < 0.001 based on two-way ANOVA with Tukey’s multiple comparison test. (D) Left 

panel: Representative images of normalized H3K27me3 heterochromatin in HT1080 cells treated with 

DMSO (vehicle) control or HMTi during confined migration. Scale bars: 10 μm. Right panel: 

Quantification of normalized H3K27me3 heterochromatin in HT1080 cells treated with DMSO (vehicle) 

control or HMTi during confined migration. All values are normalized to DMSO “before” cells. From left 

to right in the bar chart, each bar represents the mean of n = 1091, 523, 8, 25, 111, 80 cells, respectively. 

***p < 0.001 based on two-way ANOVA with Tukey’s multiple comparison test. (E) Left panel: 

Representative images of normalized H3K27me3 heterochromatin in HT1080 cells treated with DMSO 

(vehicle) control or HMTi + pan-HDACi during confined migration. Scale bars: 10 μm. Right panel: 

Quantification of normalized H3K27me3 heterochromatin in HT1080 cells treated with DMSO (vehicle) 

control or HMTi + pan-HDACi during confined migration. All values are normalized to DMSO “before” 
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cells. From left to right in the bar chart, each bar represents the mean of n = 972, 101, 18, 5, 70, 16 cells, 

respectively. ***p < 0.001 based on two-way ANOVA with Tukey’s multiple comparison test. (F) Left 

panel: Representative images of normalized H3K27me3 heterochromatin in HT1080 cells treated with 

DMSO (vehicle) control or HDMi during confined migration. Scale bars: 10 μm. Right panel: 

Quantification of normalized H3K27me3 heterochromatin in HT1080 cells treated with DMSO (vehicle) 

control or HDMi during confined migration. All values are normalized to DMSO “before” cells. From left 

to right in the bar chart, each bar represents the mean of n = 947, 1052, 18, 24, 74, 60 cells, respectively. 

***p < 0.001 based on two-way ANOVA with Tukey’s multiple comparison test. (G) Left panel: 

Representative images of pSer424-HDAC3 (red) and DAPI (blue) in HT1080 cells during migration 

through confined channels. Scale bars: 10 μm. Right panel: Quantification of pSer424-HDAC3 intensities 

in HT1080 cells migrating through migration devices. All values are normalized to control channels “before” 

cells. From left to right in the bar chart, each bar represents the mean of n = 168, 278, 5, 27, 4, 27, 

respectively. ***p < 0.001 based on two-way ANOVA with Tukey’s multiple comparison test. (H) Left 

panel: Representative images of normalized H3K27me3 heterochromatin in HT1080 cells treated with non-

target siRNA (siNT) or CK2α siRNA (siCK2α) during confined migration. Scale bar: 10 μm. Right panel: 

Quantification of normalized H3K27me3 heterochromatin in HT1080 cells treated with non-target siNT or 

siCK2α during confined migration. All values are normalized to siNT “before” cells. From left to right in 

the bar chart, each bar represents the mean of n = 758, 402, 28, 13, 44, 18 cells, respectively. * p < 0.05, 

***p < 0.001 based on two-way ANOVA with Tukey’s multiple comparison test. (I) Left panel: 

Representative image sequences of an HT1080 cell expressing GFP-HDAC3 migrating through confined 

constriction. Scale bar: 20 μm. Right panel: Quantification of GFP-HDAC3 nuclear/cytoplasmic (Nuc/Cyto) 

ratio changes within an hour of before and after nuclear transit (n = 13 cells). N.s. not significant based on 

paired t test (p = 0.531). Data in this figure are presented as mean ± SEM. 
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Migration-induced heterochromatin formation is dependent on lamin A/C, emerin, and stretch-sensitive 

ion channels 

  

Contact sites of chromatin with the nuclear lamina, including lamina associated domains (LADs), are 

responsible for gene repression at the heterochromatic nuclear periphery (Poleshko et al., 2017; van 

Steensel and Belmont, 2017). Moreover, the association of HDAC3 to the nuclear periphery plays a crucial 

role in maintaining repression for specific gene loci during differentiation (Poleshko et al., 2017), and 

binding to the nuclear envelope protein emerin activates HDAC3’s enzymatic activity (Demmerle et al., 

2012). To investigate the potential roles of the nuclear lamina and emerin in migration-induced 

heterochromatin formation, we depleted lamin A/C or emerin (Fig. S4A-B). Depletion of either nuclear 

envelope proteins resulted in a sharp increase of heterochromatin level in cells squeezing through confined 

constrictions, but did not alter the heterochromatin level in cells after migration through the channels, when 

compared to non-target siRNA control (Fig. 2.4A-B). This suggests that both lamin A/C and emerin played 

similar roles in restricting migration-induced heterochromatin formation. However, the exact mechanisms 

remain to be investigated. 

    

One possible mechanism that chromatin states may be affected is as the result of nuclear envelope (NE) 

rupture, which is often induced by confined migration, and its frequency is increased upon lamin A/C 

depletion (Denais et al., 2016; Irianto et al., 2016; Raab et al., 2016). The uncontrolled exchange of 

nucleoplasm and cytoplasm could result in mislocalization of histone modifying enzymes, ions, or signaling 

molecules that lead to heterochromatin formation. To investigate the role of NE rupture in heterochromatin 

formation, we generated cells stably expressing mCherry-tagged cGAS (cGAS-mCherry), using an inactive 

cyclic GMP-AMP (cGAMP) synthase that binds to cytosolic DNA exposed upon NE rupture (Denais et al., 

2016). We performed time-lapse overnight live-cell imaging of cGAS-mCherry-expressing cells migrating 

through the device, and then fixed the cells to stain for histone marks. We tracked individual NE rupture 
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events marked by cGAS-mCherry, and calculated the time duration after NE rupture occurrence until 

fixation. Finally, we correlated whether cells experienced NE rupture or not, and the duration after NE 

rupture occurrence, with the level of heterochromatin. The results showed no difference in heterochromatin 

levels between cells with and without NE rupture (Fig. S4C, E), and we found no correlation between time 

after rupture and heterochromatin levels (Fig. S4D, F), suggesting that migration-induced heterochromatin 

formation is independent of NE rupture. 

 

Recent studies have shown that blocking stretch-sensitive ion channels, through pharmacological inhibition 

(Stephens et al., 2018) or knockdown of Piezo1 (Nava et al., 2020), results in heterochromatin level changes 

in cells with altered nuclear lamina (Stephens et al., 2018) or under mechanical challenges (Nava et al., 

2020). To test if migration-induced heterochromatin formation is dependent on stretch-sensitive ion 

channels, we performed migration staining experiments under treatment of gadolinium chloride (GdCl3), a 

stretch-sensitive ion channels inhibitor (Caldwell et al., 1998). GdCl3-treated cells had decreased 

heterochromatin level in cells in the unconfined “before” area, and also in cells after migration out of the 

channels, when compared to vehicle (H2O) controls (Fig. 2.4C). This suggests that migration through 

confined environments could activate stretch-sensitive ion channels, therefore regulating heterochromatin 

levels through influx of calcium/magnesium. Recent studies have shown that when the nucleus is 

mechanically challenged, both extracellular calcium and intracellular calcium stored in the nuclear lumen 

and ER can serve as the sources of ion influx that regulates cellular responses (Lomakin et al., 2020; 

Venturini et al., 2020). Further study is needed to determine the exact source of ion influx for migration-

induced heterochromatin formation. 
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Figure 2.4: Migration-induced heterochromatin formation is dependent on lamin A/C, emerin, and 

stretch-sensitive ion channels. (A) Left panel: Representative images of normalized H3K27me3 

heterochromatin in HT1080 cells treated with non-target siRNA (siNT) or lamin A/C siRNA (siLMNA) 

during confined migration. Scale bars: 10 μm. Right panel: Quantification of normalized H3K27me3 

heterochromatin in HT1080 cells treated with non-target siNT or siLMNA during confined migration. All 

values are normalized to siNT “before” cells. From left to right in the bar chart, each bar represents the 

mean of n = 904, 807, 10, 10, 43, 56 cells, respectively. **p < 0.01 based on two-way ANOVA with Tukey’s 

multiple comparison test. (B) Left panel: Representative images of normalized H3K27me3 heterochromatin 

in HT1080 cells treated with non-target siRNA (siNT) or emerin siRNA (siEMD) during confined 

migration. Scale bars: 10 μm. Right panel: Quantification of normalized H3K27me3 heterochromatin in 

HT1080 cells treated with non-target siNT or siEMD during confined migration. All values are normalized 

to siNT “before” cells. From left to right in the bar chart, each bar represents the mean of n = 1120, 494, 

23, 9, 69, 17 cells, respectively. ***p < 0.001 based on two-way ANOVA with Tukey’s multiple 

comparison test. (C) Left panel: Representative images of normalized H3K27me3 heterochromatin in 

HT1080 cells treated with H2O (vehicle) control or GdCl3 during confined migration. Scale bars: 10 μm. 
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Right panel: Quantification of normalized H3K27me3 heterochromatin in HT1080 cells treated with 

vehicle (H2O) control or GdCl3 during confined migration. All values are normalized to H2O “before” cells. 

From left to right in the bar chart, each bar represents the mean of n = 455, 662, 6, 5, 67, 55 cells, 

respectively. ***p < 0.001 based on two-way ANOVA with Tukey’s multiple comparison test. Data in this 

figure are presented as mean ± SEM. 

 

Heterochromatin formation promotes confined migration 

 

The significant amount of heterochromatin formation induced by confined migration prompted us to 

investigate its biological significance on migration. Previous studies showed that reducing heterochromatin 

levels by treatment with pan-HDACi (TSA) or HMTi (5’-deoxy-5’-methylthioadenosine) reduces the speed 

of migration through 3D confined environments (Fu et al., 2012; Krause et al., 2019). Since reduced nuclear 

stiffness via lamin depletion facilitates nuclear transit through confined spaces (Davidson et al., 2014; 

Lautscham et al., 2015), it is puzzling that the reduced nuclear stiffness due to lowered heterochromatin 

level would have an opposite effect on confined migration (Krause et al., 2019). Therefore, we decided to 

test if migration-induced heterochromatin formation offered an advantage for cell migration through 

confined channels. To test this, we performed overnight live-cell imaging of HT1080 cells migrating 

through the migration devices, under treatment of either vehicle (DMSO) control, HMTi (DZNep), or 

HDMi (JIB-04). We tracked single-cell nuclear transit time through constrictions, and found that blocking 

heterochromatin formation by HMTi treatment significantly increased nuclear transit time (and decreased 

speed) (Fig. 2.5A), while increasing heterochromatin formation by HDMi had no effect (Fig. 2.5B), when 

compared to DMSO vehicle control. The effect of HMTi on confined migration speed recapitulated 

previous studies (Fu et al., 2012; Krause et al., 2019), demonstrating the importance of heterochromatin for 

efficient nuclear transit.  
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Previous studies demonstrated that moderate to mild hypothermia (28 to 33°C) can inhibit both cancer cell 

proliferation and migration (Fulbert et al., 2019; Kalamida et al., 2015). To test if heterochromatin 

formation would facilitate cancer cell migration under hypothermia stress, we performed time-lapse 

overnight live-cell imaging of HT1080 cells migrating through the migration devices at 33°C, mimicking 

mild hypothermia. Interestingly, at 33°C, HDMi reduced nuclear transit time (and increased speed) through 

confined channels, when compared to DMSO vehicle control (Fig. 2.5C). This showed that although 

increasing heterochromatin level had no effect under normal temperature, it promoted migration through 

confined spaces under mild hypothermia.  

 

A previous study showed that pan-HDACi treatment resulted in softer and larger nuclei, thereby inhibiting 

the ability of the nucleus to deform efficiently, which is crucial for nuclear transit through tight constrictions 

(Krause et al., 2019).  Although we observed that HMTi increased nuclear size (Fig. 2.5D), and HDMi 

decreased nuclear size (Fig. 2.5E), more follow-up studies are needed to determine the mechanism by which 

heterochromatin promotes confined migration, as nuclear transit through confined spaces is determined by 

various factors (Lautscham et al., 2015). Interestingly, blocking heterochromatin formation by HMTi not 

only decreased migration speed through confined channels, but also migration through the larger control 

channels, although the inhibitory effect on migration through confined channels was more pronounced (Fig. 

2.5A). This suggests that migration through 3D environment is promoted by heterochromatin formation, 

even when substantial deformation of the nucleus is not needed. 
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Figure 2.5. Heterochromatin formation promotes confined migration. (A) Quantification of HT1080 

cells nuclear transit time through control or confined channels, under DMSO (vehicle) or HMTi treatment. 

From left to right in the bar chart, each bar represents the mean of n = 260, 239, 269, 223 cells, respectively. 

***p < 0.001 based on Kruskal-Wallis H test with Dunn’s multiple comparison test. (B) Quantification of 

HT1080 cells nuclear transit time through control or confined channels, under DMSO (vehicle) or HDMi 

treatment. From left to right in the bar chart, each bar represents the mean of n = 510, 541, 710, 649 cells, 

respectively. *p < 0.05 based on Kruskal-Wallis H test with Dunn’s multiple comparison test. (C) 

Quantification of HT1080 cells nuclear transit time through control or confined channels, under DMSO 

(vehicle) or HDMi treatment under mild hypothermia stress (at 33 °C). From left to right in the bar chart, 

each bar represents the mean of n = 150, 157, 175, 239 cells, respectively. *p < 0.05 based on Kruskal-

Wallis H test with Dunn’s multiple comparison test. (D) Quantification of HT1080 cells nuclear size under 

DMSO (vehicle) (n = 1273 cells) or HMTi (n = 686 cells) treatment. **p < 0.01 based on student’s t test 

with Welch’s correction for unequal variances. (E) Quantification of HT1080 cells nuclear size under 
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DMSO (vehicle) (n = 1109 cells) or HDMi (n = 1229 cells) treatment. **p < 0.01 based on student’s t test 

with Welch’s correction for unequal variances. Data in this figure are presented as mean ± SEM. 

 

Discussion 

 

In this study, we demonstrated that heterochromatin formation is a prominent feature induced by confined 

3D cell migration across different cell lines. The heterochromatin formation is global and often locally 

enriched in nuclear blebs. While both H3K9me3 and H3K27me3 levels increased during and after confined 

migration, H3K27me3 showed a more substantial and persistent increase, resonating with previous findings 

of its importance in cancer cell migration (Gan et al., 2018; Liu et al., 2018; Segal et al., 2018). This may 

suggest a beneficial effect for cancer cells to further up-regulate their heterochromatin-to-euchromatin ratio 

during confined migration, potentially helping them migrate through constrictions more efficiently, as 

demonstrated by the reduced migration speed when heterochromatin formation was inhibited. Since we 

found that heterochromatin formation was induced by migration through both control channels (15×5 μm2) 

and confined channels (≤2×5 μm2), it will be important to follow up with migration experiments performed 

in even larger channel sizes (such as 15×10 μm2 or larger). This further decrease of nuclear and cell 

confinement during migration could potentially reveal the confinement “threshold” that induces 

heterochromatin formation. It would also be informative to compare the level of heterochromatin formation 

in our migration device with those induced by 2D systems, such as scratch wound assays (Segal et al., 2018), 

to study the similarity and differences between the role of heterochromatin in specific migration situations. 

 

We showed that the increased heterochromatin level was stable and inheritable after mitosis, lasting for at 

least 4 to 5 days after nuclear transit. The possible consequences of this prolonged heterochromatin 

formation are still unclear. Replication stress and subsequent DNA damage is possible, due to the compact 

nature of heterochromatin (Jiang et al., 2009; Kurashima et al., 2020; Lambert and Carr, 2013). 

Uncontrolled heterochromatin spreading and prolonged repression of gene expression can decrease cell 
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viability, as previous studies shown in fission yeasts (Garcia et al., 2015; Wang et al., 2015). Recent studies 

using genome-wide chromosome conformation capture (Hi-C) technique on cells passed through 

constricted transwells had found genomic rearrangement in LADs (Golloshi et al., 2020) and contact 

disruption in heterochromatic compartments (Jacobson et al., 2018). It would be interesting to follow up on 

the viability, genomic organization, gene expression, and the ultimate fates of the cells after confined 

migration. 

 

Furthermore, we showed that migration-induced heterochromatin formation is dependent on a combination 

of histone modifying enzymes. We found that nuclear envelope proteins (lamin A/C and emerin) and 

stretch-sensitive ion channels modulate the heterochromatin levels induced by confined migration. The 

mechanisms of how lamin A/C and emerin limit the amount of migration-induced heterochromatin 

formation is still unknown. Depletion or knockout of emerin decreases heterochromatin levels, particularly 

due to its role in binding and activating HDAC3 (Demmerle et al., 2012), which seems to contradict our 

observation of increased heterochromatin even at baseline before cells enter the channels (Fig. 2.4B). 

However, our experimental setting is different from regular culture in multi-well plates, since cells seeded 

in the microfluidic device, even before entering the 3D constrictions, have higher stimulation of directional 

migration due to the existence of channels connecting to the other side with less cell density and more 

nutrients. Several studies have shown an increase of heterochromatin during 2D migration (Gerlitz, 2020), 

and a recent study suggested that emerin plays an crucial role in determining nuclear front-rear polarity 

during 1D (micro-patterned line) cell migration (Nastały et al., 2020). The same study showed that depletion 

or knockout of emerin diminished the polarized localization of nuclear envelope proteins and endoplasmic 

reticulum (ER) (Nastały et al., 2020). It is possible that lamin or emerin depletion disrupted the 

mechanotransduction pathways and nuclear polarity, therefore affecting migration-induced 

heterochromatin formation, and resulting in a sharp rise of heterochromatin level during migration and 

nuclear squeezing. 
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However, it is still unclear whether redundant mechanotransduction pathways exist for heterochromatin 

regulation during 3D migration, or whether all of them converge into a single upstream regulator, such as 

mechanosensing through the stretching and unfolding of nuclear-ER membranes (Lomakin et al., 2020; 

Venturini et al., 2020), or through force transmission via the cytoskeleton and the linker of nucleoskeleton 

and cytoskeleton (LINC) complexes (Chang et al., 2015; Crisp et al., 2006; Gundersen and Worman, 2013). 

