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Cancer is a disease in which cell growth proceeds unchecked and cells 

accumulate mutations to adopt an invasive and migratory phenotype that promotes 

metastasis. Once a cancer becomes metastatic, survival rates plummet, and vast tumor 

heterogony and lesion formation leave current therapeutics and treatments unable to 

maintain pace. Therefore, there exists a clinical need to gain a more complex 

understanding of factors that promote and encourage metastasis. Cancer cells are 

subjected to mechanical forces in vivo that influence their behavior. Mechanical cues 

are transmitted through the cell from the membrane to the cytoskeleton, and ultimately 

to the nucleus where gene expression and subsequently protein output can be altered.  

In this dissertation, we probed the effects of mechanical confinement, a 

restrictive force present at various stages during the metastatic cascade, on (1) cancer 



  

cell growth and cell cycle progression, (2) global mRNA translational and its 

relationship to cell migration, and (3) mRNA localization mechanisms for use in 

confined cell migration. We modeled confinement in vitro through fabrication of 

microfluidic microchannel devices. We show here that mechanical confinement halts 

sarcoma cell cycle progression and division and leads to an increase in abnormal 

divisions. We explored the connection between mRNA translation and cell migration 

and found that global mRNA translation is spatially altered in confinement and that it 

is necessary for confined cell migration. We explored this idea further, investigating a 

subset of mRNAs that are known to influence cell migration in unconfined spaces and 

show that their regulation in confinement is cell type dependent, but that it primarily 

relies on cell mechanoactivity. Together, this work contributes a detailed understanding 

of key cell behaviors that are altered in confined environments and emphasizes the 

importance of studying mechanical cues that cells experience in vivo, in the context of 

understanding and treating cancer progression and metastasis. 
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Chapter 1: Introduction 

  There are two major limitations when dealing with metastatic cancers; the first 

is that patients are often unresponsive to existing treatments, and secondly, once the 

cancer has begun to grow in a different organ, there is a vastly different 

microenvironment to treat and work with (1). Therefore, there is a current clinical need 

to develop new treatments aimed at both preventing and treating metastasis, but also to 

generate a broader understanding of how cells are encouraged to become metastatic 

through biophysical and biochemical cues that they experience during the metastatic 

cascade (2).  

Cancer originates through mutations that deregulate cell growth and lead to a 

host of future mutations that can drive tumorigenesis and metastasis (3). A multitude 

of physical and chemical cues can influence cancer cell behaviors (4, 5). First, an 

external stimulus is sensed by the membrane of the cell, either through 

mechanosensitive channels, focal adhesions, or cell surface receptors (6, 7). This signal 

is then relayed into the cell where it can influence downstream signaling pathways or 

act upon cytoplasmic components, such as the cytoskeleton (8, 9). Ultimately, these 

intracellular signals can translocate to the nucleus, either through openings in the 

nuclear envelope in response to mechanical tension placed on the LINC complex, or 

through active protein import, where they can affect gene expression that ultimately 

influences protein expression (10–12).  

The majority of studies within the field of mechanobiology are focused on 

substrate stiffness, topography, matrix composition, and matrix rigidity. Here, we focus 
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on the physical cue of confinement. Cells experience confinement throughout the 

metastatic cascade, starting in the primary tumor, where they are exposed to high levels 

of solid stress (13, 14). As they migrate out of the primary tumor through extracellular 

matrix with 1-30 μm diameter pores, or along thick, aligned collagen fibers they may 

also experience physically confining forces (15, 16). Cells squeeze through the 

endothelium in gaps about 1-2 μm in diameter to enter the bloodstream, and within the 

bloodstream, cells move through capillaries as small as 3-4 μm in diameter (17, 18). 

Cells extravasate through the endothelium, again through gaps between endothelial 

cells to a pre-metastatic niche site (19, 20). While recent efforts have shown that 

confinement greatly impacts cell migration mechanisms, there is a still a gap in our 

understanding of how confinement affects other cellular behaviors. 

The overall goal of this dissertation is to investigate the impact of 

mechanical confinement on metastatic cancer cell behaviors to improve our 

understanding to aid future development of therapies or treatments. We utilized 

microfluidic microchannel devices to model varying degrees of confinement, 

mimicking the microtracks that cancer cells are known to use as highways for invasion 

through the extracellular matrix in tissues. We utilized an engineered confining 

microenvironment to explore cancer cell growth and cell cycle progression, and cancer 

cell migration, specifically through modulation of global mRNA translation and local 

mRNA accumulations known to play a role in unconfined migration (Figure 1.1).  
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Figure 1.1: Dissertation overview and in vivo relevance. 

 
 In Chapter 3, we explored the effect of confinement on cancer cell division and 

progression through the cell cycle. We seeded mouse sarcoma cells stably expressing 

a fluorescent cell cycle indicator into microchannels of varying widths (50, 20, 10, 6, 

and 3 µm) to explore how the degree of confinement, in direct comparison to 

unconfined environments, affects tumor cell cycle progression. We found that cell 

divisions decrease as confinement increases. Interestingly, abnormal divisions 

increased as a function of increasing confinement, where cells in the 3 and 6 µm 

narrow, confined microchannels showed an increase in the number of cells that divided 

and then fused immediately afterwards, resulting in multinucleated cells. Our results 

here improve the understanding of the restrictive behavior of confinement on cell 
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growth but note that the unchecked regulatory pathways of cancer can mitigate this 

restriction and in turn adopt more invasive and metastatic characteristics.  

 We next explored the relationship between global mRNA translation and 

confined migration (Chapter 4). Here, we studied the spatial organization of newly 

synthesized protein in confined and unconfined environments and explored the role of 

mRNA translation in cell migration parameters, including cell directionality. Our 

results argue that there are two zones of protein accumulation in confinement, one at 

the leading edge of the cell, and one at the lagging edge. We showed that only a single 

zone of active translation is necessary to organize confined cell migration. We present 

a design for a novel 3-D printed transwell microchannel confining device to collect cell 

material for large scale RNA and proteome analysis to determine specific factors that 

may be involved in regulating confined migration. These results begin to explore the 

translational mechanisms in confinement which contribute to altered migratory 

behaviors.  

 We delved further into the mechanisms behind mRNA behaviors in the context 

of cell migration in Chapter 5. We explored mRNA localization at the peripheral 

regions of the cell and how its involvement in migration may or may not be altered in 

confined environments. In this chapter, through comparison of cells in confined or 

unconfined microchannels, we showed that mRNA localization at the periphery is cell 

type dependent in confinement. Specifically, peripheral mRNA localization occurs in 

a mechanically active cell type in confinement and is important for its ability to migrate 

through confinement. By contrast, a less mechanically active cell type does not localize 

the same set of RNAs at the periphery and does not rely on this mechanism for confined 
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migration. These results further expand upon the notion that cells are able to modulate 

their migratory behavior in confinement, with novel contributions to the fact that this 

can partially occur through directing subcellular RNA localizations.  

Through an integrated biological, biophysical, and engineering approach, we 

provide evidence to advance the understanding of cancer cell behaviors. This work 

dually emphasizes the importance of both the study of the mechanical environment and 

the mechanoactivity of cells. We see this intersectionality as the future for targeted 

therapeutic developments. 
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Chapter 2: Background1 

2.1: Cancer metastasis and the tumor microenvironment 

2.1.1 Cancer progression and treatment 

Cancer continues to be a leading cause of death worldwide, where in the United 

States alone, approximately 40% of the population will be diagnosed with cancer at 

some point during their lifetimes (21). While early diagnostic tests and improved 

therapeutics have led to an overall increase in survival rate, once the cancer becomes 

metastatic and begins to colonize secondary sites, the survival rate drops to anywhere 

between 5 to 30%, depending on the type of cancer, making it the primary cause of 

cancer related fatalities (3). Metastasis is characterized as the event in which cells leave 

the primary tumor and spread to other tissues within the body, through adoption of pro-

invasive capabilities. Cells acquire these characteristics during the initial genetic 

modifications that are a hallmark of cancer. Metastasis is also the most difficult stage 

of cancer to treat as there can be inefficiencies in locating and treating the secondary 

tumors before they have become overgrown (22).  