The LINC complex spans across the nuclear envelope by SUN domain proteins on the inner nuclear 

membrane, and KASH domain proteins (nesprins) on the outer nuclear membrane (Chang et al., 2015). It 

connects the nucleoskeleton (nuclear lamina) with the cytoskeleton, playing a critical role in 

mechanotransduction pathways that transmit cytoplasmic forces to the nucleus and chromatin (Isermann 

and Lammerding, 2013). Previously, our laboratory has developed a doxycycline-inducible system of 

dominant negative (DN)-KASH that displaces endogenous LINC complexes from the nuclear envelope and 

disrupts its mechanotransduction functions (Earle et al., 2020) By using this DN-KASH system, we will be 

able to investigate the role of LINC complexes-mediated mechanotransduction in migration-induced 

heterochromatin formation. 

 

Since the majority of heterochromatin readouts in this study were based on immunofluorescence staining 

at a fixed timepoint, and the GFP-HP1α reporter can only reveal local differences within a cell, one 

limitation is the lack of real-time data tracking single cells throughout the migration process with 

quantifiable reporters such as fluorescence resonance energy transfer (FRET) biosensor (Peng et al., 2018) 

or mintbodies (Sato et al., 2013) that reports chromatin modification changes. Such reporter systems would 

enable robust studies of chromatin modification dynamics in single cells, and their long-term cell fates. 

Preliminary studies using a H3K27me3 mintbody reporter (Tjalsma et al., 2020) in our hands, however, did 

not yield immediately interpretable results. 

 

The other limitation to our study on migration-induced chromatin changes is that, although we tried to 

design controls that manipulated the degree of confinement during cell migration (microfluidic channel 
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sizes or collagen matrix pore sizes) to probe for confinement-specific changes, we are not be able to 

completely rule out the possibility that the observed changes are simply required/permissive for confined 

migration, instead of being induced by confined migration. One approach to address this question would 

be to delete histone modifying enzymes for H3K9me3 (SUV39H1/2) or H3K27me3 (EZH2) in cells and 

perform the same assays, which may yield a better understanding of the difference between heterochromatin 

being permissive for or induced by confined migration. 

 

In conclusion, we revealed the novel phenomenon of heterochromatin formation induced by confined 3D 

migration, while providing insights on its impact on cell migration and the molecular mechanisms behind 

it. The importance of heterochromatin in cancer cell migration could shed light on future research for 

therapy targeting highly invasive tumor. Moreover, our finding could potentially connect the role of 

chromatin to the recent discovery of the nucleus being a cellular mechanosensor (Lomakin et al., 2020; 

Venturini et al., 2020), and help pave the way for future studies on how chromatin modifications could 

affect or dictate nuclear and cellular responses to mechanical stimulus. 
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Supplementary Figures 

 
 
Supplementary Figure S1: Confined migration induces heterochromatin formation in HT1080 

fibrosarcoma cells, skin fibroblasts and MDA-MB-231 breast cancer cells.  (See the next page for the 

rest of the figure and figure legend.) 
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Supplementary Figure S1: Confined migration induces heterochromatin formation in HT1080 

fibrosarcoma cells, skin fibroblasts and MDA-MB-231 breast cancer cells. (A) Quantification of 

H3K9me3 normalized heterochromatin level in HT1080 cells migrating in collagen matrices. All values 

are normalized to DMSO-undeformed cells. From left to right in the bar chart, each bar represents the mean 

of n = 29, 22, 4, 20, 21, 23, 25, 15, 21 cells, respectively. ** p < 0.01, ***p < 0.001 based on two-way 

ANOVA with Tukey’s multiple comparison test. (B) Quantification of H3K27me3 normalized 

heterochromatin level in HT1080 cells migrating in collagen matrices. All values are normalized to DMSO-

undeformed cells. From left to right in the bar chart, each bar represents the mean of n = 15, 7, 8, 14, 14, 

13, 26, 7, 6 cells, respectively. ** p < 0.01, ***p < 0.001 based on two-way ANOVA with Tukey’s multiple 

comparison test. (C) Representative images of locally enriched nuclear bleb heterochromatin (indicated by 
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arrowhead) of HT1080 cells with H3K27me3 (red) and H3K9ac (green) in high concentration collagen 

matrices. Normalized heterochromatin level (H3K27me3 divided by H3K9ac) is shown in inverted 

grayscale. Scale bar: 10 μm. Line profiles of the red dashed lines through midlines of nuclei were plotted 

on the right. (D) A simplified schematic illustrating the design and the different areas in the microfluidic 

migration device. Yellow indicates the unconfined area “before” cells entering the device. Red indicates 

the area while cells are “squeezing” or passing through the constrictions. Blue indicates the area “after” 

cells migrating out of the device. “Zone 1” indicates the area after cells made one nuclear transit through 

the first row of constrictions. “Zone 2” indicates the area after cells made two nuclear transit through the 

first two rows of constrictions. (E) Representative images of staining of H3K9me3 (red) and H3K9ac (green) 

in fibroblasts migrating in a microfluidic migration device, in control or confined channels. Normalized 

heterochromatin level (H3K9me3 divided by H3K9ac) is shown in inverted grayscale. Scale bars: 40 μm. 

(F) Quantification of H3K9me3 normalized heterochromatin level in fibroblasts migrating in migration 

devices. All values are normalized to control channels “before” cells.  From left to right in the bar chart, 

each bar represents the mean of n = 649, 11, 12, 1133, 10, 5 cells, respectively. ** p < 0.01, ***p < 0.001 

based on two-way ANOVA with Tukey’s multiple comparison test. (G) Representative images of staining 

of H3K27me3 (red) and H3K9ac (green) in fibroblasts migrating in a microfluidic migration device, in 

control or confined channels. Normalized heterochromatin level (H3K27me3 divided by H3K9ac) is shown 

in inverted grayscale. Scale bars: 40 μm. (H) Quantification of H3K27me3 normalized heterochromatin 

level in fibroblasts migrating in migration devices. All values are normalized to control channels “before” 

cells.  From left to right in the bar chart, each bar represents the mean of n = 533, 4, 16, 2115, 12, 18 cells, 

respectively. ** p < 0.01, ***p < 0.001 based on two-way ANOVA with Tukey’s multiple comparison test. 

(I) Quantification of H3K9me3 normalized heterochromatin level in MDA-MB-231 cells migrating in 

migration devices. All values are normalized to control channels “before” cells.  From left to right in the 

bar chart, each bar represents the mean of n = 1533, 37, 469, 3464, 67, 352 cells, respectively. ***p < 0.001 

based on two-way ANOVA with Tukey’s multiple comparison test. (J) Quantification of H3K27me3 

normalized heterochromatin level in MDA-MB-231 cells migrating in migration devices. All values are 
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normalized to control channels “before” cells.  From left to right in the bar chart, each bar represents the 

mean of n = 647, 33, 273, 2249, 54, 252 cells, respectively. ***p < 0.001 based on two-way ANOVA with 

Tukey’s multiple comparison test. (K) Separate quantification of H3K9me3 (red) and H3K9ac (green) 

intensities of fibroblasts migrating through confined channels in migration devices. All H3K9me3 and 

H3K9ac levels are normalized to their levels in “before” cells, respectively. From left to right in the bar 

chart, each bar represents the mean of n = 1135, 1135, 10, 10, 29, 29, 6, 6, 5, 5 cells, respectively. * p < 

0.05, ** p < 0.01, ***p < 0.001 based on two-way ANOVA with Tukey’s multiple comparison test. (L) 

Separate quantification of H3K27me3 (red) and H3K9ac (green) intensities of fibroblasts migrating through 

confined channels in migration devices. All H3K27me3 and H3K9ac levels are normalized to their levels 

in “before” cells, respectively. From left to right in the bar chart, each bar represents the mean of n = 2024, 

2024, 12, 12, 34, 34, 6, 6, 21, 21 cells, respectively. ***p < 0.001 based on two-way ANOVA with Tukey’s 

multiple comparison test. (M) Separate quantification of H3K9me3 (red) and H3K9ac (green) intensities 

of MDA-MB-231 cells migrating through confined channels in migration devices. All H3K9me3 and 

H3K9ac levels are normalized to their levels in “before” cells, respectively. From left to right in the bar 

chart, each bar represents the mean of n = 3674, 3674, 71, 71, 268, 268, 184, 184, 489, 489 cells, 

respectively. * p < 0.05, ** p < 0.01, ***p < 0.001 based on two-way ANOVA with Tukey’s multiple 

comparison test. (N) Separate quantification of H3K27me3 (red) and H3K9ac (green) intensities of MDA-

MB-231 cells migrating through confined channels in migration devices. All H3K27me3 and H3K9ac 

levels are normalized to their levels in “before” cells, respectively. From left to right in the bar chart, each 

bar represents the mean of n = 2138, 2138, 94, 94, 209, 209, 259, 259, 236, 236 cells, respectively. ***p < 

0.001 based on two-way ANOVA with Tukey’s multiple comparison test. (O) Representative images of 

staining of 5-methylcytosine (5-meC, green) and H3K9me3 (red) HT1080 cells migrating in a microfluidic 

migration device, in control or confined channels. Scale bars: 40 μm. (P) Quantification of 5-meC 

intensities in HT1080 cells migrating in migration devices. All values are normalized to control channels 

“before” cells.  From left to right in the bar chart, each bar represents the mean of n = 51, 32, 17, 219, 26, 



 65 

60 cells, respectively. * p < 0.05, ***p < 0.001 based on two-way ANOVA with Tukey’s multiple 

comparison test. Data in this figure are presented as mean ± SEM. 

 

 
 

Supplementary Figure S2: Nuclear transit induces cumulative and persistent heterochromatin 

formation in HT1080 fibrosarcoma and MDA-MB-231 breast cancer cells. (A) Comparison between 

normalized H3K27me3 heterochromatin levels of MDA-MB-231 cells in each area of the microfluidic 

migration device. All values are normalized to cells in the unconfined area “before” migration. From left 

to right in the bar chart, each bar represents the mean of n = 2249, 199, 176, 252 cells, respectively. ***p 
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< 0.001 based on one-way ANOVA with Tukey’s multiple comparison test. (B) Quantification of GFP-

HP1α local enrichment durations in HT1080 cells. Persistent enrichments (labeled in red) are defined as 

having duration at above mean +95% confidence interval (CI). The scatterplot represents n = 58 cells. (C) 

The correlation of normalized H3K27me3 heterochromatin level with hours after the last nuclear transit 

through confined constrictions in HT1080 cells (with at least one mitosis after nuclear transit). All values 

are normalized to “before” cells. The linear regression analysis is based on n = 33 cells. (D) The correlation 

of normalized H3K27me3 heterochromatin level with hours after the last nuclear transit through confined 

constrictions in HT1080 cells (with at least one mitosis after nuclear transit), binned by an interval of 24 

hours (0-24, 24-48, 48-72, 72-96, 96-120). All values are normalized to “before” cells. From left to right in 

the bar chart, each bar represents the mean of n = 1047, 1, 8, 21, 3 cells, respectively. ***p < 0.001 based 

on one-way ANOVA with Tukey’s multiple comparison test. (E) The correlation of normalized H3K27me3 

heterochromatin level with hours after the last nuclear transit through confined constrictions in HT1080 

cells (without any mitosis after nuclear transit). All values are normalized to “before” cells. The linear 

regression analysis is based on n = 10 cells. (F) The correlation of normalized H3K27me3 heterochromatin 

level with hours after the last nuclear transit through confined constrictions in HT1080 cells (without any 

mitosis after nuclear transit), binned by an interval of 24 hours (0-24, 24-48, 48-72, 72-96, 96-120). All 

values are normalized to “before” cells. From left to right in the bar chart, each bar represents the mean of 

n = 1047, 4, 2, 2, 2 cells, respectively. **p < 0.01, ***p < 0.001 based on one-way ANOVA with Tukey’s 

multiple comparison test. Data in this figure are presented as mean ± SEM. 
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Supplementary Figure S3: Migration-induced heterochromatin formation in HT1080 fibrosarcoma 

cells is dependent on HDAC3, and the validation of histone modifying enzyme inhibitors and siRNA 

depletion of HDAC3 and CK2. (A) Validation of HMTi and pan-HDACi treatment on H3K9ac levels 

compared to DMSO (vehicle) control in HT1080 cells using Western blot. H3K9ac levels are normalized 

to H3 loading control. Each bar represents mean of n = 3 samples. ***p < 0.001 based on student’s t test 

with Welch’s correction for unequal variances. (B) Validation of HDAC3i treatment on H3K9ac levels 

compared to DMSO (vehicle) control in HT1080 cells using Western blot. H3K9ac levels are normalized 

to H3 loading control. Each bar represents mean of n = 3 samples. *p < 0.05 based on student’s t test with 

Welch’s correction for unequal variances. (C) Validation of HDMi treatment on H3K27me3 levels 
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compared to DMSO (vehicle) control in HT1080 cells using Western blot. H3K27me3 levels are 

normalized to H3 loading control. Each bar represents mean of n = 3 samples. *p < 0.05 based on student’s 

t test with Welch’s correction for unequal variances. (D) Validation of siRNA depletion of HDAC3 

(siHDAC3) on HDAC3 levels compared to non-target siRNA (siNT) control in HT1080 cells using Western 

blot. HDAC3 levels are normalized to pan-actin loading control. Each bar represents mean of n = 3 samples. 

**p < 0.01 based on student’s t test with Welch’s correction for unequal variances. (E) Left panel: 

Representative images of normalized H3K27me3 heterochromatin in HT1080 cells treated with non-target 

siRNA (siNT) or HDAC3 siRNA (siHDAC3) during confined migration. Scale bars: 10 μm. Right panel: 

Quantification of normalized H3K27me3 heterochromatin in HT1080 cells treated with non-target siNT or 

siHDAC3 during confined migration. All values are normalized to siNT “before” cells. From left to right 

in the bar chart, each bar represents the mean of n = 492, 445, 16, 11, 80, 13 cells, respectively. * p < 0.05, 

***p < 0.001 based on two-way ANOVA with Tukey’s multiple comparison test. (F) Validation of siRNA 

depletion of CK2 (siCK2α) on CK2 levels compared to non-target siRNA (siNT) control in HT1080 cells 

using Western blot. CK2 levels are normalized to H3 loading control. Each bar represents mean of n = 3 

samples. *p < 0.05 based on student’s t test with Welch’s correction for unequal variances. Data in this 

figure are presented as mean ± SEM. 
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Supplementary Figure S4: Migration-induced heterochromatin formation is independent of NE 

ruptures, and the validation of siRNA depletion of lamin A/C and emerin. (A) Validation of siRNA 

depletion of lamin A and C (siLMNA) on lamin A and C levels compared to non-target siRNA (siNT) 

control in HT1080 cells using Western blot. Lamin A and C levels are normalized to GAPDH loading 

control. Each bar represents mean of n = 3 samples. **p < 0.01, ***p < 0.001 based on student’s t test with 

Welch’s correction for unequal variances. (B) Validation of siRNA depletion of emerin (siEMD) on emerin 
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levels compared to non-target siRNA (siNT) control in HT1080 cells using Western blot. Emerin levels are 

normalized to H3 loading control. Each bar represents mean of n = 3 samples. **p < 0.01 based on student’s 

t test with Welch’s correction for unequal variances. (C) Quantification of normalized H3K9me3 

heterochromatin levels in HT1080 cells experienced NE rupture (labeled in orange) or not (labeled in blue) 

during cell migration across the different areas of the microfluidic migration device. All “rupture” and “no 

rupture” heterochromatin levels are normalized the same level in “before” cells. From left to right in the 

bar chart, each bar represents the mean of n = 3610, 3610, 34, 4, 153, 27, 43, 8 cells, respectively. (D) 

Correlation of normalized H3K9me3 heterochromatin levels with time after rupture (mins) in HT1080 cells. 

All values are normalized to “before” cells. The linear regression analysis is based on n = 33 cells. (E) 

Quantification of normalized H3K9me3 heterochromatin levels in MDA-MB-231 cells experienced NE 

rupture (labeled in orange) or not (labeled in blue) during cell migration across the different areas of the 

microfluidic migration device. All “rupture” and “no rupture” heterochromatin levels are normalized the 

same level in “before” cells. From left to right in the bar chart, each bar represents the mean of n = 2775, 

2775, 85, 8, 240, 13, 145, 10, 32, 4 cells, respectively. (F) Correlation of normalized H3K9me3 

heterochromatin levels with time after rupture (mins) in MDA-MB-231 cells. All values are normalized to 

“before” cells. The linear regression analysis is based on n = 34 cells. Data in this figure are presented as 

mean ± SEM. 
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CHAPTER 3: CONFINED MIGRATION ALTERS CHROMATIN ACCESSIBILITY AND 

DECREASES TRANSCRIPTION1 

 

Abstract 

 

Cells utilize a wide variety of mechanotransduction pathways to ensure proper cellular responses to 

mechanical challenges, which includes chromatin remodeling and gene expression changes. During 

confined migration in three-dimensional environments, cells are faced with tremendous mechanical stress. 

However, little is known about the effects of confined migration and the mechanical stress on chromatin 

accessibility and gene expression. By performing Assay for Transposase-Accessible Chromatin using 

sequencing (ATAC-seq) on cells migrating in 3D collagen matrices, we revealed that cells migrating in 

confined environments exhibit changes towards less accessible chromatin, consistent with the increase in 

H3K9me3 and H3K27me3 heterochromatin levels described in Chapter 2. Confined migration increased 

chromatin accessibility near gene promoters associated with diverse functions such as chromatin silencing, 

tumor invasion, and DNA damage response. On the other hand, confined migration reduced accessibility 

of intergenic chromatin regions, particularly near centromeres and telomeres. Furthermore, we found that 

transcription is decreased in cells during confined migration. Taken together, we demonstrate that confined 

migration induces chromatin accessibility and transcription changes associated with heterochromatin 

formation, which provides insights on the long-term functional consequences of confined migration. 

 

 
 
 
 
 
 
 
 
 

1Portions of this work have been adapted from the following manuscript in preparation: 
 
Hsia, C.-R., McAllister, J., Hasan, O., Judd, J., Lee, S., Chang, C.-Y., Feschotte, C., Soloway, P., 
Lammerding, J. (2021). Confined Migration Induces Heterochromatin Formation and Alters Chromatin 
Accessibility.  
 
Author contributions: OH analyzed the 5-EU staining experiment. JJ developed and ran the analysis 
pipeline for ATAC-seq. SL helped optimize ATAC-seq analysis and mapped peak distances to 
centromeric and telomeric regions. The rest of the experiments were performed and analyzed by C-RH. 
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Introduction 

 

From single migrating cells to multicellular tissues in the body like muscle and skin, mechanical challenges 

require proper biological responses for optimal cell viability and functions (Burkholder, 2007; Lomakin et 

al., 2020; Nava et al., 2020; Venturini et al., 2020; Wang, 2017). Mechanical force propagated through 

cytoskeletons and the linker of nucleoskeleton and cytoskeleton (LINC) complexes to the nucleus can 

directly result in rapid chromatin remodeling (Iyer et al., 2012), chromatin stretching and unfolding, and 

subsequent gene expression (Tajik et al., 2016). Recent studies further showed that the nucleus itself can 

sense and respond to mechanical forces via unfolding of the nuclear envelope and the activation of stretch-

sensitive ion channels in the nuclear membranes and the endoplasmic reticulum (ER), resulting in increased 

actomyosin contractility that promotes cell migration (Lomakin et al., 2020; Venturini et al., 2020).  

 

During confined cell migration in three-dimensional (3D) environments, the nucleus is under severe 

mechanical challenges. Despite the rich discoveries on mechanotransduction pathways, little is known 

about the effect of confined migration on gene expression, chromatin organization and accessibility changes. 

Recent studies using genome-wide chromosome conformation capture (Hi-C) showed that cell migration 

through tight pores in transwell assays results in changes in chromatin organization, including switching of 

A/B compartments (euchromatin/heterochromatin compartments) and disruption of chromatin domains and 

interactions (Golloshi et al., 2020; Jacobson et al., 2018). Moreover, constricted transwell migration induces 

neutrophil-like cells to express genes associated with actin cytoskeleton remodeling, lactate transport, and 

Rab GTPases (Jacobson et al., 2018), but these gene expression changes did not correlate with the observed 

chromatin organization changes. On the contrary, most of the chromatin rearrangements and disruption 

occurred in the heterochromatin regions, suggesting a protective role of the heterochromatin in limiting 

undesired chromatin organization changes in active genes (Jacobson et al., 2018). In the previous chapter, 

we showed that heterochromatin formation was induced by confined cell migration, both in collagen 

matrices and in custom-made microfluidic devices (Chapter 2, Fig. 2.1A-H). However, the resulting 
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biological consequences, including chromatin accessibility and gene expression changes were not yet 

investigated.  

 

Here, by performing Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq) on cells 

migrating in 3D collagen matrices, we report that confined migration increased chromatin accessibility near 

promoter-transcription start sites of genes responsible for a wide range of functions such as chromatin 

silencing, nucleosome assembly, DNA damage checkpoint and cell cycle checkpoint, while reducing 

chromatin accessibility in intergenic regions near centromeres and telomeres. We also show that confined 

migration through microfluidic migration devices decreased active transcription and nascent mRNA levels, 

supporting the observation of migration-induced heterochromatin formation in Chapter 2. 

 

Materials and Methods 

 

Cell lines and cell culture 

 

The fibrosarcoma cell line HT1080 (ACC315) was purchased from DSMZ in Braunschweig, Germany. All 

cell lines were cultured in Dulbecco's Modified Eagle Medium (DMEM, Gibco) supplemented with 10% 

(v/v) fetal bovine serum (FBS, Seradigm) and 1% (v/v) penicillin and streptomycin (Pen-Strep, Gibco), 

under humidified conditions at 37°C and 5% CO2. 

 

Fabrication and use of microfluidic migration devices 

 

The microfluidic migration devices were designed and fabricated as described previously (Davidson et al., 

2015; Denais et al., 2016). In brief, PDMS replicas of the migration device molds were made from Sylgard 

184 following the manufacturer’s protocol (1:10) and baked at 65°C for 2 hours. Once the PDMS was 

demolded and cut into individual blocks of devices, biopsy punches were used to create reservoirs and cell 
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seeding pores. Glass coverslips (VWR) were cleaned with 0.2 M HCl overnight, rinsed with water and 

isopropanol, and dried with compressed air.  

Non-covalent bonding protocol: For fixed cell IF staining experiments, the migration devices were 

assembled after plasma treatment of only the glass coverslips for 5 minutes, by gently pressing the PDMS 

blocks on the activated coverslips to form non-covalent bonds. The assembled devices were heated on a hot 

plate at 65°C for 1 hour to improve adhesion, and then plasma treated for another 5 minutes after prolonged 

(10 minutes) vacuuming.  

After bonding, devices were rinsed and coated with 50 µg/mL rat tail type-I collagen (Corning) in 0.02 N 

acetic acid overnight at 4°C. After coating, the devices were rinsed with complete DMEM before cell 

seeding. For IF staining experiments, 30,000 cells were seeded into individual loading chambers of the 

migration devices in 5 μL of media. Subsequently, devices were placed in a cell culture incubator at 37°C 

and 5% CO2 for around 48 hours to allow cell migration before fixation and IF staining. 

 

Immunofluorescence staining 

 

For staining of cells in microfluidic migration devices, cells were fixed with 4% paraformaldehyde (PFA, 

Sigma) in PBS for 30 minutes at room temperature. After PBS washes, the devices were carefully removed 

by inserting a razor blade from the PDMS edges into the interface between the PDMS and the glass 

coverslips, and then gradually lifting up the PDMS blocks. For staining of cells seeded directly on glass 

coverslips, cells were fixed with 4% PFA in PBS for 10 minutes at room temperature. The fixation step was 

followed by permeabilization with 0.3% Triton-X100 (Sigma) in PBS for 15 minutes, blocking with 3% 

BSA in PBS supplemented with 0.2% Triton-X100 and 0.05% Tween-20 (Sigma) for 1 hour at room 

temperature, and incubation overnight at 4°C with primary antibody (rabbit anti-pSer2 RNA polymerase II, 

Abcam, ab5095, dilution 1:500) in the same blocking buffer. The samples were then washed with PBS and 

stained with Alexa Fluor secondary antibodies (Invitrogen) and DAPI (Sigma, dilution 1:1000). After PBS 

washes, the samples were mounted with Hydromount Nonfluorescing Mounting Media (Electron 
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Microscopy Sciences) onto glass slides (VWR) for image acquisition by confocal microscopy within the 

next few days. 

 

5-ethynyl uridine labeling 

 

To label nascent mRNA, cells were pulsed with 5-ethynyl uridine and labeled as previously described (Jao 

and Salic, 2008) and following manufacturer’s protocols. In brief, cells migrating in microfluidic devices 

were pulsed with 1 mM 5-ethynyl uridine (EU, Jena Bioscience) in complete DMEM for 4 hours, and then 

fixed with 4% PFA in PBS for 30 minutes. After two PBS washes, the devices were carefully removed as 

described in the IF staining section. The cells were then permeabilized with 0.3% Triton-X100 (Sigma) in 

PBS for 15 minutes, and incubated for 30 minutes with freshly prepared EU labeling buffer containing 100 

mM Tris base (Sigma), 100 μM Alexa Fluor 488 conjugated-azide (Invitrogen), 4 mM CuSO4 (Sigma), and 

100 mM ascorbic acid (Sigma) in water. After the incubation, cells were washed with PBS, and another 

round of 30 minutes incubation with EU labeling buffer and PBS washes was repeated. Cells were then 

incubated with primary antibodies and proceeded with the IF staining protocol. 

 

Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq) 

 

To achieve consistent bonding of collagen matrices, 35-mm glass-bottom dishes (World Precision 

Instruments) were treated with 1% polyethylenimine (PEI, Sigma) for 10 minutes, followed by 0.1% 

glutaraldehyde (Sigma) treatment of 30 minutes, and washed with PBS. To generate single cell-containing 

collagen matrices at specified collagen concentrations (low: 0.3 mg/mL; medium: 1.0 mg/mL; high: 1.7 

mg/mL), acidic solution of rat tail type-I collagen (Corning) was supplemented with complete DMEM 

(supplemented with FBS and Pen-Strep) and NaOH to reach a neutral pH of 7.4, and then mixed with cell 

suspension in culture media to reach a final density of 100,000 cells per mL, and a volume of 800 μL per 

dish. Cells were allowed to migrate in the matrices for 48 hours in culture media containing a broad MMP 
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inhibitor, GM6001 (Millipore, 20 μM). Where indicated, vehicle control with DMSO was also used. After 

migration, single cell-containing collagen was carefully collected by pipette tip into microcentrifuge tubes, 

and an equal volume of 5000 U (μmol/min) collagenase type 7 (Worthington) dissolved in DPBS (Gibco) 

was added into each tube for incubation for 15 minutes at 37°C. After digestion, cells were spun down at 

4°C, and then resuspended into freezing media (10% DMSO, 20% FBS, and 70% culture media) for freeze-

down. A total of four independent replicates were collected for cells in each collagen concentration. Frozen 

cells were sent to Cornell Univerisity’s Transcriptional Regulation & Expression Facility (TREx) for library 

preparation.  

For library preparation of ATAC-seq, viable frozen cells were thawed rapidly at 37°C, and then slowly 

diluted using DMEM supplemented with 10% FBS until the diluted volume reached at least 10-fold of the 

initial volume. If needed, samples were concentrated by centrifuging at 500 RCF for 5 minutes, followed 

by removal of supernatant. Omni-ATAC protocol (Corces et al., 2017) was followed, with the following 

modifications: a cell count of up to 25000 per sample was used, and cells were washed twice in ATAC-

RSB (resuspension buffer) containing 0.1% Tween-20 prior to lysis and transposition. A reaction volume 

of 25 μL was used for transposition. After the transposition, half of the reaction product was amplified by 

PCR using a total of 11 cycles without qPCR testing, followed by SPRIselect bead (Beckman Coulter) 

clean-up (2:1 bead ratio). All the buffers (RSB-Tween, lysis buffer, and TD buffer) were made fresh before 

use. After the library preparation, samples were quantified by a Qubit (Thermo Fisher) and the size 

distribution was determined by a Fragment Analyzer (Agilent). If necessary, a digital PCR assay (Bio-Rad 

QX200) was used to accurately quantify the sequence-able molarity. The libraries were sequenced on an 

Illumina HiSeqX at Novogene with 2×150 paired-end reads (Corces et al., 2017). 

ATAC-seq data quality was assessed with fastqc (Andrews, 2010). Adapter sequences were trimmed using 

fastp (Chen et al., 2018). Reads were aligned to the hg38 reference genome assembly using bowtie2 

(Langmead and Salzberg, 2012) in sensitive-local mode. Alignments were filtered to remove reads with 

multiple valid alignments (mapq > 1). Coverage signal tracks were generated using deepTools 

bamCoverage (Ramírez et al., 2014) and normalized on a per-million basis using R (R Core Team, 2020). 
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Peaks were called using macs2 (Zhang et al., 2008) with default settings, pooling all datasets as input, using 

a minimum -log10 q-value threshold of 100. Reads mapping within peaks were counted using featureCounts 

(Liao et al., 2014), and differential accessibility was determined using DESeq2 (Love et al., 2014), 

considering peaks with adjusted p-values lower than 0.1 as significantly differentially accessible (DA). All 

DESeq2 comparisons were performed using the full matrix of high, medium, and low concentration 

collagen ATAC-seq scores, so pairwise comparisons were assessed for significance in the context of global 

variation across all three conditions. HOMER (Hypergeometric Optimization of Motif EnRichment) (Heinz 

et al., 2010) was used for annotation of DA peaks. Metaprofiles were generated using the BRGenomics R 

package (DeBerardine, 2020), and are representative of average and 75% confidence interval over indicated 

sets of peaks calculated by subsampling 10% of peaks 1000 times. Peaks that overlap with the region from 

-1000 to transcription start site (TSS) of any annotated transcript in the hg38 genome assembly were 

considered promoter-associated, and all other peaks were considered non-promoter-associated. All 

promoter-associated peaks with the nearest non-promoter-associated peaks closer than 500 kb were 

considered enhancer-promoter interactions (EPIs). Enrichment of TE overlaps with the DA peaks was 

performed using the script TE-anaysis_Shuffle_bed.pl (https://github.com/4ureliek/TEanalysis) (Kapusta 

et al., 2013; Lynch et al., 2015). Scripts used to perform these analyses including exact parameters can be 

accessed at https://github.com/jaj256/ConfinedATAC. 

Genomic Regions Enrichment of Annotations Tool (GREAT) (McLean et al., 2010) was used to plot each 

DA peak’s distance to the transcription start sites (TSS) of its associated genes, and to analyze enrichment 

of Gene Ontology (GO) Biological Process and Cellular Component terms. Ingenuity Pathway Analysis 

(IPA, Qiagen, https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis) (Krämer et al., 

2014) was used to analyze enrichment of canonical pathways, and to generate predicted regulatory networks. 

DREME (Bailey, 2011) was used for motif analysis, and TomTom (Gupta et al., 2007) was used to compare 

known motifs of transcription factors to the enriched motifs. UCSC genome browser 

(http://genome.ucsc.edu) (Kent et al., 2002), ENCODE annotation data (Rosenbloom et al., 2013), and 

GENCODE annotation data (Harrow et al., 2012) were used to generate screenshots of EPIs. 



 78 

For mapping of the DA peaks to centromeric or telomeric regions, the overlap of the DA peaks and the 

distance to centromeres or telomeres were found by using the ‘findOverlapsOfPeaks’ function from the 

ChIPpeakAnno package (Zhu et al., 2010). The positions of the centromeres were obtained from the 

Bioconductor website (hg38: Hg38 Chromosome Lengths and Centromere Locations, 

https://rdrr.io/bioc/rCGH/man/hg38.html). The positions of the telomeres were obtained from the 

Bioinformatics Work Notes website (Telomeric Regions of the Human Genome, https://blog.gene-

test.com/telomeric-regions-of-the-human-genome). 

 

RNA extraction and quantitative PCR (qPCR) 

 

To achieve consistent bonding of collagen matrices, 35-mm glass-bottom dishes (World Precision 

Instruments) were treated with PEI and glutaraldehyde, as described in the ATAC-seq section. The dishes 

were then seeded with single cell-containing collagen matrices at specified rat tail type-I collagen 

concentrations (low: 0.3 mg/ml; high: 1.7 mg/mL), with 100,000 cells per mL and a final volume of 1.6 

mL per sample. Cells were allowed to migrate inside the matrices for 48 hours in culture media containing 

a broad MMP inhibitor, GM6001 (Millipore, 20 μM). After migration, each dish was rinsed with 

diethylpyrocarbonate (DPEC, Sigma)-treated DPBS (Gibco), and single cell-containing collagen was 

carefully collected by pipette tip into conical centrifuge tubes, and an equal volume of 5000 U (μmol/min) 

collagenase type 7 (Worthington) dissolved in DPEC-treated DPBS was added into each tube for incubation 

of 15 minutes at 37°C. After digestion, cells were spun down at 4°C, and total RNA was extracted using 

RNeasy Plus Mini Kit (Qiagen). Genomic DNA was removed using the TURBO DNA-free Kit (Thermo 

Fisher), and mRNA was converted to cDNA with the iScript cDNA Synthesis Kit (Bio-Rad) for a final 

volume of 20 uL per sample, following the manufacturers’ instructions. A total of six replicates from two 

independent experiments were collected for cells in high or low concentration collagen for qPCR analysis. 

qPCR was performed on a LightCycler 480 qPCR system (Roche), using the LightCycler 480 SYBR Green 

I Master mix (Roche). Gene expression level of TRIM44, HDAC3 and CBX5 (HP1α) were probed using 
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the primer sequences listed in Table 3.1; Geometric mean of β-actin, GAPDH and 18S gene expression 

levels were used as housekeeping controls. The Ct (cycle threshold) values were calculated using the second 

derivative max method on the LightCycler 480 Software (Roche). The primers (Integrated DNA 

Technologies) used for each of these genes are listed in Table 3.1. qPCR cycles were performed using the 

settings listed in Table 3.2. 

 

Table 3.1: List of primers used for qPCR analysis. 

Gene (all human) Primer sequences (5’ to 3’) 

β-actin 
Fwd: CCCCGCGAGCACAGAG 

Rev: ATCATCCATGGTGAGCTGGC 

GAPDH 
Fwd: TGCGTCGCCAGCCGAG 

Rev: AGTTAAAAGCAGCCCTGGTGA 

18S 
Fwd: GGCCCTGTAATTGGAATGAGTC 

Rev: CCAAGATCCAACTACGAGCTT 

TRIM44 
Fwd: AGCCTTTGAAGAATTAAGAAGCAA 

Rev: ATCTTCATTTGGTCCCGAGTT 

HDAC3 
Fwd: GGCAACTTCCACTACGGAGC 

Rev: GGCCTGGTATGGCTTGAAGA 

CBX5 (HP1α) 
Fwd: CTCTCAATCCCGGGGACCT 

Rev: CAGCTGTCCGCTTGGTTTTC 
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Table 3.2: Settings used for qPCR analysis.  

Step Cycles Temperature (°C) Duration 

Pre-incubation 1 95 10 min 

Amplification 50 

95 

60 

72 

15 sec 

30 sec 

30 sec 

Melting curve 1 

95 

50 

97 

5 sec 

1 min 

continuous 

Cooling 1 40 30 sec 

 

Image analysis 

 

Image sequences were analyzed using ZEN (Zeiss) or ImageJ using only linear adjustments uniformly 

applied to the entire image region. Region-of-interest intensities were extracted using ImageJ. All confocal 

image stacks were three-dimensionally reconstructed as maximum intensity projections, and then processed 

with standard background subtraction (rolling ball). To quantify pSer2-RNAPII and EU-labeled mRNA, 

nuclear areas were selected by thresholding using the median-filtered DAPI channel. Mean grey intensity 

of channels of interests were quantified. The entire process was performed using custom ImageJ Macros 

(available at https://github.com/chiehrenhsia/ConfinedMigration) to ensure consistency and reproducibility. 

Apoptotic fragments and overlapping nuclei were manually excluded from the dataset.  

 

Statistical analysis 

 

Unless otherwise noted, all experimental results are pooled from at least three independent experiments. 