Current therapeutics to treat metastatic cancer include chemotherapy, 

immunotherapy, and/or targeted therapy. These therapies rely on small molecules or 

monoclonal antibodies to target the cancer cells’ ability to divide or to mark them for 

recognition and degradation by the immune system, in addition to enhancing the overall 

 
1 Sections adapted from MT Doolin*, RA Moriarty*, and KM Stroka. “Mechanosensing of mechanical 
confinement by mesenchymal-like cells.” Frontiers in Physiology (2020): 11, 365. * indicates equal 
contribution. 
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immune function. However, these treatments can lead to tumor cell resistance due to 

vast tumor heterogeneity and often have severe side effects, leading to the continuous 

need for novel therapeutic developments (2). Therefore, more targeted efforts can be 

focused on cancer cell growth and migration, to simultaneously prevent the spread of 

tumor cells while enabling easier removal of current tumors.  

2.1.2 Tumor microenvironment 

Genetic and epigenetic alterations have long been targeted as the primary 

regulators of cancer cell initiation and progression (23, 24). Cancer initiation starts with 

a mutation in a driver gene within the cell. However, this single mutation alone is 

insufficient to result in tumor formation. Rather, this is the result of an accumulation 

of numerous mutations in additional driver genes (25–27). As the cell multiplies, it can 

acquire supplementary mutations, ultimately rendering the innate mutation repair 

mechanisms inadequate and the cell dysfunctional. There are ten common oncogenic 

signaling pathways that are altered in cancer: RTK/RAS, Nrf2, PI3K, TGF-b, Wnt, 

Myc, p53, Hippo, Notch, and the cell cycle (cyclins, CDKs)  

(25). These pathways modulate cell proliferation (RTK/RAS, PI3K, TGF-b, Wnt, Myc, 

Hippo), inflammation (Nrf2, Notch), and cell cycle checkpoints (p53, cyclins/CDKs).  

At least one of these are mutated in 89% of cancers, from a sequencing study 

of more than 9,000 tumors (25). DNA sequencing technologies have ensured that the 

analysis of the genomic landscape can be relatively quick and cost-effective from a 

diagnostic viewpoint. Yet, there is a significant amount of variation within the cancer 
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genome and genes in these common pathways are not mutated at the same frequency, 

which can make diagnosis more complicated (2).  

Once the cells have acquired an oncogenic mutation, they can create a pro-

tumorigenic microenvironment to facilitate their growth and survival (28). The tumor 

microenvironment is a heterogenous environment comprised of both cancerous cells 

and the surrounding non-transformed cells, such as cancer associated fibroblasts, in 

addition to other immune cells (29). The interplay between the tumor and 

nontumorigenic cells, in the form of biochemical and biophysical cues, can influence 

cancer progression (30). From a biochemical standpoint, cancer cells can recruit and 

secrete various cytokines, extracellular vesicles, and inflammatory factors.  

Tumor associated chemokines generate chemical gradients that can direct cell 

migration, immune cell recruitment, and blood vessel growth into the tumor (31). The 

hypoxic nature of the microenvironment, as well as proinflammatory cytokines (TGF-

b, TNFa, IL6) and extracellular matrix components (collagen I, fibronectin, 

hyaluronan), can synergistically and individually promote epithelial-to-mesenchymal 

transition (EMT) (32). EMT occurs in epithelial cells, where numerous genetic changes 

primarily downregulate their cell-cell junction proteins and upregulate their invasive 

migratory behaviors, ultimately changing their cellular phenotype (33). Slightly 

counterintuitively, immune cells can be both anti-tumorigenic and pro-tumorigenic, the 

latter leading to enhanced cancer cell proliferation, which can facilitate the 

accumulation of genetic mutations in this feed forward cycle (34). Switches in the 

direction of pH gradients, where increases in ion channel expression alone in cancer 

cells can alter the cytoplasmic homeostasis, can drive switches in metabolic activity of 
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the cancer cells towards a glycolytic phenotype (35, 36). The same can be said for the 

establishment of a hypoxic environment, where lack of O2 diffusion into the center of 

the tumors can alter the metabolic gradients present within the tumor microenvironment 

(31).  

Biophysical signals are also known regulators of cancer cell progression. Cells 

experience numerous mechanical cues within the tumor microenvironment, but also 

experience mechanical cues as they migrate out of the tumor environment, through 

surrounding extracellular matrix that is dense with collagen fibers. These matrix fibers 

can either be aligned to allow for cells to use them as “highways” or through 

intertwined fibers that need to be remodeled or degraded for cells to move through. 

Solid stress, substrate stiffness, tension, confinement, and matrix rigidity are just a few 

forces cells experience within this environment. Substrate stiffness and rigidity can 

dictate sites of secondary tumors and cancer cell growth (37, 38), shear flow can 

encourage cancer cells to become more invasive (39), and interstitial pressure can drive 

cancer cell outgrowth into the surrounding matrix (40). Substrate stiffness, in 

particular, has been recently discussed (41) as a target for therapeutics and delivery 

approaches. Meanwhile, this dissertation focuses on the mechanical cue of 

confinement, as it can affect cells at every stage of tumor formation, progression, 

and secondary tumor locations.  

2.1.3 Mechanical memory 

Cancer cells can display symptoms of mechanical memory of their 

environment, in addition to changes in cell behavior at the time of force exposure. 

Specifically, there is a transcriptional memory phenomenon, after treatment with 
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certain drugs, bivalent histone modifications remain and spread to other loci, ultimately 

resulting in drug resistance by these genes (42). In depth analysis showed that these 

memory signals can be transmitted bioelectrically, via miRNA, or through the 

YAP/TAZ pathway, and can be traced to varying patterns of chromatin condensations 

(43–46).  

More examples of this have begun to populate the literature. Mechanical 

conditioning of breast cancer cells on hydrogels of increased stiffness (8.0 kPa) for 

seven days before transfer to a soft (0.5 kPa) gel can lead to an increase of osteogenic 

markers via ERK mediated signaling and was strongly correlated with aggressive bone 

metastases (47). A new theoretical model predicts that the duration of substrate stiffness 

priming can direct extended protein production associated with cytoskeletal activation 

on stiff substrates through various epigenetic memory related factors (48). As a result, 

a more complete understanding of the effects of the physical microenvironment on cells 

may shed light on genetic alterations that can drive both cancer initiation and 

progression.  

 

2.2 Clinical relevance of confinement 

2.2.1 Confinement is a clinically relevant mechanical cue for cancer cells 

Cancer is defined as an abnormal growth of cells, meaning that as cells continue 

to grow within the primary tumor, cells become confined due to the accumulation of 

solid stresses, derived from the compression of the surrounding ECM onto the 

overgrown cell mass (13, 49). As the interstitial stress within the primary tumor 
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becomes overwhelming, cells are encouraged to move out of the tumor (50). Physical 

confinement has been shown to encourage cells to undergo EMT (51). Cells can 

migrate via collective invasion or single cell migration upon leaving the primary tumor; 

however, this mechanism depends on the degree of EMT (17, 18). Recent work has 

also demonstrated that collective cell dynamics arise through cell-cell contacts 

facilitated by adherens junctions, but that the maintenance of this collective movement 

is modulated by polarized Rac1 activation in single cells which establishes a directional 

polarity and this leads to coordinated lamellipodial migration (52).   

 Cells are exposed to confining forces at numerous locations during the 

metastatic cascade (Figure 2.1). Some examples are noted here: as they migrate out of 

the primary tumor through ECM with 1-30 μm diameter sized pores, or along thick, 

aligned collagen fibers (15, 16). Cells squeeze through 1-2 μm-sized gaps between 

endothelial cells to enter the bloodstream, and within the bloodstream, cells move 

through capillaries as small as 3-4 μm in diameter (17, 18). Cells extravasate through 

the endothelium, and again through gaps between endothelial cells to a pre-metastatic 

niche site (19, 20). It is important to note that only a very small population of cancer 

cells can survive to this point (19). 
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Figure 2.1: Cells experience confinement in vivo during tumor progression. 