For data with normal distribution, two-tailed Student’s t test with Welch’s correction (comparing one 

variable in two conditions), or one-way analysis of variance (ANOVA) with Tukey’s post hoc test for 

multiple comparisons (comparing one variable in more than two conditions) was used. For data where two 
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factors were involved, two-way ANOVA with Tukey’s post hoc test for multiple comparisons was used. 

For data with non-normal distribution (EPI distance), Wilcoxon Rank Sum test was used. All statistical 

tests were performed using GraphPad Prism version 7.0a for Mac, or version 8.2.0 for Windows, GraphPad 

Software, San Diego, California USA. Statistical details are provided in the figure legends. Unless 

otherwise noted, error bars represent the standard error of the mean (SEM). 

 

Results 

 

Confined migration alters chromatin accessibility 

 

In the previous chapter, we demonstrated that confined migration through microfluidic devices induced 

heterochromatin formation of H3K9me3 and H3K27me3 marks. Histone modification changes often result 

in altered chromatin accessibility, with increased accessibility near promoters allowing binding of 

transcription machineries and regulatory elements, leading to increased gene expression (Buenrostro et al., 

2015; Tsompana and Buck, 2014). To study the effect of migration-induced heterochromatin formation on 

chromatin accessibility, we collected single HT1080 cells cultured using the same conditions as the staining 

experiments in the previous chapter (Chapter 2, Fig. 2.1A-D), in low (0.3 mg/mL), medium (1.0 mg/mL), 

and high (1.7 mg/mL) concentration collagen matrices under MMPi treatment, for Assay for Transposase-

Accessible Chromatin using sequencing (ATAC-seq) (Corces et al., 2017). Preliminary trials of ATAC-seq 

showed no significant accessibility difference in cells migrating in collagen matrices under MMPi treatment, 

when compared to DMSO vehicle control (Fig. S1A). Therefore, we did not include DMSO vehicle control 

in the final data. 

 

Principal component analysis (PCA) of the ATAC-seq results showed that sample replicates from each 

concentration of collagen matrices clustered together along the PC1 axis, with the medium concentration 

collagen cluster located in between the low and the high concentration collagen clusters (Fig. 3.1A), 
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suggesting the progressive effect of increasing collagen concentrations on chromatin accessibility. 

Differential accessibility analysis of high versus low concentration collagen samples revealed 534 

differentially accessible (DA) peaks with up-regulated accessibility in high concentration collagen samples 

(referred to as “up” peaks), and 1319 DA peaks with down-regulated accessibility in high concentration 

collagen samples (referred to as “down” peaks), as indicated by the MA (logged intensity ratio — mean 

logged intensities) plot (Fig. 3.1B, panel I). Interestingly, the MA plot of high versus low concentration 

collagen samples showed a much larger cluster of “down” peaks (purple), when compared to “up” peaks 

(red), suggesting the predominantly repressive effect of migration in high concentration collagen matrices 

(Fig. 3.1B, panel I), supporting the wide-spread heterochromatin formation induced by confined migration. 

The MA plots of high versus medium concentration collagen samples (Fig. 3.1B, panel II), or medium 

versus low concentration collagen samples (Fig. 3.1B, panel III) showed similar but less pronounced 

patterns, with more down-regulated DA peaks (purple) in the higher concentration collagen samples, when 

compared to the number of up-regulated DA peaks (red). This, again, suggests the progressively more 

repressive effect of increasing collagen concentration on chromatin accessibility, which is consistent with 

the heterochromatin staining data in the previous chapter (Chapter 2, Fig. 2.1A-D). 

 

To investigate the general trend of accessibility across different collagen concentrations at the genomic 

regions of “up” and “down” peaks, we generated signal metaplots compiling the mean ATAC-seq peak 

signal (i.e., accessibility) from all the samples (Fig. 3.1C). The peak signal metaplot at the regions of “up” 

peaks showed a positive correlation between accessibility and collagen concentration (Fig. 3.1C, panel I). 

Even in low concentration collagen, there was a good baseline level of accessibility (Fig. 3.1C, panel I, blue 

curve). In contrast, the peak signal metaplot at the regions of “down” peaks showed generally similar 

accessibility, with a slightly more visible (but statistically significant) decrease of accessibility only in high 

concentration collagen (Fig. 3.1C, panel II). Moreover, the accessibility at the regions of “down” peaks 

were extremely low, regardless of collagen concentration (Fig. 3.1C, panel II). This suggests that genes 
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associated with “up” peaks may be transcribed and functional, and are likely regulated by confined 

migration. On the contrary, regions of “down” peaks may be far away from gene transcripts.  

 

Indeed, when we quantified the genomic annotation of the DA peaks, we found that among the 534 “up” 

peaks, 103 (19.3%) peaks were located at intergenic regions, and 244 (45.7%) peaks were located at 

promoter-TSS (transcription start site). On the other hand, among the 1266 “down” peaks (53 peaks were 

omitted due to not being annotatable), 762 (60.2%) peaks were located at intergenic regions, whereas only 

13 (1%) peaks were located at promoter-TSS (Fig. 3.1D). It is reasonable to assume that the abundant 

intergenic peaks and the lack of promoter-TSS peaks led to the low overall accessibility at regions of “down” 

peaks.  

 

 
 

Figure 3.1: Confined migration alters chromatin accessibility. (A) Principal component analysis (PCA) 

of all samples clustered in three groups according to collagen concentrations on the PC1 axis. Numbers on 

PC1 and PC2 axes indicate percentage of variance (var) explained by the principal component. (B) MA 
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(logged intensity ratio — mean logged intensities) plots of (I) high versus low, (II) high versus medium, 

and (III) medium versus low concentration collagen samples. Y-axis indicates log2-fold changes of the peak 

signal, with the higher concentration collagen samples divided by the lower concentration collagen samples. 

X-axis indicates the mean of log ATAC-seq signal across the four biological replicates. Up-regulated 

differentially accessible (DA) peaks (“up” peaks) are labeled in red, and down-regulated DA peaks (“down” 

peaks) are labeled in purple. Numbers next to the highlighted data points represent the numbers of DA 

peaks. (C) ATAC-seq signal metaplots, which compile the mean ± 75% confidence interval (CI) of ATAC-

seq peak signal in all samples at the locations of (I) “up” peaks and (II) “down” peaks (from the high versus 

low concentration collagen samples). Y-axis indicates ATAC-seq signal. X-axis indicates distance to peak 

center in kb. (D) Annotations of genomic locations that are intergenic or promoter-TSS within “up” and 

“down” peaks (from the high versus low concentration collagen samples). From left to right in the bar chart, 

each bar represents the mean of n = 534, 1266, 534, 1266 peaks, respectively. ***p < 0.001 based on two-

way ANOVA with Tukey’s multiple comparison test. Data are presented as mean ± SEM. 

 

Confined migration increases chromatin accessibility at promoters associated with diverse cellular 

functions 

 

When we plotted each peak’s distance to the TSS of its associated genes using Genomic Regions 

Enrichment of Annotations Tool (GREAT) (McLean et al., 2010), the “up” peaks showed a Gaussian 

distribution pattern, with most (49%, 379 out of 771) of the associated genes TSS located within 5 kb (Fig. 

3.2A). The close association of “up” peaks to promoter-TSS of their associated genes suggests high 

possibility that these genes are functionally regulated by confined migration. Genome browser shots of 

ATAC-seq signal on representative genes demonstrated a progressive increase of accessibility at their 

promoter-TSS from low, medium to high concentration collagen (Fig. 3.2B, Table S1), which matched the 

compiled signal metaplot we generated previously (Fig. 3.1C, panel I). However, the log2-fold changes 

(log2FC) of “up” peaks were small in general, with the largest only close to 0.4 (Table S1), suggesting that 
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any potential transcriptional changes are small and likely difficult to detect. Indeed, when we performed 

qPCR to probe the expression changes of these representative genes between cells migrating in high and 

low concentration collagen, the results were not significant (Fig. S1B). The inability to detect gene 

expression level differences will be addressed in the discussion section. 

 

Despite the undetectable changes in expression levels of “up” peak-associated genes, functional enrichment 

and pathway analysis of these genes yielded promising results. Gene Ontology (GO) Biological Process 

enrichment analysis of the gene list generated by GREAT (Table 3.3) showed that genes under possible 

regulation of “up” peaks were enriched in terms of chromatin/gene silencing and other chromatin-related 

functions (Table S2), DNA damage checkpoint (Table S3), and cell cycle checkpoint (Table S4). Moreover, 

GO Cellular Component enrichment analysis showed enrichment of DNA packaging complex, nucleosome, 

and chromosome (telomeric region) (Table 3.4). The GO enrichment results revealed that many of the genes 

positively associated with confined migration in high concentration collagen had heterochromatic silencing 

or nucleosome assembly functions. In fact, many of the annotated genes were genes encoding histones 

proteins, including genes from all four major histone families of H2A, H2B, H3 and H4 (Table S2). Genes 

encoding critical proteins involved in heterochromatin formation and maintenance such as histone 

acetyltransferase 1 (HAT1), HDAC3, and HP1α were also among the list (Table S2). Canonical pathway 

analysis of the nearest genes of “up” peaks using Ingenuity Pathway Analysis (IPA) (Krämer et al., 2014) 

showed a comprehensive list of significant pathways (Table 3.5), including pathways related to cell 

migration or tumor invasion (red in Table 3.5) (Segal et al., 2018) and pathways related to methylation or 

heterochromatin formation (green in Table 3.5). Moreover, a few of the identified pathways are dependent 

on H3K27me3 heterochromatin formation upon induction of cell migration, such as TGF-β signaling, 

Pyridoxal 5'-phosphate Salvage Pathway, and ERK5 Signaling (Segal et al., 2018), strengthening the 

possibility that these pathways are associated with confined migration and even heterochromatin formation. 

Predicted regulatory networks of “up” peak-associated genes generated using IPA (Fig. 3.2C) showed a 

significant number of downstream activated biological functions related to cell migration or tumor invasion 
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(red arrows in Fig. 3.2C) or heterochromatin formation (green arrow in Fig. 3.2C). Activation of cell 

proliferation and synthesis of D-glucose, and inhibition of DNA damage and organismal death were also 

among the downstream functions. On the other hand, various upstream regulators of “up” peak-associated 

genes were also predicted (top half of Fig. 3.2C). To validate the possible transcription factors binding to 

and activating the regions of “up” peaks, we performed motif analysis on sequences of all “up” peaks, and 

matched the enriched DNA motifs to known transcription factor binding motifs. SP1 (black arrow in Fig. 

3.2C) was shown as significant hits in multiple enriched DNA motifs, and so was SMAD3 (blue shaded in 

Table S2), suggesting their potential roles as upstream transcription factors that regulate accessibility 

changes in “up” peaks. Finally, the shared “up” peaks among different comparison groups of collagen 

concentration samples (Fig. S1C) associated with a small pool of genes (26 genes) that was representative 

of the predicted downstream biological functions (Fig. S1D), including chromatin or gene silencing-related 

genes (green in Fig. S1D), and cell migration or tumor invasion-related genes (red in Fig. S1D, which also 

included SMAD3, a significant hit of multiple enriched motif analysis). These shared “up” peaks-associated 

genes further support the consistency and importance of the predicted cellular functions and pathways. 

 

Taken together, the GO enrichment analysis, canonical pathway analysis, and predicted regulatory network 

of “up” peaks-associated genes suggest that confined migration in high concentration collagen may regulate 

diverse cellular pathways and functions including heterochromatin formation, tumor invasion, cell 

proliferation, DNA damage response and cell cycle regulation. Specifically, the predicted  pathways 

matched previous findings that scratch wound migration activates tumor invasion and cell proliferation 

pathways (Segal et al., 2018), and migration through confined channels or constricted transwells can induce 

DNA damage (Denais et al., 2016; Irianto et al., 2017; Raab et al., 2016; Shah et al., 2020) and alter cell 

cycles (Moriarty and Stroka, 2018; Xia et al., 2019). 
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Figure 3.2: Confined migration increases chromatin accessibility at promoters associated with 

diverse cellular functions. (A) Distribution of distance between each “up” peak (from the high versus low 

concentration collagen samples) and TSS of its associated genes, calculated by GREAT annotated region-

gene associations. Y-axis indicates the fraction of all associated genes, and x-axis indicates binned distances 

to TSS in kb. The number on top of each bar represents the exact number of peak-associated genes with 

distances in that bin. (B) Genome browser shots of three representative genes associated with “up” peaks, 

(I) TRIM44, (II) HDAC3, and (III) CBX5 (HP1α) ATAC-seq signals in low, medium and high 

concentration collagen samples. Red arrows indicate ATAC-seq peaks that are positively correlated with 

increasing collagen concentrations. (C) Predicted network of upstream regulators (top) and downstream 

functions (bottom) of genes associated with “up” peaks (middle). Black arrow indicates SP1, a predicted 

upstream transcription factor, and also a significant hit in the motif analysis. Red arrows indicate activation 
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(colored in orange) of cell migration or tumor invasion-related functions. Green arrow indicates activation 

of heterochromatin formation-related function. Activation of cell proliferation and synthesis of D-glucose, 

and inhibition (colored in blue) of DNA damage and organismal death are also among the predicted 

functions. 

 

Table 3.3: Gene Ontology (GO) Biological Process terms enrichment of genes associated with up-

regulated DA peaks in high concentration collagen samples. Chromatin or gene silencing-related GO 

terms are highlighted in green. 

GO term Binominal rank Binominal p-value 

Chromatin silencing 1 2.2103e-11 

Nucleosome assembly 2 4.9680e-9 

Negative regulation of gene expression, epigenetic 3 1.0730e-8 

Chromatin assembly 5 3.5672e-8 

DNA packaging 7 4.0250e-8 

Gene silencing 8 4.2400e-8 

Nucleosome organization 9 1.0150e-7 

Chromosome organization 10 1.4824e-7 

Chromatin assembly or disassembly 12 2.8667e-7 

Regulation of gene expression, epigenetic 14 3.9674e-7 

DNA conformation change 15 2.3367e-6 

DNA integrity checkpoint 17 4.9484e-6 

Cell cycle checkpoint 18 5.6378e-6 

Protein-DNA complex assembly 19 5.7591e-6 

DNA damage checkpoint 20 8.9630e-6 

Protien-DNA complex subunit organization 24 1.6041e-5 

Protein heterotetramerization 26 2.6928e-5 

Regulation of megakaryocyte differentiation 27 3.4551e-5 

Positive regulation of cell cycle 28 3.6975e-5 

Positive regulation of gene expression, epigenetic 33 4.4949e-5 

Positive regulation of cell cycle process 36 5.0241e-5 
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Table 3.4: Gene Ontology (GO) Cellular Component terms enrichment of genes associated with up-

regulated DA peaks in high concentration collagen samples. Chromatin or gene silencing-related GO 

terms are highlighted in green. 

GO term Binominal rank Binominal p-value 

DNA packaging complex 1 6.5383e-14 

Nucleosome 2 1.5848e-13 

Protein-DNA complex 8 8.2620e-8 

Nuclear nucleosome 11 1.7191e-5 

Chromosome, telomeric region 13 5.8580e-5 

Nuclear chromosome, telomeric region 14 6.0764e-5 

Chromosomal region 15 8.0535e-5 

 
 

Table 3.5: Canonical pathways of genes associated with up-regulated DA peaks in high concentration 

collagen samples. Pathways with p-values < 0.05 are shown. Cell migration or tumor invasion-related 

pathways are highlighted in red. Methylation or heterochromatin formation-related pathways are 

highlighted in green. Pathways with z-score ≥ 1 (up-regulation) are labeled with orange. Pathways with z-

score ≤ -1 (down-regulation) are labeled with blue. Pathways with no z-score (regulation direction unknown) 

are labeled with gray. 

 
Ingenuity Canonical Pathways Rank   Z-score 
NRF2-mediated Oxidative Stress Response 1   2.333 
Antioxidant Action of Vitamin C 2   -2.449 
Spliceosomal Cycle 3   2.236 
Kinetochore Metaphase Signaling Pathway 4   1.134 
Protein Ubiquitination Pathway 5   NA 
Superpathway of Methionine Degradation 6   2 
mTOR Signaling 7   1.633 
p38 MAPK Signaling 8   1.342 
Estrogen Receptor Signaling 9   2.887 
Phospholipases 10   2.236 
Thioredoxin Pathway 11   NA 
Hypoxia Signaling in the Cardiovascular System 12   NA 
Cell Cycle: G2/M DNA Damage Checkpoint Regulation  13   -2 
Toll-like Receptor Signaling 14   NA 
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CD27 Signaling in Lymphocytes 15   2 
Endothelin-1 Signaling 16   2.828 
Role of PKR in Interferon Induction and Antiviral Response  17   1.342 
Glycogen Degradation II 18   NA 
IL-1 Signaling 19   1.342 
DNA Methylation and Transcriptional Repression Signaling  20   NA 
Glycogen Degradation III 21   NA 
TGF-β Signaling 22   1.342 
Insulin Secretion Signaling Pathway 23   3 
Choline Biosynthesis III 24   NA 
Mitotic Roles of Polo-Like Kinase 25   NA 
Pyridoxal 5'-phosphate Salvage Pathway 26   NA 
UVA-Induced MAPK Signaling 27   NA 
Remodeling of Epithelial Adherens Junctions 28   NA 
GNRH Signaling 29   2.646 
April Mediated Signaling 30   NA 
IL-10 Signaling 31   NA 
NER Pathway 32   -1.342 
B Cell Activating Factor Signaling 33   NA 
IGF-1 Signaling 34   NA 
ERK5 Signaling 35   2 
Endocannabinoid Cancer Inhibition Pathway 36   1.633 
Pancreatic Adenocarcinoma Signaling 37   NA 
iNOS Signaling 38   NA 
PFKFB4 Signaling Pathway 39   NA 
Endocannabinoid Developing Neuron Pathway 40   1 
Renal Cell Carcinoma Signaling 41   NA 
Chemokine Signaling 42   2 

 

Confined migration regulates co-accessibility of enhancer-promoter interactions 

 

One main mechanism by which chromatin accessibility changes regulate gene expression is through 

enhancer-promoter interactions (EPIs) that exhibit co-accessibility (i.e., having the same direction of 

accessibility changes) (Klemm et al., 2019; Pliner et al., 2018). To investigate if we could identify such 

EPIs in “up” and “down” peaks in high versus low concentration collagen samples, we plotted the 

distribution of each peak’s distance to its nearest peak, and found that “down” peaks were in general closer 

to each other (with median of 418.4 kb) compared to “up” peaks (with median of 912.7 kb) (Fig. S2A). We 

then defined peaks that were within 1 kb upstream of its associated gene’s TSS to be promoter-associated 

peaks, and found that there were significantly more promoter-associated peaks in “up” peaks (390 peaks, 
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73.0% of all “up” peaks) than in “down” peaks (89 peaks, 6.7% of all “down” peaks) (Fig. S2B), as expected 

from the previous observation of more promoter-TSS annotation in “up” peaks (Fig. 3.1D). We mapped all 

the promoter and non-promoter-associated peaks to the DNase accessible peaks of HT1080 cells in the 

ENCODE database (Rosenbloom et al., 2013), which annotates the chromatin regulatory elements 

(including promoters and enhancers) in the cell line. We found that both promoter and non-promoter-

associated peaks had higher overlapping with the DNase data in “up” peaks, compared to “down” peaks 

(Fig. S2C), suggesting that the identified potential promoters and enhancers were more likely to be true in 

“up” peaks than in “down” peaks. Based on the peaks overlapped with DNase data, we quantified the 

distribution of the distance of each promoter-associated peak to its nearest non-promoter-associated peak 

(i.e., the EPI distance), and found that this distance was significantly shorter in “down” peaks, compared to 

“up” peaks (Fig. S2D). The difference in EPI distance distribution suggests that very long-range (> 500 kb) 

enhancer-mediated regulation plays a role in “up” peaks-associated genes. However, the distribution of 

both overall peak to peak distances and EPI distances were biased, since there were almost 1.5-times more 

peaks that were down-regulated than up-regulated (Fig. 3.1B, panel I). Conventional EPIs are generally no 

more than 500 kb apart from each other (van Arensbergen et al., 2014); therefore, we applied a 500 kb 

maximum distance cutoff and obtained 7 and 41 potential EPIs in “down” peaks and “up” peaks, 

respectively. The EPI distance difference no longer existed after the 500 kb filtering (Fig. S2E), suggesting 

that there was no difference in conventional EPI distance between “up” and “down” peaks. Representative 

genome browser shot of two of the EPIs in “up” peaks (Fig. S2F) mapped well to the enhancer and promoter 

annotations, as well as HT1080’s DNase accessible peaks and H3K27ac peaks, an indicator of regulatory 

elements (Klemm et al., 2019), in the database. These potential EPIs identified in both “up” and “down” 

peaks demonstrate that enhancer-mediated regulation may play a role in gene expression associated with 

confined migration. 
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Confined migration decreases intergenic chromatin accessibility near centromeres and telomeres 

 

As we shifted our attention to the predominant “down” peaks in high versus low concentration collagen 

samples, we found that the distribution of each peak’s distance to the TSS of its associated genes exhibited 

a bimodal distribution pattern, with most (60%, 1042 out of 1748) of the associated genes TSS located 

within the range of 50-500 kb (Fig. 3.3A), calculated by GREAT. This distribution pattern was not 

surprising, given that the majority of “down” peaks were located in intergenic region (Fig. 3.1D). Genome 

browser shots of ATAC-seq signal on representative genes (with associated peaks located within 5-50 kb 

of their TSS) demonstrated small but progressive decrease of accessibility from low, medium to high 

concentration collagen (Fig. 3.3B, Table S1). The ATAC-seq signal was generally low, which matched the 

previously generated signal metaplot (Fig. 3.1C, panel II). The expression level of these genes were below 

the detection threshold of qPCR, even at the baseline accessibility level in low concentration collagen 

samples. Therefore, we were not able to determine the corresponding gene expression changes. Although 

GO Biological Process enrichment analysis using GREAT revealed that two terms related to lactate 

transport were enriched (Table S5), the hits were only based on three to four genes, and almost all of the 

associated “down” peaks were 50-500 kb away from their TSS, suggesting low possibility that these genes 

were regulated by the associated “down” peaks. Despite the majority being non-promoter-associated, a 

small proportion (6.7%) of “down” peaks did locate within 1 kb to the TSS of their associated genes and 

were defined as promoter-associated (Fig. S2B). However, most of those peaks were associated with long 

non-coding RNAs, microRNAs, or pseudogenes with unknown transcription activity or functions. 

Therefore, we switched to look at the chromosomal locations of “down” peaks to investigate their potential 

contribution to migration-induced heterochromatin formation. 

 

Heterochromatin spreading from pre-existed heterochromatin, such as the constitutive heterochromatin 

near centromeres and telomeres, is one of the well-studied mechanisms of heterochromatin formation 

(Allshire and Madhani, 2018; Wang et al., 2014). In addition, GO Cellular Component term enrichment of 
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telomeric region in “up” peaks prompted us to hypothesize that heterochromatin spreading from 

centromeric/peri-centromeric and telomeric/sub-telomeric regions may play a role in migration-induced 

heterochromatin formation, which could contribute to decreased chromatin accessibility in those regions. 

When we mapped the distance of each DA peak to the centromere and telomeres of the same chromosome, 

we found that more “down” peaks were located within 3 Mb of either centromeres or telomeres, when 

compared to “up” peaks (Fig. 3.3C). In fact, 25.5% of “down” peaks were located within 3 Mb of 

centromeres, well within the < 9 Mb definition of peri-centromeric regions (Levy-Sakin et al., 2019) (Fig. 

3.3C). The difference can be seen when visually comparing the locations of “up” and “down” peaks in 

karyoplots (Fig. 3.3D, Fig. S3A-B). Whereas locations of “up” peaks did not follow a specific pattern in 

the representative karyoplot of chromosome 12, many “down” peaks were located within or close to the 

centromeres (red areas), or toward the telomeres (green areas), as indicated by blue arrows (Fig. 3.3D). 

Moreover, triple-shared “down” peaks, which represents the 82 shared “down” peaks among all three 

different comparison groups of collagen concentration samples (Fig. S3C), exhibited a significantly higher 

fraction of peaks located within 3 Mb of either centromeres or telomeres, when compared to the rest of the 

“down” peaks in high versus low concentration collagen samples (Fig. S3D). This further supports the idea 

that the localization near centromeres and telomeres plays a crucial role in confined migration-induced 

decrease of chromatin accessibility, which suggests potential heterochromatin spreading from constitutive 

heterochromatin sites. 

 

Since most of the centromeric/peri-centromeric and telomeric/sub-telomeric regions contain highly 

repetitive DNA sequences and transposable elements (TEs) (Slotkin and Martienssen, 2007), which are not 

detectable by conventional sequencing analysis pipeline, we used specialized scripts (Kapusta et al., 2013; 

Lynch et al., 2015) to map TEs to “up” or “down” peaks. Indeed, depletion/under-represented TEs were 

observed in “up” peaks (Fig. S3E, panel I), while enriched TEs (including ALR_Alpha and AluYj4) were 

only observed in “down” peaks (Fig. S3E, panel II). And the locations of these enriched TEs matches 

centromeres or telomeres. For example, ALR_Alpha showed mostly centromeric localization (Fig. S3F), 
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while AluYj4 showed mostly telomeric localization (Fig. S3G). The enrichments of TEs in “down” peaks 

further supports the observation that the reduced accessibility changes mostly located within or near to 

constitutive heterochromatin sites of centromeric/peri-centromeric and telomeric/sub-telomeric regions. 

 

 
 

Figure 3.3: Confined migration decreases intergenic chromatin accessibility near centromeres and 

telomeres. (A) Distribution of distance between each “down” peak (from high versus low concentration 

collagen samples) and TSS of its associated genes, calculated by GREAT annotated region-gene 

associations. Y-axis indicates the fraction of all associated genes, and x-axis indicates binned distances to 

TSS in kb. The number on top of each bar represents the exact number of peak-associated genes with 

distances in that bin.  (B) Genome browser shots of three representative genes associated with “down” 

peaks, (I) TERT, (II) COL23A1, and (III) MUC2 ATAC-seq signals in low, medium and high concentration 

collagen samples. Red arrows indicate ATAC-seq peaks that are negatively correlated with increasing 

collagen concentrations. (C) The percentage of “up” and “down” peaks located within 3 Mb from 

centromeres or telomeres. From left to right in the bar chart, each bar represents the mean of n = 534, 1266, 
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534, 1266 peaks, respectively. ***p < 0.001 based on two-way ANOVA with Tukey’s multiple comparison 

test. Data are presented as mean ± SEM. (D) Representative karyoplot of DA peaks on chromosome 12. 

Black lines represent locations of “up” peaks (top) and “down” peaks (bottom). Red areas represent 

centromeres, and green areas represent telomeres. Blue arrows indicate clustering of “down” peaks near 

centromeres and telomeres.  

 

Confined migration decreases transcription and nascent mRNA levels 

 

Since our ATAC-seq results suggest a predominantly repressive environment during confined migration, 

we decided to investigate the impact of confined migration on gene transcription, using our custom-made 

microfluidic migration devices (Davidson et al., 2015; Denais et al., 2016). As introduced in the previous 

The migration device contains 15×5 μm2 control channels that do not require substantial nuclear 

deformation for transit, and ≤2×5 μm2 constriction channels, where cell transit is dependent on severe 

nuclear deformation and squeezing (Fig. S1D). For quantification, cells were categorized according to their 

location in the device. We allowed HT1080 cells to migrate thorough the device, and then fixed and stained 

migrating cells with antibodies against phosphorylated Serine 2 on the C-terminal tail of RNA polymerase 

II (pSer2-RNAPII), which is the hallmark of active transcription elongation (Bartkowiak and Greenleaf, 

2011). Cells that were squeezing through the constrictions and after migration out of the constriction 

channels had decreased levels of pSer2-RNAPII, when compared to cells in the unconfined area before 

migration (Fig. 3.4A). Moreover, cells after migration through the confined channels showed a more 

decreased pSer2-RNAPII level when compared to cells after migration through the control channels (Fig. 

3.4A).  

 

To directly visualize the relative level of transcribed mRNA, we pulsed cells with 5-ethynyl uridine (5-EU), 

and used click chemistry to label nascent mRNA transcripts that contained incorporated 5-EU (Jao and 

Salic, 2008). The results revealed a significant decrease of nuclear 5-EU signal in cells squeezing through 



 96 

the constrictions and after migration out of both the control and confined channels (Fig. 3.4B). The overall 

repressed transcription through both channels supports the ATAC-seq results of highly repressive 

chromatin accessibility changes induced by confined migration in high concentration collagen matrices, 

further strengthening the finding of migration-induced heterochromatin formation. 

 

 
 

Figure 3.4: Confined migration decreases active transcription and nascent mRNA levels. (A) Left 

panel: Representative images of pSer2-RNAPII (red) and DAPI (blue) in HT1080 cells during migration 

through confined channels of the migration device. Scale bar: 10 μm. Right panel: Quantification of pSer2-

RNAPII intensities in HT1080 cells migrating through control (15×5 μm2) and confined (≤2×5 μm2) 

channels of the migration devices. All values are normalized to control channels “before” cells. From left 

to right in the bar chart, each bar represents the mean of n = 50, 23, 18, 549, 33, 35 cells, respectively. *p 

< 0.05, **p < 0.01, ***p < 0.001 based on two-way ANOVA with Tukey’s multiple comparison test. (B) 

Left panel: Representative images of 5-EU (green) and DAPI (blue) in HT1080 cells during migration 

through confined channels of the migration device. Scale bar: 10 μm. Right panel: Quantification of 5-EU 

intensities in HT1080 cells migrating through control (15×5 μm2) and confined (≤2×5 μm2) channels of the 

migration devices. All values are normalized to control channels “before” cells. From left to right in the bar 

chart, each bar represents the mean of n = 887, 14, 48, 2118, 38, 83 cells, respectively. ***p < 0.001 based 

on two-way ANOVA with Tukey’s multiple comparison test. Data in this figure are presented as mean ± 

SEM. 
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Discussion 

 

We showed that confined migration through microfluidic devices induced a reduction in gene expression, 

in terms of decreased active transcription and nascent mRNA levels. Furthermore, confined migration 

through high concentration collagen matrices induced chromatin accessibility changes, with increased 

accessibility near genes involved in chromatin silencing and nucleosome assembly, and decreased 

accessibility in centromeric/peri-centromeric and telomeric/sub-telomeric regions. The reduced gene 

expression and decreased accessibility near constitutive heterochromatin regions coincided with the 

observation of heterochromatin formation described in Chapter 2. It will be important to test if blocking 

heterochromatin formation with histone modifying enzyme inhibitors, such as histone methyltransferase 

inhibitors (HMTi) or histone deacetylase inhibitors (HDACi), can rescue the reduction of gene expression 

and chromatin accessibility. Moreover, it will be crucial to validate the roles of the predicted upstream 

regulators like SP1 and SMAD3, as well as other transcription factors binding to the EPIs identified in 

ATAC-seq, in regulating chromatin accessibility and transcriptional changes. Perturbation methods such as 

LINC complex disruption (Earle et al., 2020) and calcium chelation (Lomakin et al., 2020; Nava et al., 

2020) would be useful to investigate if the observed gene expression and chromatin accessibility were 

dependent on specific mechanotransduction pathways. 

 

Aside from chromatin silencing, DNA damage checkpoint and cell cycle checkpoint were also among the 

enriched GO terms that were possibly up-regulated due to increased chromatin accessibility. These genes 

included H2AFX, the gene that encodes the critical H2A variant H2AX, and other genes encoding critical 

replication stress/DNA damage checkpoint proteins such as ATR-interacting protein (ATR-IP) (Cortez et 

al., 2001), murine double minute 2 (MDM2), MDM4 (Toledo and Wahl, 2007), and cell division control 

protein 45 (CDC45) (Srinivasan et al., 2013). This finding is consistent with a recent study in the lab 

demonstrating that nuclear deformation-induced DNA damage during confined cell migration is due to 

replication stress (Shah et al., 2020). However, it’s still unclear whether DNA damage and replication stress 
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is related to the migration-induced chromatin changes observed in Chapter 2. Heterochromatin and 

repressive regions of the genome are shown to result in replication stress-related DNA damage (Jiang et al., 

2009; Kurashima et al., 2020; Lambert and Carr, 2013). On the other hand, loss of constitutive 

heterochromatin can result in DNA damage, due to expression of repetitive sequences and subsequent R-

loop formation (Janssen et al., 2018), so increased heterochromatin formation may offer protection against 

DNA damage. Moreover, heterochromatin formation can potentially follow replication stress and DNA 

damage occurrence (Nikolov and Taddei, 2016). Therefore, it would be interesting to uncover the cause-

and-effect link between replication stress, DNA damage and the chromatin changes induced by confined 

migration. 

 

While ATAC-seq results revealed that most of the decreased accessibility occurred in intergenic regions, 

staining of actively elongating RNAPII and nascent mRNA still revealed an overall decrease of gene 

expression. It is possible that the repression effect is genome-wide, therefore ATAC-seq and qPCR failed 

to detect these global changes, as individual signals were always normalized to the overall signal or an 

internal control in these assays. To probe global changes in gene expression, an external RNA spike-in 

control such as the one from External RNA Controls Consortium (ERCC) (Lemire et al., 2011) should be 

used. By adding a fixed amount of spike-in RNA control into a fixed number of cells across different 

samples, we could normalize RNA-seq signal to the reads mapped to the spike-in RNA control, enabling 

the detection of global changes in gene expression. 

 

Finally, ATAC-seq results suggest potential heterochromatin spreading from centromeric and telomeric 

regions. Chromatin immunoprecipitation sequencing (ChIP-seq) is needed to confirm the spreading, as well 

as follow-up studies to uncover the exact molecular mechanisms behind, such as SUV39H1/2 and HP1 

(Allshire and Madhani, 2018; Talbert and Henikoff, 2006; Wang et al., 2014) for H3K9me3 spreading, and 

Polycomb Repressive Complex 2 (PRC2) and EZH2 for H3K27me3 spreading (Montero et al., 2018; 

Talbert and Henikoff, 2006; Wang et al., 2014). 
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In conclusion, our study revealed the silencing effect on gene expression after confined cell migration, and 

the ATAC-seq results confirmed the repressive nature of confined environments. Moreover, chromatin 

accessibility changes provided insights on the potential spreading of constitutive heterochromatin, and the 

functional consequences of confined migration such as replication stress and DNA damage. These findings 

could help future research on studying the immediate and long-term consequences of confined migration, 

shedding light on the development of treatment targeting tumor metastases. 
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Supplementary Figures and Tables 

 

  
 

Supplementary Figure S1: Confined migration increases chromatin accessibility, and the qPCR 

validation of gene expression changes. (A) MA (logged intensity ratio — mean logged intensities) plot 

of HT1080 cells in high, medium and low concentration collagen matrices treated with MMPi or DMSO 

vehicle control. No differentially accessible (DA) peaks were detected in the comparison. Y-axis indicates 

log2-fold changes of the peak signal, with the MMPi-treated samples divided by the DMSO-treated samples. 

X-axis indicates the mean of log ATAC-seq signal across three biological replicates. (B) qPCR validation 

results of (I) TRIM44, (II) HDAC3, and (III) CBX5 (HP1α) in HT1080 cells collected from high (n = 6 

samples) and low (n = 6 samples) concentration collagen matrices. N.s. not significant based on student’s t 

test with Welch’s correction for unequal variances (p = 0.785, 0.334, 0.626, respectively). Data are 

presented as mean ± SEM. (C) Euler diagrams of up-regulated DA peaks (“up” peaks) in all three 

comparison groups: high versus low, medium versus low, and high versus medium collagen concentration 

samples. Numbers in each region represent the number of “up” peaks specific to the region. 5+21 (a total 
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of 26) peaks are considered double-shared “up” peaks among the three comparison groups. (D) The 

signaling pathways or cellular functions of genes associated with double-shared “up” peaks. Chromatin or 

gene silencing-related genes are highlighted in green box. Cell migration or tumor invasion-related genes 

are highlighted in red box. SMAD3 is also a significant hit in the motif analysis. 