Adapted from (53).   

 

2.2.2 A physical definition of confinement 

There is a growing need to define confinement in quantitative physical terms 

due to the varying degrees of confining forces that cells can experience in vivo and 

within in vitro confinement assays. Here, we focus on cell confinement within 

microchannels as this is the basis for this work. We suggest it is the result of three main 

forces (54). First, the external force applied to the cell is hydrostatic pressure against 

the cell at any membrane area exposed to fluid. Hydrostatic pressure is determined by 

the fluid density, the gravitational pull, and the height. The density, which is an intrinsic 

property of the fluid calculated by its mass and volume, is in this case, that of the culture 

medium. The height of the seeding channels determines the pressure at the seeding 

channel to microchannel interface. The second force is the frictional force exerted on 

the cell by the microchannel walls. The frictional force is determined by the coefficient 
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of friction and the force exerted by the cell on the microchannel wall. Friction increases 

as contact pressure with wall increases (54). The third force is the contact force (or 

pressure) that is exerted on the cell by the microchannel walls.  

Currently, there are a few ways to measure these forces within confined 

microchannels. One method is microelectrode reading of intracellular pressure, which 

could be an inverse reflection of hydrostatic pressure placed on the cell (55). 

Hydrostatic pressure itself can be calculated by knowing the dimensions of the 

microchannels and the intrinsic properties of the fluid (or those can be measured in an 

unconfined, static environment). In addition, the frictional force of cells against 

polydimethylsiloxane (PDMS) microchannels functionalized with polyethylene glycol 

(PEG) can be calculated (56). Two notable studies have quantified the magnitude of 

forces exerted by cells within confinement. Upon investigation of cell traction forces 

within the microchannels, NIH-3T3 mouse fibroblasts and human osteosarcoma cells 

exert lower traction forces upon entry into 40 µm2 microchannels compared to 200 µm2 

microchannels (57). A study of macrophages within 66 µm2 microchannels showed 

that confinement does not affect the amplitude of cell forces, but rather the 

directionality of the force (58). Whereby upon entry into a more confined 

microchannel, cells redirect their forces outward against the walls of the microchannel. 

This contrasts with cells in wider channels, or more unconfined environments that 

direct the forces at the edges of the cell inwards.  

To offer a generalized definition of confinement for the purposes of in vitro 

studies, we highlight previous work where the speed of migration and nuclear 

morphology classified the environment (59). Tumor cells in environments greater than 
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70 µm2 were unrestrained in their migration and morphology. Tumor cells in 

environments ranging from 7 to 70 µm2 were impeded in their migration and altered 

their nuclear morphology. Environments below 7 µm2 arrested cell migration. We 

suggest therefore, that environments at or below 70 µm2 can be considered ‘confining’ 

and environments above are unconfined. Here, we analyze cells in microchannels 

that range from 500 µm2 in cross sectional area, to 100 µm2 channels, to channels 

that are 30 µm2. This allows us to compare unconfined, an approximate 

transitional state, and confined environments, respectively.  

 

2.3 Mechanosensing in confinement 

2.3.1 Proteins transmit forces across the cell membrane 

In the past two decades, there have been significant strides in understanding 

how cells sense mechanical forces in 2D environments, and the field is now moving 

towards understanding mechanosensing mechanisms in 3D environments (Figure 2.2). 

To attach to a 2D substrate, cells form nascent adhesions which may mature to focal 

adhesions or disassemble (60). Traction forces are generated as cells adhere to a 

substrate and contract via actomyosin interactions, thereby moving the cell forward 

(61). Traction forces are highly dependent on, or inter-linked with, actin dynamics, cell 

morphology, and cell migratory state (61), all of which may be altered by confinement. 

For example, human osteosarcoma cells decrease their traction forces as confinement 

increases, but inhibition of myosin II does not reduce cell traction forces in confinement 

as it does in unconfined spaces (57). Within PEG hydrogels, fibroblasts interrogate the 
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3D matrix via strong inward traction forces near the ends of long, slim extensions (62). 

Additionally, fibroblast adhesions to 3D matrices are much more stable over time than 

adhesions to 2D matrices (63), and 3D adhesions can be distinct from 2D adhesions in 

phosphorylation of focal adhesion kinase (FAK) (64).  

 Cancer cells in confinement can have fewer and more diffuse focal adhesions. 

Vinculin, paxillin, talin, zyxin, VASP, FAK, p130Cas, and a-actinin appear diffuse in 

human fibrosarcoma cells within 3D gels (65), while pY-paxillin appears diffuse in 

MDA-MB-231 cells within confined microchannels (66). Despite their diffuse 

appearance, these focal adhesion proteins still play a role in protrusive and matrix 

deforming activity (65), and are found in regions of curvature or edges (67), for 

instance, as cells begin to enter confinement. During these protrusive events, α4β1 

integrins can engage with paxillin to drive myosin II-mediated contractility (68). 

Increased membrane tension, as may be observed in confinement, compresses the 

lamellipodium and subsequently aligns focal adhesions in fibroblasts (69). Increased 

membrane tension also inhibits SCAR/WAVE complex recruitment and RAC 

activation, which inhibits protrusion and leading-edge signals in migrating neutrophils 

(70). Hence, although in some situations focal adhesions appear more diffuse and 

punctate in confinement, reportedly leading to lower cell traction forces, these protein 

complexes still seem to play an important role in cellular mechanosensing of the 

physical environment, albeit in a possibly different manner than the classical 2D model 

(71).  
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Figure 2.2: Cells within confinement undergo distinct structural changes yet 

contain many of the same mechanosensitive pathways as unconfined cells. 
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2.3.2 Confinement induces cytoskeletal reorganization 

Typically, a force experienced by a cell at its membrane is transmitted to the 

cell’s cytoskeleton. Physical alterations of boundaries around cells influence actin 

filaments, focal adhesions, and cell contractility (67). Carcinoma cells within 

microchannels show diffuse actin and microtubule structures that polarize to the 

leading and lagging edges of the cell (66). In confinement, cancer cells upregulate the 

CXCR2 chemokine receptor, which has been shown to control cytoskeletal remodeling 

and drive contractility (72). A well-known mechanosensitive ion channel is the Piezo1 

Ca2+ gated ion channel, which can respond to both external and internal stimuli to alter 

Ca2+ levels in the cell. Mechanical stresses induced by confinement in Chinese hamster 

ovary (CHO) and A375 metastatic melanoma cells lead to increases in intracellular 

calcium levels via increased tension activation of the Piezo1 stretch-activated cation 

channel as measured by qRT-PCR, kick starting a feed-forward signaling loop to drive 

the PDE-1-dependent suppression of protein kinase A (73) and possibly enhancing 

myosin II activity. It is important to note here that Piezo1 expression varies across 

cancer cell types and stages, potentially leading to varying roles in terms of cell 

migration behaviors. In addition, there are several other membrane ion channels that 

are mechanosensitive and drive fluxes of ions across the membrane, such as sodium 

hydrogen exchangers (NHEs) and transient receptor potential channels (TRPs), which 

we discuss in further detail in the context of our work in Chapter 5.3.  

Actin filaments work to provide the cell with a structural support system 

important in regulating cell shape, intracellular transport, and cell attachment and 

adhesion to the surrounding environment (74). The actin cytoskeleton reorganizes in 
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response to physical barriers, partially due to blocking of the membrane transport 

protein EphA2 (75), and in coordination with loss of linear, mature focal adhesions (66, 

76). Remodeling of the cytoskeleton also takes place during EMT, when cells adopt a 

more vimentin-based than keratin-based composition (77). Vimentin is critical for 

coupling to myosin to generate adhesion and traction forces (78), whereas keratin aids 

in cell-cell adhesions common in epithelial cells (79). Furthermore, accumulation of 

YAP/TAZ in the cytosol, as opposed to the nucleus, is seen in cells that have undergone 

actin remodeling during ciliogenesis (80), and in U2OS tumor cells in uni-axial 

confined microchannels (81). This sheds light on yet another possible mechanosensing 

mechanism for confined cells. 