 

 
 

Supplementary Figure S2: Confined migration regulates co-accessibility of enhancer-promoter 

interactions. (A) Empirical cumulative distribution plots of the distance to the nearest peak of (I) “down” 

peaks and (II) “up” peaks (from the high versus low concentration collagen samples), ranking from the 
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smallest to the largest distance between two peaks. Y-axis indicates the cumulative distribution. X-axis 

indicates the distance to the nearest peak in x107 bp. The distance at x = 0.50 indicates the median. (B) The 

fraction of promoter-associated peaks (within 1 kb upstream of TSS, labeled in red) and non-promoter-

associated peaks (other, labeled in blue) within “down” peaks (n = 1319) and “up” peaks (n = 534). ***p < 

0.001 based on student’s t test with Welch’s correction for unequal variances. Data are presented as mean 

±SEM. (C) Fraction of promoter-associated (labeled in red) or non-promoter-associated (other, labeled in 

blue) peaks overlapping DNase accessibility data of HT1080 cells from ENCODE database. From left to 

right in the box plot, each box represents n = 1230, 89, 144, 390 peaks, respectively. (D) Distribution of all 

enhancer-promoter interaction (EPI) distances within “down” peaks (n = 19) and “up” peaks (n = 343). 

***p < 0.001 based on Wilcoxon Rank Sum test. Data are represented as scatter plots with median, box (1st 

and 3rd quartiles) and whiskers (minimum and maximum). (E) Distribution of filtered (< 500 kb cutoff) EPI 

distances within “down” peaks (n = 7) and “up” peaks (n = 41). N.s. not significant based on Wilcoxon 

Rank Sum test (p = 0.864). Data are represented as scatter plots with median, box (1st and 3rd quartiles) and 

whiskers (minimum and maximum). (F) Representative UCSC genome browser shots 

(http://genome.ucsc.edu) of two enhancer-promoter interactions that exhibit co-accessibility changes (up-

regulated in high collagen concentration sample). First (top) lane: The positions on chromosome 6. Second 

lane: Green blocks indicate the regions of “up” peaks. “Enh” indicates the enhancer-associated peak, and 

“Prom” indicates promoter-associated peaks. Third lane: DNase assay data of HT1080 cells from ENCODE 

database, indicating accessible genomic regions. Fourth lane: H3K27ac ChIP-seq data from ENCODE 

database, indicating regulatory elements such as enhancers. Fifth lane: Enhancer (enhD for distal enhancer, 

and enhP for proximal enhancer) and promoter (prom) annotations from ENCODE database. Sixth (bottom) 

lane: Transcript annotation from GENCODE database. 
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Supplementary Figure S3: Confined migration decreases chromatin accessibility at regions near 

centromeres/telomeres and enriched with transposable elements. (See the next page for the rest of the 

figure and figure legends.) 
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Supplementary Figure S3: Confined migration decreases chromatin accessibility at regions near 

centromeres/telomeres and enriched with transposable elements. (A) Karyoplot of chromosomal 

locations of “up” peaks (from the high versus low concentration collagen samples). Red areas represent 

centromeres, and telomeres are located toward the ends of chromosomes. (B) Karyoplot of chromosomal 

locations of “down” peaks (from the high versus low concentration collagen samples). Red areas represent 

centromeres, and telomeres are located toward the ends of chromosomes. (C) Euler diagrams of down-

regulated DA peaks (“down” peaks) in all three comparison groups: high versus low, medium versus low, 

and high versus medium concentration collagen samples. Numbers in each region represent the number of 

“down” peaks specific to the region. 82 peaks are considered triple-shared “down” peaks among the three 

comparison groups. (D) The “down” peaks that are within 3 Mb from centromeres or telomeres in triple-

shared “down” peaks (n = 82) and the rest of the high versus low concentration collagen samples “down” 

peaks (n = 1237). ***p < 0.001 based on student’s t test with Welch’s correction for unequal variances. 

Data are presented as mean ±SEM. (E) Binominal tests for enrichment of transposable elements (TEs) 

mapped to (I) “up” peaks and (II) “down” peaks (from the high versus low concentration collagen samples), 

with p < 0.001 shown in green. Y-axis indicates the observed number of TEs mapped to “up” or “down” 
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peaks, and x-axis indicates the log2 ratio of observed versus expected number of TEs. MIRb is among the 

underrepresented/depleted TEs in “up” peaks, while ALR_Alpha and AluYj4 are among the enriched TEs 

in “down” peaks. (F) Karyoplot of chromosomal locations of the enriched TE, ALR_Alpha. Red areas 

represent centromeres, and telomeres are located toward the ends of chromosomes. (G) Karyoplot of 

chromosomal locations of the enriched TE, AluYj4. Red areas represent centromeres, and telomeres are 

located toward the ends of chromosomes. 

 

 

Supplementary Table S1: Representative genes associated with up- or down- regulated DA peaks in 

high concentration collagen samples validated with qPCR. 

DA direction Log2FC padj Gene  

Up 0.543 3.071E-03 TRIM44 

Up 0.213 8.277E-02 HDAC3 

Up 0.204 3.199E-02 CBX5 (HP1α) 

Down -1.193 1.374E-19 TERT 

Down -1.406 1.342E-08 COL23A1 

Down -1.469 6.419E-09 MUC2 

 

 

Supplementary Table S2: Chromatin or gene silencing-related genes associated with up-regulated 

DA peaks in high concentration collagen samples. Histone protien family names are highlighted in red, 

and the genes encoding critical proteins involved in heterochromatin formation and maintenance are shaded 

in green. SMAD3, shaded in blue, is also a significant hit in motif analysis. 

Log2FC padj Gene GO: Chromatin silencing 
or Gene silencing GO: Telomeric region 

0.577 7.123E-03 ANP32B     
0.453 1.402E-03 MOV10 V   
0.426 4.364E-02 ACIN1     
0.406 6.468E-02 POLR2K     
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0.399 6.708E-06 HIST1H2AC  V   
0.385 2.747E-05 HIST3H2A V   
0.373 9.991E-04 HIST2H4A V V 
0.373 9.991E-04 HIST2H4B V V 
0.360 9.399E-02 SMAD3     
0.338 7.605E-04 HIST1H4A V V 
0.326 2.960E-04 HIST2H2AC V   
0.315 5.005E-02 DDX21     
0.308 2.489E-03 H3F3B V V 
0.305 7.140E-02 HIST1H2AJ V   
0.297 3.410E-02 HIST1H2AH V   
0.285 6.113E-02 AGO3 V   
0.279 3.121E-02 HIST1H2AB V V 
0.272 7.048E-02 FEN1   V 
0.258 9.595E-02 HIST1H2AI V V 
0.256 8.714E-02 ORC2   V 
0.253 8.406E-02 THOC5   V 
0.249 3.500E-02 OIP5     
0.248 9.811E-02 EID3   V 
0.246 3.049E-02 HIST1H2BD     
0.245 8.069E-02 HAT1 V V 
0.235 4.155E-02 H2AFX V V 
0.230 3.683E-02 HIST1H2AG V   
0.230 6.372E-02 CENPO     
0.226 8.924E-02 HIST2H3A V   
0.215 9.811E-02 NCAPD2     
0.213 8.277E-02 HDAC3     
0.204 3.199E-02 CBX5 (HP1α)   V 

 

 

Supplementary Table S3: DNA damage checkpoint genes associated with up-regulated DA peaks in 

high concentration collagen samples. 

Log2FC padj Gene 

0.362 4.317E-03 UBC 

0.346 9.811E-02 DTL 

0.342 9.746E-02 TRIAP1  

0.329 8.837E-02 GML 
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0.323 1.168E-02 PRPF19 

0.319 2.434E-02 ZNF385A 

0.317 3.268E-02 ATRIP 

0.310 2.869E-02 MDM2 

0.291 5.580E-02 PTPN11 

0.289 5.177E-02 MDM4 

0.289 7.325E-02 FANCI 

0.276 5.722E-02 SYF2 

0.258 5.080E-02 MAPK14 

0.235 4.155E-02 H2AFX 

 

 

Supplementary Table S4: Cell cycle chekpoint genes associated with up-regulated DA peaks in high 

concentration collagen samples. 

Log2FC padj Gene 

0.369 7.233E-03 RB1 

0.300 3.116E-02 AURKB 

0.250 3.575E-02 E2F7 

0.239 7.223E-02 MAD2L1 

0.221 9.978E-02 BUB3 

0.212 9.444E-02 CDC45 

 

 

Supplementary Table S5: Gene Ontology (GO) Biological Process terms enrichment of genes 

associated with down-regulated DA peaks in high concentration collagen samples. 

GO term Binominal rank Binominal p-value 

Plasma membrane lactate transport 1 6.5383e-14 

Lactate transmembrane transport 2 1.8600e-8 
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CHAPTER 4: DEVELOPING A NUCLEAR ENVELOPE RUPTURE REPORTER SYSTEM AND A 

SINGLE-CELL RNA-SEQ ASSAY FOR CELL MIGRATION IN MICROFLUIDIC DEVICES 

 

Abstract 

 

Confined migration and its subsequent biological consequences have recently become popular research 

topics in the cell migration field. Nuclear envelope (NE) rupture is among the distinct consequences of 

nuclear deformation, and loss of NE integrity can to lead to DNA damage and cell death. The long-term 

consequences of confined migration on gene expression and cell fates, however, remain to be investigated. 

Here, I presented the design of a NE rupture reporter system utilizing the Cre-loxP recombination system, 

and a laser capture microdissection (LCM)-based single-cell RNA-seq assay tailored for microfluidic 

migration devices. The NE rupture reporter was able to detect NE ruptures and demonstrated longer labeling 

duration compared to the current cGAS-mCherry reporter. However, the novel NE rupture reporter 

exhibited high background labeling and, contrary to the design expectations, did not permanently label 

ruptured nuclei. The LCM-based single cell RNA-seq assay demonstrated the feasibility of LCM for RNA 

collection from single cells in microfluidic devices mounted on glass slides. However, the high pre-

amplification PCR cycle number created background noise that hindered the interpretation of RNA-seq 

data. Nonetheless, the development and troubleshooting process of both tools provided useful insights for 

future optimization and new designs. 

 

Introduction 

 

Confined migration through three-dimensional (3D) environments or constricted transwell plates has 

emerged in the past decade to be a new focus of cell migration and the associated biological effects (Denais 

et al., 2016; Golloshi et al., 2020; Harada et al., 2014; Lomakin et al., 2020; Nader et al., 2020; Raab et al., 

2016; Shah et al., 2020; Venturini et al., 2020; Xia et al., 2019). Accumulating data demonstrate that 
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confined migration can result in nuclear envelope (NE) ruptures (Denais et al., 2016; Irianto et al., 2016; 

Raab et al., 2016), DNA damage (Nader et al., 2020; Shah et al., 2020; Xia et al., 2019), genomic 

rearrangement (Golloshi et al., 2020; Jacobson et al., 2018), cell cycle arrests (Moriarty and Stroka, 2018; 

Xia et al., 2019), increased cell invasiveness (Golloshi et al., 2020; Nader et al., 2020), and even cell death 

(Harada et al., 2014). While short-term cellular functions influenced by confined migration are well 

established, the long-term consequences on gene expression and cell fates, particularly in vivo, remain 

largely unknown. 

 

To track the long-term fates of cells after confined migration, the labeling of cells that experienced NE 

rupture is critical. Due to the fact that NE ruptures expose nuclear DNA to the cytoplasm, recent studies 

have utilized fluorescently-tagged and inactive cyclic GMP-AMP (cGAMP) synthase (cGAS), a cytosolic 

DNA sensor (Civril et al., 2013), to label NE rupture events and track cells that experienced NE ruptures 

(Denais et al., 2016; Nader et al., 2020). However, the fluorescently-tagged cGAS baseline signal before 

NE rupture occurrence is usually diffused, only locally labels the rupture site as foci, and cGAS binding to 

the chromatin is often reversed following mitosis (Gentili et al., 2019; Zierhut et al., 2019). Therefore, its 

usability for fluorescence-activated cell sorting (FACS) of cells expressing the reporter and/or undergone 

NE rupture, and the long-term persistency is limited. A new reporter system that can label whole cells and 

nuclei with high persistency would be highly valuable for long-term cell fate studies. 

 

Aside from live-cell reporters, a good assay for transcriptomic studies of confined migration is crucial. 

Despite the emerging popularity of microfluidic devices for cell migration studies (Denais et al., 2016; 

Nader et al., 2020; Raab et al., 2016; Zhao et al., 2019), a customized RNA-seq assay that can maximize 

the benefits of the precisely designed microenvironments in a microfluidic device, is lacking. 

 

Here, I present the development of two novel tools for studying confined cell migration. A NE rupture 

reporter system that would enable the permanent labeling of cells undergone NE ruptures, and a laser 
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capture microdissection-based single-cell RNA-seq assay coupled with live-cell imaging in microfluidic 

devices, which would enable precise selection of cells in different stages of migration. Although further 

optimization is required, the development process provide insights for future improvements. 

 

Materials and Methods 

 

Cell lines and cell culture 

 

The fibrosarcoma cell line HT1080 (ACC315) was purchased from DSMZ in Braunschweig, Germany. 

The breast adenocarcinoma cell line MDA-MB-231 (ATCC HTB-26) was purchased from American Type 

Culture Collection (ATCC). All cell lines were cultured in Dulbecco's Modified Eagle Medium (DMEM, 

Gibco) supplemented with 10% (v/v) fetal bovine serum (FBS, Seradigm) and 1% (v/v) penicillin and 

streptomycin (Pen-Strep, Gibco), under humidified conditions at 37°C and 5% CO2. 

 

Generation of the fluorescent nuclear envelope rupture reporter system 

 

The NE rupture reporter system was modified from a previous version designed and generated by Philipp 

Isermann. In short, the NE rupture reporter (NRR) was generated using NEBuilder HiFi DNA Assembly 

Master Mix (New England Biolabs) with multiple inserts of PCR products (mBFP sequence with primers 

containing Kozak sequence, a start codon, and a FLAG tag; a 570 bp spacer sequence with primers 

containing multiple STOP codons and two flanking P2A sequences; mCherry2 sequence with primers 

containing an HA tag, 3×NLS, and a STOP codon), and a vector (pCDH-CMV-multiple cloning sites-IRES-

blastiS) digested with XbaI-HF and NotI-HF restriction enzymes (New England Biolabs), following 

manufacturer’s protocol of NEBuilder HiFi DNA Assembly. NE rupture sensor (NRS) was generated using 

NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs) with multiple inserts of PCR products 

(ALB gene sequence derived from a cDNA library of skin fibroblasts with primers containing Kozak 
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sequence and a start codon; mNeonGreen sequence; Cre recombinase sequence with primers containing a 

STOP codon), and a vector (pCDH-CMV-multiple cloning sites-EF1-puro) digested with NheI-HF and 

NotI-HF restriction enzymes (New England Biolabs), following manufacturer’s protocol of NEBuilder HiFi 

DNA Assembly. The constructs were designed using NEBuilder Assembly Tool (New England Biolabs, 

https://nebuilder.neb.com). The complete plasmid maps of NRR and NRS are available at 

https://github.com/chiehrenhsia/NRRsystem. 

 

Plasmids and generation of fluorescently labeled cell lines 

 

HT1080 cells were stably or transiently modified with either of the following constructs: lentiviral construct 

cGAS-mCherry (pCDH-CMV-cGASE225A/D227A-mCherry2-EF1-blastiS) for imaging of NE rupture (Denais 

et al., 2016). cGAS is a protein that binds cytosolic DNA. The mutant cGAS with E225A/D227A amino 

acid substitutions has impaired enzymatic activity and interferon production, but it is still able to bind 

cytosolic DNA (Civril et al., 2013); lentiviral constructs NE rupture reporter (NRR) (pCDH-CMV-FLAG-

mBFP-loxP-multiSTOP-loxP-P2A-HA-mCherry-3xNLS-IRES-blastiS) and NE rupture sensor (NRS) 

(pCDH-CMV-ALB-mNG-Cre-EF1-puro) for permanent labeling of nuclear envelope rupture; retroviral 

construct NLS (nuclear localization sequence)-GFP and H2B-tdTomato (pQCXIP-NLS-copGFP-P2A-

H2B-tdTomato-IRES-puro) for cell tracking of overnight time-lapse imaging (Elacqua et al., 2018). 

 

Transient transfection modification 

 

Cells stably expressing NRS were seeded on glass coverslips (VWR) coated with fibronectin (Millipore) at 

a density of 80,000 cells per well in a 6-well plate. After 24 hours of seeding, cells were switched into 

culturing media without Pen-Strep and transfected with mBFP-NRR using Lipofectamine 3000 (Invitrogen) 

following the manufacturer’s protocol. After overnight transfection, Lipofectamine 3000 was removed and 
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cells were allowed to recover and start expressing the transfected constructs for an additional 2-3 days 

before fixation or compression experiments.  

 

Viral modification 

 

Pseudo-viral particles were produced as described previously (Denais et al., 2016). In brief, 293-TN cells 

(System Biosciences) were co-transfected with lentiviral packaging plasmid and envelope plasmid 

(psPAX2 and pMD2.G, gifts from Didier Trono) using PureFection (SBI), following the manufacturer’s 

protocol. Lentivirus-containing supernatants were collected at 48 hours and 72 hours post-transfection and 

filtered through a 0.45-μm filter. Cells were seeded into 6-well plates to reach 50-60% confluency on the 

day of infection and were transduced 2-3 consecutive days with the viral supernatant in the presence of 8 

μg/mL polybrene (Sigma). The viral supernatant was replaced with fresh culture medium, and cells were 

cultured for 24 hours before selection with 1 μg/mL of puromycin (InvivoGen) or 6ug/mL of blasticidine 

S (InvivoGen) for 7 days. After selection, cells were sub-cultured and maintained in medium without 

selection agents.  

 

Manual cell compression assay 

 

Compression assays were performed as previously described (Denais et al., 2016). Cells on a coverslip 

were placed between two parallel glass slides (VWR), with the side facing the cells polished with small 

amount of silicone oil to reduce adherence. Vertical compression was manually applied and held for 2-3 

seconds. After compression, the glass slides assembly was carefully removed without disruption of the cell 

layer. Cells on the coverslip were placed back in culturing media to allow recovery for 4 hours before 

fixation and staining. 
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Fabrication and use of microfluidic migration devices 

 

The microfluidic migration devices were designed and fabricated as described previously (Davidson et al., 

2015; Denais et al., 2016). In brief, PDMS replicas of the migration device molds were made from Sylgard 

184 following the manufacturer’s protocol (1:10) and baking at 65°C for 2 hours. Once the PDMS was 

demolded and cut into individual blocks of devices, biopsy punches were used to create reservoirs and cell 

seeding pores. Glass coverslips (VWR) or glass slides (VWR) were cleaned with 0.2 M HCl overnight, 

rinsed with water and isopropanol, and dried with compressed air.  