The cytoskeletal reorganization observed in confinement can also be driven by 

protein kinase C inhibition, which was shown to attenuate migration in conjunction 

with retinoic acid (82). Additionally, organelle positioning, which may vary in 

confinement, can regulate cell behaviors. For example, nuclear position can be a key 

factor in determining when a fibroblast undergoes fast or slow migration (83). Anterior 

localization of mitochondria in confined environments, via rhoGTPase-1 trafficking on 

microtubules, ahead of the nucleus in the direction of cell migration, increases cell 

velocities and directional persistence (84). In this dissertation, we explore the role of 

the cytoskeleton in the subcellular localization of specific mRNAs in confined cells. 

2.3.3 Nuclear membrane proteins and chromatin reorganize in 

confinement 

The nucleus is a dynamic organelle, with its volume changing in response to 
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altered extracellular environments (85). Nuclei from a variety of cell types have the 

capacity to deform in an anisotropic manner in response to applied force from an atomic 

force microscope tip (86), and this anisotropic behavior was confirmed for MDA-MB-

231 cells within confining microchannels (87). Environmental radii of less than 7 μm 

seem to be the threshold for nucleus remodeling (88, 89), though this value likely 

depends on unconfined nuclear size. It is likely that nuclear deformation is a critical 

pathway for cell mechanosensing of physical confinement (12, 90). 

Lamin A/C, a protein in the nuclear lamina that supports the nuclear envelope, 

has been shown to play a critical role in the successful migration of cells in confinement 

(91). Lamin A/C overexpression has been shown to increase the degree of anisotropic 

nuclear deformation in response to an applied force, underscoring its importance in 

nuclear mechanics and response to external forces (86). Cancer cells show reduced 

lamin A/C expression compared to healthy cells, which can facilitate nuclear 

deformations. Nuclear envelope rupture due to actin bundle accumulation at areas of 

low lamin A levels causes nuclear compression or stretching (92). This compression or 

stretch leads to herniation of chromatin or double stranded DNA breaks, but the nuclear 

envelope integrity is restored by ESCRTIII, a membrane remodeling protein, rapidly 

after cells clear confinement (93, 94). This process has also been modeled extensively 

during transmigration studies (95). However, these DNA breaks can persist long after 

the cell has repaired the nuclear envelope.  

Lamins and the cytoskeleton can transmit mechanical forces between each other 

via the linker of the nucleoskeleton and cytoskeleton (LINC) complex. The LINC 

complex consists of KASH-domain proteins, which reside in the outer nuclear 
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membrane, and SUN-domain proteins, which reside in the inner nuclear membrane 

(11). KASH-domain proteins include nesprin -1, -2, -3, and -4 which each contain 

binding sites for one or two cytoskeletal elements, and SUN-domain proteins include 

the commonly expressed Sun1 and Sun2, as well as the testis-specific Sun -3, -4, and -

5. (96). Microtubules link to Dynein/Lis1, which connect to members of the LINC 

complex (nesprin to SUN to lamin A) to transmit forces across the nuclear membrane 

(97). In addition, nesprin-2 works synergistically with non-muscle myosin IIB to 

transmit forces to the nucleus (98, 99). 

Disruption of the LINC complex prohibits cells from responding to low 

magnitude vibrations, further indicating the LINC complex as a critical component of 

the cellular mechanosensing machinery (100). In line with this, transfer of strain from 

the cytoskeleton to the nucleus via the LINC complex has been shown to be essential 

for stretch-induced activation of the YAP/TAZ pathway (101). YAP/TAZ are 

consistently activated in human tumors, as they are key transcriptional regulators of 

cell proliferation and survival. Therefore, activated YAP/TAZ is associated with 

nuclear localization. Interestingly, evidence has noted that in confinement, tumor cells 

are unable to translocate YAP to the nucleus, due to cell softening (81).  

The nuclear lamina interacts with the genome via lamin associated domains, 

controlling the location and accessibility of the genome (102). In fact, lamin A/C 

deficient cells have defective gene transcription regulated by NF-κB in response to 

mechanical strain (103). In addition to lamin A/C, confinement has been shown to alter 

dynamics of chromatin associated proteins. When confined to 2 μm pores, cancer cells 

squeeze mobile proteins involved in DNA repair or nucleases out of the nucleus to 
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allow chromatin to occupy the full volume of the nucleus. Yet, mobile proteins remain 

in the nucleus when cells encounter 8 μm pores (104). Both the cytoskeleton and 

nucleoskeleton have been shown to control chromatin dynamics within the nucleus. In 

one study, confined, isotropic cells contained lower lamin A/C levels and more 

dynamic heterochromatin foci (105). Conversely, polarized, elongated cells generated 

higher stress on the nucleus, had higher lamin A/C levels, and had less dynamic 

heterochromatin foci (105). These results have been confirmed by others who have 

shown that loss of lamin A/C leads to increased chromatin dynamics (106).  

Histone acetylation patterns may also be affected by confinement. Nuclear 

levels of histone deacetylase 3 (HDAC3) were lower in cells with intermediate volume 

(3600-4800 μm3), and higher when actomyosin contractility was inhibited with 

blebbistatin (67). This higher level of nuclear HDAC3 was also shown upon application 

of a compressive force to fibroblast cells to remove acetylation marks on histone tails 

to increase the level of heterochromatin. This subjects the cell to a less transcriptionally 

active state, but one that can be reversed upon removal of a compressive force (107). 

Nuclear confinement leads to alteration of around 180 genes, including increased 

expression of histones 4 and 3 (108). In addition, lateral confinement of MCF7 cells 

can facilitate their adoption of cancer stem cell likeness, likely through the 

modifications on histone H3 (109). Disruption of chromatin structure via chromatin 

decondensation can decrease fibroblast mechanosensitivity and dampen the anisotropic 

deformation of nuclei in response to an applied force (86). The structure and 

composition of the LINC complex, nuclear lamina, and nuclear contents can be altered 

by mechanical confinement, and may subsequently alter gene expression. In this 
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dissertation, we explore the relationship between altered nuclear morphologies 

and cell cycle progression and division of cells in confined environments, as the 

nucleus is the master regulator of the cell cycle. 

 

2.4 Cellular confinement assays 

Cells experience confinement in many different environments, whether in the 

context of in vitro or in vivo assays, and to many different degrees. As a result, 

published literature varies greatly when discussing confinement, and many labs have 

distinct strategies and devices to study cell behavior in confinement. The various 

models of confined cell migration have been reviewed extensively (110, 111), but we 

focus on those of most relevance here. Hydrogels, PDMS, silicon, PEG, glass, and 

collagen are examples of the many materials applied in various confining devices (111). 

Cells can be “confined” on a 2D surface through chemical modifications of the growth 

surface or with plasma lithography (112, 113). For example, micropatterned lines of 

adhesive protein can create a 1D track upon which cells can migrate (114, 115). This 

1D system can be easily fabricated and imaged, and it is a useful technique for single 

cell studies. Additionally, fibroblast migration on 1D lines has some similarities to its 

migration in 3D substrates (114). 1D patterning techniques are most similar to the 

migration of cells along extracellular matrix protein “tracks” in vivo (116). Similarly, 

grooved substrates have been harnessed to confine cell migration through a 

phenomenon known as contact guidance (117–119). Contact guidance aligns 

cytoskeletal features parallel to the grooves in a substrate, directing cell migration along 

the grooved axis (120).  
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Many groups study confinement using microfabricated devices, including uni-

axial “sandwich” confinement (121, 122) and bi-axial confinement which is the focus 

of this work (Figure 2.3, (123–125)). One such method encourages cell migration 

through confining microchannels or nanotubes of various widths (66, 126–129). Useful 

to the study of cell mechanotransduction, these channels may be modified to measure 

forces exerted by cells or to exert forces on cells (57, 58, 130). Beyond microfluidic 

devices, confining cells within micropillar arrays can be an effective method to 

systematically control degree of confinement while simultaneously assessing cell 

behavior (131–134). Furthermore, microtracks can be created in softer materials, by 

patterning microchannels in polyacrylamide gels (135), or by fabricating collagen 

microtracks via micromolding (136) or two-photon laser microsurgery (137).  
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Figure 2.3: Microfluidic microchannels can bi-axially confine cells.  

(A) Schematic depicting design of microfluidic channels. Cells are seeded at the 

bottom inlet and encouraged to migrate through the microchannels of varying 

widths and fixed height and length (10 µm and 200 µm, respectively) by the 

addition of a chemoattractant at the topmost inlet (dark blue coloring).  

(B) Phase-contrast images of cells in microchannels of 50, 20, 10, 6, 3 µm in width.  

 

Complete 3D confinement can be achieved by encapsulating cells in 3D 

hydrogels or scaffolds, though the degree of confinement may be difficult to 

systematically control in these assays (59, 138–140). Within hydrogels, cell seeding 
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may be manipulated by external forces (141, 142) or confinement may be dynamically 

controlled, for example by light-triggered expansion of gelatin hydrogel 

microstructures (143). Cells may also be confined within spheroids, where they 

experience increased cell-cell interactions and confinement due to greater intercellular 

pressures (144). Lastly, cells are confined as they intravasate and extravasate into or 

out of the vasculature, and numerous groups have modeled transmigration in this facet, 

usually either through Boyden chambers or cell monolayers (145–148). While these 

assays do not fully confine the entire cell at once, they do present in vivo-like 

constrictive environments through which the cell body, and its nucleus, must squeeze. 

Regardless of the confining mechanism used, mechanical confinement has the potential 

to drastically alter cell behavior when compared to traditional 2D culture. Indeed, in 

this dissertation, we find that mechanical confinement alters tumor cell cycle 

progression, global mRNA translation, and subcellular mRNA localization in 

cells.  

 

2.5 Effect of confinement on cell behaviors 

2.5.1 Migration 

The classical model of haptokinetic cell migration occurs in three steps: 

extension of the leading edge lamellipodium, attachment to the surface, and contraction 

of the rear (149). Small GTPases are critical in the first two steps, where Rac1 

encourages actin branching via recruitment of Arp2/3 at the leading edge, then RhoA 

facilitates integrin driven nascent adhesion association with the actomyosin 
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cytoskeleton in step two (150). Myosin II mediated contractility drives the retraction 

of the rear. We note that numerous cell types can utilize varying migratory mechanisms 

(e.g. macrophages, which can also utilize an ameboid blebbing mechanism), and this 

classical model presented above aligns mainly with mesenchymal cells, with a 

particular focus and relevance to cancer cells that have undergone EMT and adopted 

an invasive phenotype.  

Of note, nuclear passage into a pore is widely regarded as the rate limiting step 

in migration through confinement, likely because the nucleus is significantly stiffer 

than the surrounding cytoplasm and other organelles (151). Lamin A/C is critical for 

successful confined migration, and the expression level of lamin A/C can influence the 

migration rate of cells through small pores. For example, overexpression or knockout 

of lamin A/C reduces cell migration rate, but a moderate knockdown of lamin A/C 

expression increases the migration rate of fibroblasts and tumor cells (88, 91, 152). 

Furthermore, migration is arrested in tumor cells, T cells, and neutrophils during 

migration through pores that are less than 10% of the size of their nuclear cross-section 

(59). Hence, nuclear deformability, nuclear morphology, and lamin A/C expression are 

all critical components in determining cell migration response in confined 

environments. 

 Cells are able to use a variety of mechanisms to move in confinement, including 

actomyosin contractility (53, 59, 68, 135, 153), water permeation through aquaporins 

(154) or asymmetric hydraulic pressure gradients (155), a nuclear piston-based 

mechanism (156), and nuclear rupture to promote squeezing through confined spaces 

(93). Meanwhile, recent reports have revealed new mechanistic insights. Breast 
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carcinoma cells use contact guidance via myosin IIA and B within microchannels (120) 

or in 3D aligned collagen matrices, which induce lamellipodia along with focal 

adhesions, to grow parallel to the direction of fiber alignment (116, 157). Smaller, less 

elongated, and constrained focal adhesions correlate to non-aligned actin fibers, leading 

to frequent retraction of protrusions and decreased cell polarization (116). Interestingly, 

myosin IIA shRNA treatment has only a modest effect on the time required for MDA-

MB-231 cells to squeeze their nuclei through 5 μm pores in a 3D invasion device (98). 

In contrast, myosin IIB shRNA treatment dramatically increases nuclear transit time 

through these pores. Hence, MDA-MB-231 cells use non-muscle myosin IIA as the 

primary force generation during active protrusion at the periphery, but use non-muscle 

myosin IIB as the primary force generator to move the nucleus through small pores 

through its perinuclear localization (98). Specifically, non-muscle myosin IIB links to 

nesprin-2 which traverses the nuclear membrane, then binding to Sun-1/2 in the inner 

nuclear membrane. This stimulates nuclear deformation, in a mechanism unique to 

mesenchymal-type migration (98).  

Actin can be a key player in confined cancer cell migration. For example, 

carcinosarcoma cells use actin cortex flow to expand their ECM and use frictional force 

to migrate in confinement (158). Cells can mobilize Girdin, a prometastatic actin 

binding protein also involved in cell polarity, to aid in persistent directional cell 

migration in 3D confined collagen matrices with microtracks (159). More results have 

demonstrated a direct link between nesprin-2 and actin via fascin to aid in nuclear 

deformation as cells enter confined microenvironments (160). Fascin is important in 

regulating F-actin bundling, stability, or localization. Meanwhile, several types of 
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tumor cells can migrate in confined PDMS-based microchannels even when actin 

polymerization or myosin II is pharmacologically inhibited (66, 154), and this result 

can be explained by an “osmotic engine” model of cell migration (154). Interestingly, 

though, cancer cells still require actin polymerization to migrate through collagen 

microtracks (161), which are porous and orders of magnitude more compliant than 

PDMS, and therefore may not be sufficient to induce osmotic pressures in the cell. 

Hence, cell migration experiments must be carefully interpreted and considered within 

the context of the cell models and specific microenvironment. 

In addition to cytoskeletal elements, the nucleus can be an important contributor 

to efficient confined cancer cell migration. Fibroblasts can migrate in confinement via 

the use of a nuclear piston mechanism to generate varying pressure gradients (156), 

which can activate mechanosensitive ion channels to facilitate extension and 

propulsion (162). A follow-up study showed that, in fibrosarcoma cells, this migration 

mechanism is initiated by inhibition of MMP, potentially suggesting that the cell uses 

a single migration mechanism at a time (163). The higher pressure at the leading edge 

of the cell is derived from actomyosin contractility mechanisms, in which nesprin-3 (a 

LINC complex protein) exerts force on the nucleus to pull it forward (163).  

While the reports above have noticed that cancer cells can migrate through 

confinement independent of MMPs, a new mechanism of cancer cell migration in 

confinement shows that confinement can trigger membrane type 1-MMP (MT1-MMP) 

endosomes to traffic along microtubules to the anterior of the nucleus, thereby enabling 

the cell to move forward. Dyenin-Lis1 in the LINC complex directly couple to the 

microtubule centrosome complex to direct MT1-MMP endosomes towards the leading 
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edge of the cell (97). As more research is published showing new mechanisms for cell 

migration in confinement, it seems that cells have a range of mechanisms at their 

disposal (Figure 2.4). Moving forward, it will be critical to identify specifically what 

aspects of the microenvironment push cells towards a specific migration mechanism, 

the degree to which cells can switch back and forth between these mechanisms, and 

why the mechanisms are cell-type dependent. This dissertation provides evidence 

that the mechanical activity of the cells directs the migratory mechanism that cells 

utilize in confined environments.  