Covalent bonding protocol: For overnight live-cell imaging or week-long migration before fixation, the 

migration devices were assembled after plasma treatment of both the PDMS blocks and glass 

coverslips/slides for 5 minutes, by gently pressing the PDMS blocks on the activated coverslips/slides to 

form covalent bonds. Where indicated, PDMS blocks was mounted onto MembraneSlide 1.0 PEN (Zeiss) 

for time-lapse overnight live-cell imaging before laser capture microdissection. The assembled devices 

were heated on a hot plate at 95°C for 5 minutes to improve adhesion.  

Non-covalent bonding protocol: For time-lapse overnight live-cell imaging before laser capture 

microdissection, the migration devices were assembled after plasma treatment of only the glass slides for 5 

minutes, by gently pressing the PDMS blocks on the activated coverslips to form non-covalent bonds. The 

assembled devices were heated on a hot plate at 65°C for 1 hour to improve adhesion, and then plasma 

treated for another 5 minutes after prolonged (10 minutes) vacuuming.  

After bonding, devices were filled with 70% ethanol (the step was skipped in non-covalent bonding 

protocol), then rinsed and coated with 50 µg/mL rat tail type-I collagen (Corning) in 0.02 N acetic acid 

overnight at 4°C. After coating, the devices were rinsed with complete DMEM before cell seeding. 30,000 

cells were seeded into individual loading chambers of the migration devices. Subsequently, devices were 

put under humidified conditions at 37°C and 5% CO2, for a minimum of 6 hours to allow cell adhesion 

before live-cell imaging under a confocal microscopy. For overnight live-cell imaging experiments, devices 

were covered with glass coverslips on the top to minimize evaporation. Cells were imaged every 10 minutes 
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for 14 to 16 hours in FluoroBrite DMEM (Gibco) supplemented with 10% (v/v) FBS, 1% (v/v) Pen-Strep, 

GlutaMax (Gibco) and 25 mM HEPES (Gibco), at 37°C in a heated stage chamber of a confocal microscopy.  

 

Immunofluorescence staining 

 

For staining of cells seeded on glass coverslips, cells were fixed with 4% PFA in PBS for 10 minutes at 

room temperature. After fixation, the cells were washed with PBS and stained with Hoechst 33342 

(Invitrogen, dilution 1:1000). After PBS washes, the samples were mounted with Hydromount 

Nonfluorescing Mounting Media (Electron Microscopy Sciences) onto glass slides (VWR) for confocal 

microscopy imaging within the next few days. 

 

Extended imaging using an incubator microscope 

 

Long-term imaging was performed using an IncuCyte Live-Cell Analysis System (Sartorius) inside a cell 

culture incubator, which minimized changes in humidity and CO2. Cells expressing both mBFP-NRR and 

mNG-NRS and migrating inside the microfluidic migration devices were imaged using the IncuCyte filter 

module for 4 days, every 30 minutes, with a ×20 objective. The acquired migration movies were processed 

and exported using the IncuCyte ZOOM software.  

 

Confocal microscopy 

 

Fixed cells on coverslips and live cells migrating in microfluidic devices were imaged with an inverted 

Zeiss LSM700 confocal microscope. Z-stack images were collected using ×10 air (NA = 0.3) or ×20 air 

(NA = 0.8) objectives. Airy units for all images were set to 1.0. For live cell imaging, the image acquisition 

was automated through ZEN (Zeiss) software at 10 minutes intervals, at 37°C in a heated stage chamber.  
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Laser Capture Microdissection 

 

After confocal time-lapse overnight live-cell imaging, cells in microfluidic migration devices non-

covalently mounted on glass slides or MembraneSlides (Zeiss) were fixed with ice-cold 70% ethanol in 

diethylpyrocarbonate (DEPC)-treated water for 5 minutes. After fixation, the devices were carefully 

removed by inserting a razor blade from the PDMS edges into the interface between the PDMS and the 

glass slides, and then gradually lifting up the PDMS blocks from the glass slide. For MembraneSlides, the 

devices were carefully removed without the help of razor blades. Laser capture microdissection of cells 

fixed on glass slides was performed using a Zeiss PALM MicroBeam system with PALMRobo 4.6 software. 

Single cells in different areas of the device (in the unconfined area before migration, migrating in the control 

channels, or migrating in the confined channels) were located by the epifluorescence microscope, with 

parallel comparison of the last frame of the time-lapse overnight movie. After using RoboLPC setting to 

move the cap of the collection tube (AdhesiveCap 500 clear, Zeiss) on top, the located cell was directly 

catapulted from the glass slide into the cap with a laser energy of 44 plus delta of 25, under ×40 air objective. 

For MembraneSlides, the located cells were first cut around the cell edges with a laser energy of 35, and 

then catapulted with delta laser energy of 40, under ×20 air objective. Epifluorescence microscope 

snapshots were taken before and after the catapulting. After collecting 5-7 cells, 0.3 μL of lysis buffer 

containing 0.2% Triton X100 (Sigma) and 2U RNase inhibitor (RNaseOUT, Invitrogen) in DEPC-treated 

water was added before closing the tube. The collection tube was immediately snap-frozen in liquid 

nitrogen, and then transferred to a -80°C freezer for storage. 

 

Single-cell RNA-seq (Smart-seq2) 

 

Single-cell RNA extraction and cDNA library preparation were performed following the Smart-seq2 

protocol (Picelli et al., 2013, 2014). In short, frozen cell lysates were thawed on ice, diluted to 2 μL with 

lysis buffer (described in the section above), transferred to PCR tubes (Bio-Rad). For oligo-dT priming, 
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lysates were mixed with Oligo-dT priming master mix to obtain a reaction of 2.3 μM oligo-dT primer 

(Integrated DNA Technologies, primer sequence listed in Table 4.1) and 2.33 mM dNTP (Invitrogen) in 

DEPC-treated water, and incubated at 72°C for 3 minutes. For reverse transcription, samples were mixed 

with reverse transcription master mix to obtain a reaction of 5 mM dithiothreitol (DTT, Invitrogen), 1 M 

betaine (Sigma), 6 mM MgCl2 (Sigma), 1 μM TSO (Qiagen, primer sequence listed in Table 4.1), 10 U 

RNase inhibitor (RNaseOUT, Invitrogen), 100 U SuperScript III Reverse Transcriptase (Invitrogen) in 1× 

SuperScript III first-strand buffer (Invitrogen). The reverse transcription was performed using the settings 

listed in Table 4.2. After reverse transcription, samples were mixed with PCR pre-amplification master mix 

to obtain a reaction of 0.1 μM IS PCR primer (Integrated DNA Technologies, primer sequence listed in 

Table 4.1) in 1× KAPA HiFi HotStart Ready Mix (Roche). Pre-amplification PCR was performed using 

the settings listed in Table 4.3. After pre-amplification PCR, cDNA was cleaned and purified with Ampure 

XP Beads (Beckman Coulter) and 80% ethanol washes, and eluted out with Elution Buffer (Qiagen). 

Purified cDNA was then quantified by a Qubit (Thermo Fisher) and the size distribution was determined 

by a Fragment Analyzer (Agilent). Good quality samples with little adaptor contamination or degraded 

mRNA (peaks smaller than 1 kb), and an mRNA peak centered around 1.5-2 kb were then submitted for 

Illumina Nextera XT DNA library preparation by the Biotechnology Resource Center (Cornell University). 

Library preparation included tagmentation (cycle settings: 55°C for 15 minutes, followed by 10°C hold) 

and subsequent clean-up, Illumina adaptor ligation, and enrichment PCR with the final clean-up and pooling. 

Samples were then quantified by a Qubit (Thermo Fisher) and the size distribution was determined by a 

Fragment Analyzer (Agilent). If necessary, a digital PCR assay (Bio-Rad QX200) was used to accurately 

quantify the sequenceable molarity. The libraries were then sequenced on an Illumina NextSeq500 with 

2x76 paired-end reads. 

Smart-seq2 data quality was assessed with fastqc (Andrews, 2010). Adapter sequences were trimmed using 

TrimGalore (Krueger, 2012). Reads were aligned to the hg38 reference genome assembly using STAR 

(Dobin et al., 2013). Reads mapping were counted using featureCounts (Liao et al., 2014), and differential 

expression was determined using DESeq2 (Love et al., 2014), considering genes with adjusted p-value 
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lower than 0.05 as significantly differentially expressed (DE). DESeq2 comparisons were done using the 

full matrix of “before migration”, “migrating in control channels” and “migrating in confined channels”, 

and pairwise comparisons were assessed for significance in the context of global variation across different 

conditions. PCA plots and dispersion plots were generated using R (R Core Team, 2020). 

 

Table 4.1: Primer sequences for reverse transcription. 

Name Primer sequence (5’ to 3’) Source 

Oligo-dT30V/N /5Biosg/AAGCAGTGGTATCAACGCAGAGTACT30VN IDT 

TSO /5Biosg/AAGCAGTGGTATCAACGCAGAGTACATrGrG+G Qiagen 

ISPCR /5Biosg/AA GCA GTG GTA TCA ACG CAG AGT IDT 

 

Table 4.2: Reverse transcription cycle settings. 

Step Cycles Temperature (°C) Time 

Reverse transcription and template switching 1 50 90 min 

Unfolding of RNA secondary structure 10 
50 

42 

2 min 

2 min 

Enzyme inactivation 1 70 15 min 

Storage 1 4 Hold 

 

Table 4.3: Pre-amplification PCR cycle settings.  

Step Cycles Temperature (°C) Time 

Initialization 1 98 3 min 

Denaturation 

Annealing 

Elongation 

 

20 

 

98 

67 

72 

20 sec 

15 sec 

6 min 

Final elongation 1 72 5 min 

Storage 1 4 Hold 
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Image analysis 

 

Image sequences were analyzed using ZEN (Zeiss) or ImageJ using only linear adjustments uniformly 

applied to the entire image region. Region-of-interest intensities were extracted using ImageJ. All confocal 

image stacks were three-dimensionally reconstructed as maximum intensity projections, and then processed 

with standard background subtraction (rolling ball). Graphs were generated in Prism 7 or 8 (GraphPad) or 

Excel (Microsoft), and figures were assembled in Illustrator (Adobe). 

 

Statistical analysis 

 

Unless otherwise noted, all experimental results are pooled from at least three independent experiments. 

For data with normal distribution, two-tailed Student’s t test with Welch’s correction (comparing one 

variable in two conditions), or one-way analysis of variance (ANOVA) with Tukey’s post hoc test for 

multiple comparisons (comparing one variable in more than two conditions) was used. For data where two 

factors were involved, two-way ANOVA with Tukey’s post hoc test for multiple comparisons was used. 

For comparison between two independent categories with individual cells, such as the cause of cGAS-

mCherry foci disappearance, Chi-square test was used. All statistical tests were performed using GraphPad 

Prism version 7.0a for Mac, or version 8.2.0 for Windows, GraphPad Software, San Diego, California USA. 

Statistical details are provided in the figure legends. Unless otherwise noted, error bars represent the 

standard error of the mean (SEM). 
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Results 

 

Development of a permanent nuclear envelope rupture reporter system 

 

The labeling of nuclear envelope (NE) rupture sites via fluorescently-tagged cyclic GMP-AMP (cGAMP) 

synthase (cGAS) has been utilized by recent studies (Denais et al., 2016; Nader et al., 2020). However, 

when I quantified the duration of cGAS-mCherry foci at NE rupture sites in MDA-MB-231 cells, I found 

that the cGAS-mCherry labeling of rupture sites was not persistent: cGAS-mCherry foci appeared and 

disappeared within the 17 hours window of confocal overnight migration experiments, with an average 

lifetime of 370 minutes (6.17 hours) (Fig. S1A). While the disappearance of many foci was associated with 

the onset of mitosis, in the majority of cases it was independent of mitosis (Fig. S1B). In the latter cases, 

the disappearance of the cGAS-mCherry foci might be due to DNA replication or chromatin remodeling, 

but remains to be investigated. In light of this, I designed a novel NE rupture reporter system to permanently 

label cells that experienced NE rupture. The NE rupture report system is comprised of a NE rupture reporter 

(NRR) lentiviral construct, and a NE rupture sensor (NRS) lentiviral construct (Fig. 4.1A). The NRR (Fig. 

4.1AI) contains a FLAG-tagged mBFP, multi-STOP codons flanked by two loxP (Cre recombinase 

recognition) sites, porcine teschovirus-1 2A (P2A) sequence, HA-tagged mCherry, 3xNLS (nuclear 

localization sequence), and a STOP codon. The NRS (Fig. 4.1AII) contains human serum albumin (ALB), 

mNeonGreen (mNG), and a Cre recombinase. The idea behind the design was that the NRS is excluded 

from of the nucleus due to the large size of the ALB moiety (66.5 kDa), which exceeds the traditionally 

recognized diffusion limit of nuclear pore complexes (60 kDa) (Weis, 2003). In cells with an intact NE, 

cells expressing the system are labeled blue (by NRR-mBFP) in the whole cell (Fig. 4.1AI), and green (by 

NRS) in the cytoplasm (Fig. 4.1AII). Upon NE rupture and disruption of the NE integrity, the NRS is able 

to diffuse into the nucleus, allowing the Cre recombinase of the NRS to mediate recombination using the 

two loxP sites (Kühn and M. Torres, 2002) in the NRR, thereby excising the multi-STOP codons flanked 

in between (Fig. 4.1AIII) and resulting in a permanent sequence modification. Once the recombination of 
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the NRR by the NRS is completed and the STOP codons are excised, the NRR is expected to express the 

full-length construct, including the mCherry-3xNLS “reporter”. The translated polypeptide should then be 

cleaved at the P2A sequence, due to its self-cleaving nature (Kim et al., 2011), resulting in protein products 

of both NRR-mBFP and NRR-mCherry. As a consequence, in cells that incurred NE rupture, the nucleus 

should be permanently labeled by the NRR-mCherry-NLS (Fig. 4.1AIV). Moreover, the FLAG tag on 

NRR-mBFP and the HA tag on NRR-mCherry-NLS should enable robust detection by Western blotting. 

 

Previous studies have shown that proteins larger than 60 kDa can still diffuse into the nucleus, possibly due 

to different protein structures (globular versus rod-shaped) (Wang and Brattain, 2007). Therefore, I 

validated the NRS cytoplasmic localization by transient transfection before generating stable cell lines. The 

cellular localization of NRS in HT1080 cells were inconsistent across different cells, with some having 

both nuclear and cytoplasmic localization (Fig. 4.1BI), and some having mostly cytoplasmic localization 

(Fig. 4.1BII). In MDA-MB-231 cells, the NRS signal had more consistent cytoplasmic localization across 

different cells (Fig. 4.1BIII-IV). The cause for these cell type specific differences remained unclear. For 

the subsequent characterization experiments, I used MDA-MB-231 cells. To test whether NE rupture can 

induce recombination of NRR and subsequent NRR-mCherry-NLS expression, I transfected cells stably 

expressing NRR with NRS, and subjected them to a manual cell compression assay, which induces NE 

rupture (Denais et al., 2016). After compression, there was a higher fraction of NRR-mBFP+ cells with 

NRR-mCherry-NLS expression, when compared to uncompressed controls (Fig. 4.1C), despite the 

presence of baseline NRR-mCherry expression in the uncompressed cells. Since it is well established that 

migration through the confined channels in our custom-made microfluidic device induces more NE rupture 

than through the control channels (Denais et al., 2016; Shah et al., 2020), I expected that migration through 

confined channels would induce more cells to be labeled by NRR-mCherry-NLS. When I performed 

overnight time-lapse migration experiments with cells stably expressing both NRR and NRS, I observed a 

trend of increased fraction of cells expressing NRR-mCherry-NLS after nuclear transit through confined 

channels, when compared to control channels (Fig. 4.1D-E). However, a substantial fraction of cells was 
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already expressing NRR-mCherry even before entering the device in both control and confined channels. I 

suspected that NE breakdown during mitosis may cause the NRS to access chromatin, causing the 

widespread recombination before the occurrence of migration-induced NE rupture. Due to a limited number 

of observed mitosis events in cells expressing both NRR and NRS during the migration experiments, I was 

unable to conclusively determine the effect of mitosis. Whether mitosis is sufficient to induce 

recombination of NRR will require further investigation. Furthermore, by performing a 4 day-long 

migration experiment in an incubator microscope, I found that the average duration of NRR-mCherry 

expression after recombination was only about 14 hours (Fig. S1C). Since the recombination event should 

be permanent, this suggests potential silencing of the NRR-mCherry recombined sequence. Further studies 

will be required to determine the reason for the non-permanent labeling. Despite the issues with high 

baseline level and non-permanent labeling, the duration of NRR-mCherry labeling after NE rupture was 

still longer than the duration of cGAS-mCherry foci (Fig. 4.1F).  