 

 

Figure 2.4: Tumor cells in confinement can employ a variety of mechanisms to 

migrate. 

 

2.5.2 Metastatic potential and invasiveness 

Invasiveness, or the ability to permeate confined spaces, is another critical 

property of both cancer and stem cells. We chose not to describe phenotypic changes 

in cells transmigrating through an endothelium, but rather we describe the effects of 
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longer, sustained confining forces. Confinement alone can encourage cells to undergo 

EMT. Pre-EMT MCF10A cells in narrow channels display a rise in EMT markers when 

compared to wide channels. These EMT markers include a loss of E-cadherin 

membrane localization, an increase in vimentin expression, and cytoplasmic 

localization of β-catenin (51). In addition, cells in narrow channels undergoing 

collective cell migration lose their cell-cell junctions, which is speculated to be a result 

of the stronger cell-ECM adhesions at the channel wall, leaving the cell-cell junctions 

susceptible to degradation (164). This response is controlled via cell polarization 

through microtubules. When microtubules are inhibited, epithelial cells lose their 

sensitivity to confinement and do not undergo EMT (51). 

Cancer cells are able to negate contact-inhibition and migrate around other cells 

on narrow micropatterned fibrillar structures, where they would normally retract from 

cell-cell contact. This increase in migratory behavior is driven by an overexpression of 

metastatic genes, namely TGF-β and ErbB2, and a reduction in E-cadherin and PARD3 

expression (165). Confinement can be more important than stiffness in determining 

how cells invade into surrounding 3D collagen matrices (166) and which migration 

mechanism they use (167). As mentioned above, metastatic outgrowth through cell 

invasion can occur through collective invasion or single cell invasion. Metastatic breast 

cancer cells can be encouraged to become leader cells through mechanical 

compression, resulting in changes to the cytoskeletal structure and an increase in focal 

adhesions (168). Similarly, non-muscle myosin (NMM) -IIA and –IIB have been 

shown to play differential roles in cancer cell invasion, with NMMIIA facilitating cell 

protrusion and NMMIIB facilitating nuclear translocation through small pores (98). 



 

 

31 
 

Confinement within the ECM can inhibit the number of cancer stem cells (CSCs) and 

their scattering from a cancer cell mass (169). However, this inhibition may be 

overcome by increased CSC motility or increased proteolysis (169). Meanwhile, 

intravital imaging is revealing that tumor cell metastasis likely involves invasion 

plasticity between collective groups of cells and single cell release (170). 

2.5.3 Cell cycle, division, and proliferation 

Circulating tumor cells become mitotic during late stage aggressive cancers, 

which correlates to poor patient prognosis (171). In addition, arrested metastatic tumor 

cells in the bloodstream can proliferate within the vasculature and form secondary 

tumors (172). However, in vitro analysis has shown that confinement has profound 

effects on cell cycle progression and proliferation specifically by delaying mitosis in 

healthy and cancer cells (129), and reduces proliferation of hematopoietic stem and 

progenitor cells (173). The nucleus is the master regulator of cell division, and nuclear 

shape and organization are critical regulators of cell division. Reportedly, 8 μm in 

diameter is the critical threshold for nuclear remodeling to occur in confinement 

(though this likely depends on cell type and nuclear size), and in glass tubes of 8 μm 

diameter, division and proliferation of osteosarcoma cells is inhibited (174). 

Confinement within a 3D spheroid forces nuclear elongation and as a result, delays cell 

division (175). 

In Chapter 3, we show that sarcoma cells are halted in the S/G2/M stage of the 

cell cycle while in bi-axial confinement, reducing the number of cell divisions (176), 

and this has been supported by numerous reports from other labs (177–179). In single 

dimension confinement, HeLa cells specifically arrest in the M stage due to the inability 
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to correctly position the mitotic spindle during mitosis (179). In Chapter 3, we show 

that once cells exit confinement, they are able to improve division frequency, but not 

to the point where they recover frequency of division on 2D substrates where they were 

never confined (176). It is important to note that confinement reduces but does not 

eliminate cell divisions, and reports from others, as well as our work in Chapter 3, show 

that division in confinement results in an increase in abnormal daughter cell geometries, 

including multinucleated tumor cells and division into more than two daughter cells 

(176, 179, 180). These behaviors are relevant because single multinucleated sarcoma 

cells can form solid tumors significantly more often than mononucleated cells most 

likely through their enhanced clonogenic and asymmetric division capabilities. In 

addition, they are also more resistant to the chemotherapeutic agent, doxorubicin (181). 

During mitosis, cells “round up” by increasing their surface area to volume 

ratio, through the formation of a cytokinetic actin ring. This mediates proper spindle 

assembly and positioning, which has been shown to positively influence correct 

daughter cell formation during mitosis (182–184). Disruption of actin can cause arrest 

in every cell cycle stage. Actin is involved in cyclin regulation and control which is 

critical in cell cycle progression (185). During mitosis, actin binding proteins link the 

centrosome to F-actin monomers to direct centrosome separation. In fact, treatment 

with latrunculin, which blocks F-actin assembly, prevents centrosome separation, and 

as a result, the spindle cannot be assembled (179). It has been proposed that F-actin can 

regulate spindle lengthening and shortening, suggesting a synergistic energy of mitotic 

spindle assembly and regulation (186). However, previous reports that treated cells 
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with latrunculin saw major effects during cytokinesis, not during mitotic rounding, 

suggesting that actin is primarily needed for cytokinesis (179).  

During cytokinesis, the actin contractile ring forms in the cleavage furrow and 

provides the force needed to separate the two daughter cells (187). The contractile ring 

forms in the specified location due to feedback signals from the separated spindles. The 

spindle poles transmit Rho-GTPase regulators to the cleavage furrow to activate Rho, 

leading to contractile ring formation (188). There are contrasting reports that the mitotic 

spindle poles both activate and silence relaxation at the cleavage furrow, stimulating 

contraction. Recruitment of myosin II to the cleavage furrow generates the necessary 

intracellular pressure, counteracting the force against the cell (189). While myosin II 

may be able to resist the force of confinement, cytokinetic actin rings in non-spherical 

mitotic cells, as seen in high degrees of confinement, may be unstable and tenaciously 

tethered to the mitotic spindle (190).  

In mitosis, microtubules are responsible for attaching to the kinetochores of the 

chromosomes (191), aiding in initial spindle positioning and force generation to move 

the centrosomes apart, reaching to the cell cortex to promote rounding (192), and 

packing the space between the centrosomes and the chromosomes to provide the force 

needed to keep the chromosomes in alignment as the kinetochore microtubules retract 

to separate the chromosomes (193). It seems that microtubules are limited in their 

growth length, which is why rounding occurs, allowing microtubules to correctly reach 

the chromosomes. However, during cell flattening, the microtubules are unable to fully 

cover the length of the cell and therefore, incorrect chromosome capture occurs (179). 

During cytokinesis, microtubules specify the location for the cleavage furrow by 
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transporting signals and proteins. Hence, through disruptions to the nucleus and the 

cytoskeleton, physical confinement can place significant restrictions on 

mechanisms regulating the cell cycle and cell division events, which we show here 

in Chapter 3. 

2.5.4 Metabolism 

Recent studies have begun to investigate the role of cancer cell metabolism and 

energy requirements in confined environments, as metabolic reprogramming is a key 

change observed in cancer cells. MDA-MB-231 cells in unconfined environments use 

ATP for a wide variety of cellular functions, but primarily cell growth (194). While it 

is not known exactly what cellular behaviors are altered metabolically in confinement, 

cellular energy consumption patterns change. In dense collagen matrices, where cells 

must overcome physical barriers or even remodel to move, cells utilize more energy as 

compared to cells on aligned collagen matrices, while migrating slower (195). 

Advancing these studies, investigation of MDA-MB-231 collectively invading stands 

showed that leader cells utilize significant more energy than follower cells as they 

indent into and remodel the matrix (196). However, after sufficient energy depletion, 

the leader cells can be replaced by a follower cell with a higher energy level. This 

evidence of collective invasion as a dynamic process controlled by the energetic 

outputs of the leader and follower cells could support two novel ideas about cell 

behavior in confinement. First, cells may coordinate their energy outputs as a 

mechanism for migration in confined environments, and second, that cells may be able 

to modulate their energy requirements to focus on specific functions in different 

environments. 
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2.5.5 Gene and protein expression 

Ultimately, the phenotypic changes in cell behavior can usually be traced back 

to changes in gene and protein expression. Although we touched on this in previous 

sections, we highlight some findings here. On 2D surfaces, cells are able to control 

gene expression via spatial control of regulatory proteins (197), and studies are 

investigating if the same effect could be occurring in confinement. Constricted 

migration increases DNA damage and repair, as shown by an increased amount of γ-

H2AX foci and the presence of nuclear blebs (198). DNA damage can potentially lead 

to aberrations in gene expression. HeLa cells exhibit altered gene expression of histones 

H4 and H3 in response to vertical confinement (108). Meanwhile, cancer cells that 

display high amounts of heterochromatin have a more difficult time entering and 

migrating through confinement (89). In general, deformation of the nucleus can 

subsequently alter gene expression. For example, force on the nucleus can open nuclear 

pores to YAP/TAZ entry (199).  

There are still several key areas that need to be explored in greater detail, in 

particular, those that link mechanosensing mechanisms and cell behaviors. For 

example, there are some studies on mechanosensing of confinement (73, 200), and 

many others investigating the effect of confinement on a particular cell behavior. 

However, there is still a need to link these two areas in greater depth. Merely knowing 

the behavior without its mechanism or knowing the mechanism without its impact is 

typically not enough to significantly improve therapeutic outcomes. Due to the 

pervasive nature of mechanical confinement in vivo, it is critical to understand how and 

why confinement alters cell behaviors. Here, we address this gap in knowledge by 
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exploring the effects of physically confining forces on cancer cell growth and 

migration mechanisms in relation to the mechanical state of the cell.  
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Chapter 3: Physical confinement alters sarcoma cell cycle 

progression and division2 

3.1 Introduction 

Cell growth and behavior have been shown to be dictated not only by soluble 

and matrix-bound biochemical cues, but also by the physical microenvironment, which 

includes factors such as matrix rigidity, shear stress, topography, and confinement (201, 

202). Initial studies sought to understand primarily the first three cues, but technical 

advances in microfabrication techniques and biomaterial synthesis have enabled 

insights into the impact of physical confinement on cell behavior within the last decade. 

Tumor cells experience confinement within the primary tumor, due to cell crowding 

caused by increased growth rates of cancer cells, and during metastasis, as tumor cells 

circulate through the blood stream within capillaries as small as 5 μm in diameter, 

intravasate or extravasate into or out of blood vessels, and migrate along anatomic 

features such as muscle and nerve fibers (53, 203). Intriguingly, molecular mechanisms 

driving cell behavior can be altered in response to physical confinement. For example, 

some cell types migrating through three-dimensional physical confinement primarily 

use mechanisms driven by actomyosin contractility (59, 68, 204, 205), but other cell 

types can employ a migration mechanism based on water permeation through 

aquaporins (154), a nuclear piston-based mechanism for migration in a 3D matrix 

(156), a mechanism based on asymmetric hydraulic pressure where cells can “push” 

 
2 Adapted from Moriarty, RA and KM Stroka. “Physical confinement alters sarcoma 
cell cycle progression and division.” Cell Cycle (2018), 17 (19-20): 2360-2373. 
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water during migration in microchannels (206), and a mechanism whereby the cell’s 

nucleus ruptures to promote squeezing through confined spaces (207). 

Within confinement, the nucleus has been demonstrated to be the rate limiting 

step for cell migration (88, 208), where altered nuclear shape and structure might also 

cause altered nuclear function. Indeed, the nucleus is responsible for regulating cell 

growth, replication, and ultimately division through various signaling cascades (209–

215). Nuclear shape throughout cell division is an important regulator of cell cycle 

progression. The cell and nucleus enlarge during G1 to provide adequate room for DNA 

synthesis to occur in the nucleus during S stage, and the nucleus prepares for mitosis 

during G2, where the nucleus controls chromatid formation and correct alignment for 

daughter cell formation (216). The main cytoskeletal elements involved in cell division 

are microtubules, which control mitotic spindle formation within the nucleus and pull 

respective chromatin into separate areas of the cell to create identical daughter cells, 

and cortical actin, which drives cell rounding. During cell division, cell rounding is an 

important step to allow for proper spindle assembly and positioning and subsequently, 

correct daughter cell formation (182, 184, 216).  

Given the critical role of nuclear shape and mechanics in cell division, we 

hypothesized that physical confinement of the cell body, and also the cell’s nucleus, 

would alter cell cycle progression. Indeed, recent reports have shown that confinement 

in a 3D spheroid alters nucleus geometry and delays cell division (175), and that 

imposing confining forces on cells in the vertical direction impairs mitotic spindle 

rounding, results in abnormal daughter geometries, and can promote division into more 

than two progeny (179, 180). Meanwhile, the effects of bi-axial cell confinement 
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should also be investigated, since intravital microscopy recently revealed that 

metastatic tumor cells migrate through small (1-30 μm) spaces in vivo, including 

through preexisting longitudinal microtracks in tissues (15, 16). Hence, in this Chapter, 

we sought to understand the effects of bi-axial physical confinement on cell cycle 

progression and ultimately, division, using microfabricated devices with microchannels 

of defined geometry and varying cross-sectional area. Using a sarcoma cell line stably 

transfected with the fluorescence ubiquitination cell cycle indictor (FUCCI), we could 

visually distinguish cells between G1 and S/G2/M stages of the cell cycle and found 

that in the most confining microchannels, progression through the S/G2/M stage (but 

not G1) was delayed or halted. Together, our results in this Chapter suggest that as 

tumor cells migrate through physically confining spaces, cell division may either (1) 

be halted until the cell enters a less restrictive space, or (2) proceed but result in more 

frequent instances of abnormal division events that could lead to secondary tumor 

formation. 

 

3.2 Results 

3.2.1 Physical confinement decreases sarcoma cell divisions and restricts 

cleavage furrow angle 

Given the physiological role of physical confinement in multiple stages of 

tumor progression, we first evaluated the effects of bi-axial confinement on the fraction 

of sarcoma cells that divided over the course of 18 hours, which is significantly longer 

than the 13-hour cell cycle length of these cells. We used two assays: (1) cells seeded 
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on fibronectin-coated glass-bottom dishes, which served as a two-dimensional (2D) 

control (Figure 3.1A), and (2) cells seeded in a microfluidic device containing 

fibronectin-coated microchannels of 10 µm in height and varying width (3, 6, 10, 20, 

and 50 µm) (Figure 3.1B). We note that cells in 3 and 6 µm narrow microchannels are 

‘confined’ while cells in 10, 20, and 50 µm wide microchannels are ‘unconfined’. A 

chemotactic gradient was initially set up within the microfluidic device to promote cell 

migration into the microchannels. After 24 hours, the gradient was removed and 

replaced with media containing full serum (Figure 3.1B) to reduce cell migration 

persistence and increase cells’ time spent in channels. Cells divided within the 

microchannels of all widths, as demonstrated by imaging via phase contrast 

microscopy, with the morphology of cells during division in the widest 50 µm channels 

resembling that on 2D surfaces (Figure 3.1C). However, the fraction of cells that 

divided within all microchannel widths was significantly reduced in comparison with 

the 2D substrates (Figure 3.1D and Appendix Table 1).  In addition, the fraction of cells 

dividing in higher degrees of confinement (3 µm narrow channels) was significantly 

lower in comparison with wider 10, 20, 50 µm channels (Figure 3.1D and Appendix 

Table 1).  