 

Taken together, the current design of our new NE rupture reporter system using Cre-loxP recombination 

system was effective on NE rupture detection, and with an improved labeling duration. However, it suffers 

from a high baseline labeling, and a loss of labeling after an average of 14 hours.  
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Figure 4.1: Development of a permanent nuclear envelope rupture reporter system. (A) The schematic 

of the NE rupture reporter system, which consists of a NE rupture reporter (NRR) construct in a pCDH-

CMV-IRES-BlastiSR lentiviral plasmid that expresses a blue fluorescent product (NRR-mBFP) labeling the 

whole cell (panel I), and a NE rupture sensor (NRS) construct in a pCDH-CMV-EF1-PuroR lentiviral 

plasmid that expresses a green fluorescent product labeling the cytoplasm (panel II). Upon NE rupture, the 

compromised NE integrity would allow NRS to translocate into the nucleus for Cre-mediated 
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recombination of NRR, therefore excising the multi-STOP codons flanked by loxP sites (panel III). The 

recombined NRR would then start to express both NRR-mBFP and NRR-mCherry (which labels the 

nucleus), after self-cleavage of the P2A sequence (panel IV). (B) Representative images for validation of 

cellular localization of NRS (ALB-mNG-Cre) in HT1080 and MDA-MB-231 cells. Blue represents 

Hoechst 33342 (nuclear dye). Green represents NRS construct. Yellow dashed rectangles represent inlet 

areas (panel I-IV) on the right. Scale bars: 20 μm. (C) Left panel: Cell compression assay of MDA-MB-

231 cells stably expressing NRS without transfection, or transfected with NRR. Green represents NRS 

construct. Blue represents NRR-mBFP. Red represents NRR-mCherry. Scale bars: 40 μm. Right panel: 

Quantification of NRR-mBFP+ cells expressing NRR-mCherry under uncompressed (n = 16 cells) or 

compressed (n = 9 cells) conditions. *p < 0.05 based on student’s t test with Welch’s correction for unequal 

variances. (D) Quantification of MDA-MB-231 cells stably expressing both NRR and NRS in a live-cell 

overnight time-lapse migration experiment showing NRR-mCherry expression after nuclear transit or 

before entering the device, in control or confined channels. From left to right in the bar chart, each bar 

represents the mean of n = 45, 132, 45, 132 cells, respectively. p = 0.06 based on two-way ANOVA with 

Tukey’s multiple comparison test. (E) Representative images of an MDA-MB-231 cell expressing both 

NRR and NRS before, during and after nuclear transit through a confined constriction. Blue represents 

NRR-mBFP. Red represents NRR-mCherry. Green represents NRS. Scale bars: 10 μm. (F) Comparison of 

NE rupture reporter labeling duration of cGAS-mCherry (n = 24 cells) or NRR-mCherry (n = 8 cells). *p < 

0.05 based on student’s t test with Welch’s correction for unequal variances. Data in this figure are 

presented as mean ±SEM. 
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Development of a laser capture microdissection-based single-cell RNA-seq assay 

 

The technology of laser-capture microdissection (LCM), since its invention 15 years ago (Emmert-Buck et 

al., 1996), has been demonstrated as a powerful tool for investigating genomics, transcriptomics, and 

proteomics in of specific cell types or even single cells in highly heterogenous tissues (Datta et al., 2015). 

LCM allows users to locate the desired target cells with microscopy, and uses low-power ultraviolet (UV) 

laser to cut and efficiently catapult samples up into the collection tubes to achieve its contact-free sample 

isolation (Datta et al., 2015) (Fig. 4.2A). With its high precision and minimal damage to single cells, various 

studies coupled LCM with low-input single-cell RNA-seq assays (Casasent et al., 2018; Civita et al., 2019; 

Farris et al., 2017; Foley et al., 2019; Nichterwitz et al., 2016). This combination could serve as a great 

platform for RNA-seq of single cells migrating in microfluidic devices.  

 

To utilize LCM for cells in microfluidic devices, the first challenge was to ensure that I could reproducibly 

locate and collect cells in specific areas of the microfluidic devices using LCM. I performed live-cell 

overnight time-lapse confocal imaging on cells migrating through the migration device, and tracked cells 

that migrated through constrictions within the past two hours (i.e., the “freshly deformed” cells, since their 

gene expression profile are most likely reflecting changes induced by nuclear transit) (Fig. 4.2B, left panel). 

Cells in the device were fixed using ice-cold ethanol, and the PDMS block was removed. Cells fixed on 

slides were quickly transferred to the LCM epifluorescence microscope, where those “freshly deformed” 

cells were efficiently located, cut, collected in lysis buffer and snap-frozen (Fig. 4.2B, right panel). Initially, 

migration devices were mounted on MembraneSlides, provided by the LCM manufacturer Zeiss, where a 

polyethylene-naphthalate (PEN) membrane sits on top of a glass slide to help protect cell morphology 

during laser cutting and catapulting. However, the membrane material on MembraneSlides often resulted 

in loose and leaky PDMS device mounting, which was not suitable for consistent cell migration studies. 

Motivated by suggestions from collaborators experienced with LCM-coupled RNA-seq (Casasent et al., 

2018), I  switched to mounting the PDMS devices on plain glass slides, which produced more consistent 
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PDMS device mounting. This approach enabled us to successfully collect cells from them the slides 

following migration experiments.  

 

After pooling and snap-freezing 5-7 single cells in a tube in each condition (in the unconfined area “before” 

migration, “migrating” in the control channels, and “migrating” in the confined channels), I extracted the 

RNA and prepared cDNA library following the Smart-seq2 protocol (Picelli et al., 2013, 2014), which 

includes oligo-dT priming, reverse transcription, pre-amplification PCR and the subsequent clean-up, 

tagmentation and the subsequent clean-up, Illumina adaptor ligation, and enrichment PCR with the final 

clean-up and pooling. Library fragment size distribution analyzed with Fragment Analyzer before the 

tagmentation step all showed a distinct peak at 1.5-2 kb size (Fig. S2), where normal mRNA peak size 

locates, so I proceeded with the following library preparation steps. Final fragment analysis of the samples 

also showed a good peak of fragmented cDNA library. However, the Illumina sequencing result was very 

noisy, as shown in the Principal Component Analysis (PCA) plot (Fig. 4.2C) and the dispersion plot (Fig. 

4.2D). The PCA plot showed no separation of clustering between the two conditions (“before migration” 

versus “migrating”) (Fig. 4.2C), and the dispersion plot showed that expressed genes were all highly 

dispersed, instead of following the expected pattern of reduced dispersion of genes with higher counts (Fig. 

4.2D). As a result, the differentially expressed (DE) genes generated by the analysis pipeline were all 

extreme outliers, labeled as red arrowheads in the MA (logged count ratio — mean logged counts) plot (Fig. 

4.2E). Even removal of the two outliers in “before migration” samples (indicated by arrows in Fig. 4.2C), 

which were collected before a major LCM calibration was performed by the core facility staff, did not 

rescue the PCA clustering (Fig. 4.2F). Moreover, when I examined the read counts in each mapped gene, I 

noticed that almost all genes had at least one 0 value in one of the samples. For example, the top 13 DE 

gene list (Fig. 4.2G) showed several 0-values in multiple samples. When I tried to filter out genes with any 

0 values, only 4% of the original total of 30,000 mapped genes were left. Consultants from the core facility 

suggested that the noisy data may be due to the high cycle number of pre-amplification PCR (20 cycles), 

resulting in biased amplification of certain transcripts and an increased background noise. In fact, the pre-
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amplification PCR cycle number is considered a critical step that requires careful optimization in 

transcriptomic assays (Korenková et al., 2015). It’s also possible that the high noise was due to the small 

amount of RNA collected from single cells. Therefore, optimization of the device setup and collection 

methods are also needed. 

 

Taken together, I showed that I could use LCM to successfully collect mRNA from single cells migrating 

in microfluidic migration devices. However, the high background noise rendered the RNA-seq results 

useless, suggesting a need for pre-amplification PCR cycle number optimization. 
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Figure 4.2: Development of a laser capture microdissection-based single-cell RNA-seq assay (A) A 

schematic showing sample cutting and collection workflow with laser capture microdissection (LCM). 

Tissues or cells on a glass slide or MembraneSlide were located and cut using UV lasers, catapulted with a 

very short pulse, and collected by a collection tube. The schematic is modified from the PALM MicroBeam 

user manual from Zeiss (Carl Zeiss, 2021). (B) Representative images showing how confocal time-lapse 

imaging (left panel) were coupled with LCM (right panel). Left panel: The last time frame of a confocal 

live-cell overnight time-lapse experiment, with a cell just passed through a confined constriction (indicated 

by white arrows). Green represents NLS-GFP. Red represents H2B-TdTomato. Scale bar: 10 μm. Right 

panel: After cells were fixed, the target cell was located under the epifluorescence microscope on LCM, 

circled, cut and collected by UV lasers. Green represents NLS-GFP (fixed). (C) Principal component 

analysis (PCA) of all samples showing no separation of clustering on the PC1 axis. % Numbers on PC1 
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and PC2 axes indicate percentage of variance explained by the principal component. Two black arrows 

indicate two outliers. (D) Dispersion plot of all genes in the “before migration” versus “migrating” samples. 

Red curve indicates the fitted curve. Black dots indicate the initial datapoints. Blue dots indicate the final 

fitted datapoints. Y-axis indicates log dispersion, and X-axis indicates the mean of log counts across all 

replicates. (E) MA (logged count ratio — mean logged counts) plot of “before migration” versus “migrating” 

samples. Y-axis indicates log fold change of mean normalized counts. X-axis indicates the mean of log 

counts across all replicates. Red arrowheads indicate differentially expressed (DE) genes. (F) PCA plot 

after removal of the two outliers in the “before migration” samples. % Numbers on PC1 and PC2 axes 

indicate percentage of variance explained by the principal component. (G) Top 13 genes on the DE genes 

list in “before migration” versus “migrating” samples. 

 

Discussion 

 

In this study, I showed the development of a novel NE rupture reporter system that utilizes the Cre-loxP 

recombination system. Although the reporter had a high background level and did not permanently labeled 

cells with NE rupture, it could detect NE rupture, and demonstrated an improved labeling duration 

compared to the commonly used cGAS-mCherry reporter. I also showed the development of an LCM-based 

single-cell RNA-seq assay. Although I was able to use LCM to collect mRNA from migrating cells in 

specific areas of the microfluidic migration device, the background noise in the sequencing results caused 

by pre-amplification PCR was too high.  

 

The reason behind the NRR+NRS system’s high background recombination and the relatively short 

duration of labeling remains to be investigated. It is worth noting that during mitosis, chromatin is 

compacted, therefore I expected that the chance of Cre recombinase in NRS accessing the loxP sites in 

NRR would be low. However, a recent study revealed that the global chromatin accessibility during mitosis, 

despite the obvious chromatin condensation, remains mostly unchanged (Hsiung et al., 2015). That study 
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also pointed out that some local reduction of accessibility still exists during mitosis, without altering the 

whole genome accessibility landscape (Hsiung et al., 2015). Therefore, it is possible that in some 

chromosomal regions, the Cre recombinase in NRS could be able to access the loxP sites in NRR transgenes 

during mitosis, but the expression level of the recombined product, NRR-mCherry, may be lower than the 

level induced by NE rupture during interphase, when most of the loxP sites in NRR transgenes are 

accessible. Follow-up studies on the effect of mitosis should include a chromatin marker such as 

fluorescently tagged histones to better visualize and track mitosis in cells expressing the NRR+NRS system. 

A positive control of mNG-Cre-tagged with 3×NLS (nuclear localization sequence), which is actively 

transported into the nucleus, should also be implemented to compare the resulting NRR-mCherry 

expression level with the level induced by background recombination. If mitosis is indeed the cause of 

background recombination, I could add a G2/M specific degradation tag on the NRS, such as the Cdt1 tag 

used in the cell cycle fluorescent reporter FUCCI system (Sakaue-Sawano et al., 2008), to ensure that the 

NRS is degraded during mitosis. On the other hand, the loss of NRR-mCherry signal within 14 hours was 

very surprising. One possible explanation may be that the loss of signal is due to fluorescence bleaching or 

quenching, rather than a true loss of fluorescent protein expression or loss of recombined DNA. Performing 

immunofluorescence staining or Western blots against the HA tag on NRR-mCherry would allow assessing 

the actual protein level in cells that lost the mCherry signal during live-cell imaging. Alternatively, other 

fluorescence tags could be used to optimize the brightness and labeling persistency. As shown in 

development like the FUCCI reporter system, structural differences in fluorescence tags can result in 

unexpected reporter outcomes, such as the responsiveness to the Cdt1 degradation tag (Sakaue-Sawano et 

al., 2008). Finally, the next generation of NRR+NRS system should consider using two different promoters 

for each construct, as the current version (with both using CMV promoter) often resulted in competition of 

expression between the two in the same cell. 

 

For the LCM-based single cell migration assay, optimization of pre-amplification PCR cycles can be carried 

out by performing qPCR and fragment analysis on cDNA samples with 12, 14, 16, or 18 cycles of pre-
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amplification PCR, to test which cycle number gives the minimal qPCR-detectable cDNA and the best 

library quality. Aside from pre-amplification-introduced background noise, the RNA quantity and quality 

from LCM-based sample collection would probably be improved if the manufacturer’s MembraneSlides 

were used. During the development process, I have tried using various mechanical approaches to secure the 

mounting of PDMS devices onto the MembraneSlides, including rubber bands, binder clips, and custom 

made plastic or acrylic adaptors. However, the results were inconsistent. Further optimization may still be 

worth exploring. On the other hand, the current design of our migration device consists of only three rows 

of confined constrictions (≤2×5 μm2) with less confined areas (15×5 μm2) flanked in between, making it 

time consuming to collect “freshly deformed” single cells that passed through constrictions within the past 

2 hours, since cells had to be tracked by time-lapse microscopy prior to fixation, and then located again 

individually on the LCM microscope. A newer design of migration devices that our laboratory is currently 

developing consists of a large field of random constriction pillars, forcing the cells to migrate through 

confined spaces frequently. Thus, all the cells that enter the device would be considered as “freshly 

deformed” cells suitable for LCM collection. Such a design would increase the number of cells that can be 

collected in a single LCM experiment, and significantly reduce the time needed for locating target cells for 

LCM collection, therefore improving the RNA amount and quality of the collected samples. However, 

preliminary trials of the new devices with fields of random constriction pillars demonstrated an increased 

loss of cells during PDMS device removal, possibly due to the higher contact areas between the migrating 

cells and the PDMS pillars. Further optimization of fixation and device removal protocol is needed. Finally, 

trypsinization-based cell collection, which would require adding perfusion pores into the device or 

trypsinizing cells that migrated out of the device once every few hours, should also be considered if LCM-

based collection continues to be a challenge.  

 

In summary, the development of both the permanent NE rupture reporter system and the LCM-based single 

cell RNA-seq assay demonstrated promising aspects of the tools as well as their limitations. The 

troubleshooting process could serve as a great resource for future optimization and new designs.  
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Supplementary Figures 

 

 

          
 

Supplementary Figure S1: The short-term labeling of NE ruptures by cGAS-mCherry and NRR-

mCherry. (A) Quantification of cGAS-mCherry foci duration after NE ruptures in MDA-MB-231 cells (n 

= 24 cells). (B) Quantification of cGAS-mCherry foci disappearance after NE ruptures associated with 

mitosis (n = 7 cells) or independent of mitosis (n = 17 cells) in MDA-MB-231 cells. *p < 0.05 based on 

Chi-square test. (C) Quantification of NRR-mCherry expression duration after NE ruptures in MDA-MB-

231 cells (n = 8 cells).  
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Supplementary Figure S2: Fragment analysis graphs of LCM-based single-cell RNA-seq samples. 

Graphs of samples with cells “before migration” (top panels, 1-5), cells migrating in “control channels” 

(middle panels, 1-3), or cells migrating in “confined channels” (bottom panels, 1-3). Y-axis indicates 

relative fluorescence units (RFU) of fragment bands. X-axis indicates fragment size (bp).  
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CHAPTER 5: CONCLUSIONS AND PERSPECTIVES 

 

Collectively, my work presented in this thesis has contributed toward our understanding of the impact of 

confined migration on chromatin states and accessibility, as well as gene transcription. Through my studies, 

I have uncovered the novel phenomenon of heterochromatin formation induced by confined migration, and 

demonstrated its surprising persistency (Chapter 2). I showed that migration-induced heterochromatin 

formation was dependent on histone modifying enzymes, with nuclear envelope proteins and stretch-

sensitive ion channels contributing as well (Chapter 2). Furthermore, I demonstrated that heterochromatin 

formation promotes confined migration (Chapter 2). In addition, I discovered altered chromatin 

accessibility and decreased transcription caused by heterochromatin formation in confined environments 

(Chapter 3). I revealed that most of the decreased accessibility occurred within or near constitutive 

heterochromatin sites (centromeric and telomeric regions), providing insights on the wide-spread 

heterochromatin formation potentially due to spreading from these regions (Chapter 3). Moreover, I 

presented the design and initial characterization of a nuclear envelope rupture reporter, and a single-cell 

RNA-seq assay tailored to the needs of microfluidic devices (Chapter 4), which, despite their imperfection, 

provides precious insights for future optimization. 

 

While my work on the impact of confined migration on chromatin states, accessibility and gene expression 

answered several questions in the cell migration field, it also prompted new questions. Further studies are 

needed regarding the exact mechanisms underlying migration-induced heterochromatin formation, for 

example, how do cells sense the confinement and activate histone modifying enzymes, such as the CK2-

dependent phosphorylation of HDAC3, to change the chromatin states. The potential heterochromatin 

spreading, suggested by reduced chromatin accessibility near centromeric and telomeric regions, as well as 

the histone modifying enzymes involved in the spreading mechanisms, requires validation. The potential 

consequences of persistent heterochromatin formation such as replication stress and DNA damage (Jiang 

et al., 2009; Kurashima et al., 2020; Lambert and Carr, 2013), and its impact on long-term gene expression 
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and cell fates will require further investigation. Furthermore, it will be interesting to study if chromatin 

states contribute to the emerging role of the nucleus as a mechanosensing ruler (Lomakin et al., 2020; 

Venturini et al., 2020), to help the nucleus directly respond to confinement and other mechanical stimulus. 

 

Finally, it will be important to assess the role of heterochromatin during cell migration in vivo, with the 

goal of translating the finding of heterochromatin promoting cell migration to clinical applications, such as 

therapies targeting metastatic tumor cells. A previous study demonstrated that injection of colorectal cancer 

cells overexpressing GFP-tagged SUV39H1 (an H3K9me3 methyltransferase) into mice induces larger 

tumor volumes and reduces survival, compared to mice injected with cells expressing GFP alone 

(Yokoyama et al., 2013). Future studies measuring not only the size of the primary tumor, but also the 

occurrence and magnitude of metastases in mouse models under perturbations of heterochromatin content 

would be very informative.  

 

With the importance of cell migration in both health and disease, further understanding of its relationship 

with the chromatin states would be beneficial in many aspects. Recent advancements of three-dimensional 

cell migration assays coupled with high-resolution imaging and live-cell reporters enable researchers to 

study confined migration with high-throughput efficiency and precision. I hope my work will contribute 

toward the previously unexplored link between confined migration and chromatin changes, shedding light 

on future studies to build a more holistic view of cell migration and its biological consequences.  
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