Taking into account the abnormal cell divisions previously reported in cells that 

were confined in the z-direction (179), we broke down the division events in 

confinement. Cells in the 3 and 6 µm narrow channels experienced more abnormal 

division events than cells in the 10, 20, and 50 µm wide, unconfined channels (Figure 

3.1E). Cells in the 3 and 6 µm narrow channels showed evidence of a distinct cleavage 

furrow and two individual daughter cells, but in some cells, the two daughter cells fused 
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together to create one multi-nucleated cell in the G1 phase (Appendix Movies 1 and 2). 

Furthermore, both 3 and 6 µm narrow channels contained cells dividing with a distinct 

cleavage furrow but with two daughter cells that immediately died upon completion of 

cytokinesis in the channels. In addition, some cells in the 6 µm narrow channels divided 

into 3 individual daughter cells (Appendix Movie 3). These are all in comparison to 

cells in the 10, 20, and 50 µm wide, unconfined channels that displayed a majority of 

normal divisions (Appendix Movie 4) and very few abnormal divisions (Figure 3.1E). 

Increasing confinement also restricted the angle of division, where cells in 3 and 6 µm 

narrow, confined channels were forced to divide with a cleavage furrow angle at 90 

degrees with respect to the length of the microchannel, while cells in wider channels 

were free to divide in any direction (Figure 3.1F). Indeed, quantification of these results 

showed a significantly larger spread of cleavage furrow angles on 2D substrates and in 

wider microchannels, while cleavage furrow angles in narrower channels were limited 

to around 90 degrees (Figure 3.1G). Histograms demonstrated a relatively even 

distribution of all cleavage furrow angles in cells dividing in 2D control experiments, 

and cleavage furrow angle distributions centered about 90 degrees for cells dividing in 

microchannels, with the distribution width decreasing with increasing confinement 

(Figure 3.1H). 
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Figure 3.1: Cell divisions decrease in confinement. 

Schematic of (A) 2D controls and (B) microchannel confinement devices. (C) 

Representative phase contrast images of cells dividing on 2D substrates, as well in 

50, 20, 10, 6, and 3 µm wide microchannels. Scale bar for image showing 2D 

control represents 10 µm. (D) Effects of channel width on fraction of cells that 

divided, including normal and abnormal divisions. Bars that do not share a letter 
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are statistically different. (E) Breakdown of cell division events in all channel 

widths. (F) Representative image of quantification method for angle of cell 

division in 50 µm wide and 3 µm narrow devices, where x-axis is parallel to axis 

of channel. (G) Effect of channel width on angle of cell divisions. Each point 

represents one cell. (H) Gaussian curve fits to histograms of angle of division. Cell 

counts and full statistical comparisons for panel D are displayed in Appendix 

Table 1. Error bars represent standard error (D) and standard deviation (G).  

 

3.2.2 Physical confinement alters cell and nuclear morphology during the 

cell cycle 

We sought to determine why confinement reduced the fraction of sarcoma cells 

that divided, and we hypothesized that cell and/or nuclear morphology and deformation 

were playing a role. Taking advantage of the FUCCI system that allows for visual 

distinction of cells in the G1 versus S/G2/M stage (Figure 3.2A), we further evaluated 

the effects of confinement on sarcoma cell division. First, we confirmed that cells 

indeed expressed Cdt1-RFP during the G1 phase of the cell cycle, fluoresced yellow 

during transition from G1 to S/G2/M (co-expression of RFP and GFP), expressed 

geminin-GFP during the S/G2/M phase, and turned colorless while undergoing mitosis 

(Figure 3.2A). Using phase contrast images in conjunction with the FUCCI images, we 

outlined both the cells and their nuclei (Fig. 2B) and quantified morphology parameters 

of each, as described in the Materials and Methods section. Cell area (Figure 3.2C) 

decreased in all degrees of confinement as compared to cells in 2D unconfined controls 
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(Figure 3.2D and Appendix Table 2). The area of G1 stage cells was mostly similar 

across channel widths, while the area of S/G2/M stage cells decreased with increasing 

confinement (Figure 3.2D and Appendix Table 2). Interestingly, cells in the G1 phase 

had smaller areas than those in the S/G2/M stage, except for the case of the 3 µm narrow 

channels, where the trend was opposite (Figure 3.2D and Appendix Table 2). We 

expected cells in the S/G2/M stage to have replicated their DNA content and also 

enlarged to prepare for mitosis, which is consistent with our results in channels ≥6 µm 

in width, but the data also suggested that the highest degrees of bi-axial confinement 

(i.e., 3 µm narrow channels) could have a growth limiting effect on cells preparing for 

division. Nuclear area (red fluorescence in Figure 3.2C) in the G1 stage was not 

significantly different across the range of channel widths (Figure 3.2E and Appendix 

Table 2). Meanwhile, nuclear area in the S/G2/M stage displayed a biphasic trend 

across channel widths (Figure 3.2E and Appendix Table 2). Similar to cell area, cells 

in the G1 phase had smaller nuclear areas than those in the S/G2/M stage, except for 

the case of the 3 µm narrow channels, where the trend was opposite (Figure 3.2E and 

Appendix Table 2). 

We also quantified the cellular aspect ratio (Figure 3.2F), where an aspect ratio 

of 1 correlated with a highly circular cell, and aspect ratios >1 tended towards more 

elongated cells. Most notably, the aspect ratio of cells in both G1 and S/G2/M increased 

as channel width decreased (Figure 3.2G and Appendix Table 2). Nuclear aspect ratio 

trends also matched those of the cells themselves, where nuclear aspect ratio increased 

with decreasing channel width (Figure 3.2H and Appendix Table 2). Breaking down 

nuclear morphology further, we compared the major and minor axis lengths of the 
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nucleus fit to an ellipse (Figure 3.2I). In both the G1 and S/G2/M stages, the major axis 

of the nuclear ellipse decreased as channel width increased, while the minor axis 

increased as channel width increased (Figure 3.2J,K and Appendix Table 3). It seems 

that once the nucleus becomes confined (3 and 6 μm narrow, confining channels; Figure 

3.2B) the cell experiences a growth constraining force that impacts the S/G2/M stage.  
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Figure 3.2: Cell and nuclear morphologies are altered in confinement. 

(A) Schematic depicting FUCCI reporter construct design and corresponding 

fluorescent expressions to cell cycle stages. Scale bar for images showing FUCCI 

progression represents 10 µm. (B) Representative images of cell morphology in 

various channel widths. Fluorescent images showing FUCCI expression were 

overlaid on the phase contrast images, and white dotted lines were added to 

improve visualization of cell outlines. (C) Image demonstrating area calculation. 

White dotted outline represents manual tracing of cell border, while red 

fluorescence from FUCCI expression was used to calculate nuclear area. (D) Cell 

area and (E) nuclear area as a function of channel width. (F) Image demonstrating 

aspect ratio calculation. (G)  Cell aspect ratio and (H) nuclear aspect ratio as 

function of channel width. (I) Image demonstrating determination of nuclear 

major and minor length. (J) Major and minor axes of nuclei in G1 stage and (K) 

S/G2/M stage as a function of channel width. Cell counts and full statistical 

comparisons are displayed in Appendix Table 2 (for panels D, E, G, and H) and 

Appendix Table 3 (for panels J and K). Error bars represent standard error.   

 

3.2.3 Physical confinement alters sarcoma cell migration during the cell 

cycle 

Next, we aimed to understand if migration through confinement could be 

playing a role in the reduced division frequency in confinement, possibly through 

alteration of time spent in the channels. Previous studies by us and others have shown 
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that tumor cells display novel mechanisms of migration through confined spaces (59, 

68, 154, 156, 204–207), and that there are cell cycle stage dependent differences along 

3D collagen fibers (217). Using a combination of phase contrast and fluorescence 

timelapse imaging, we tracked cells migrating through the microchannels in our 

fabricated devices (Figure 3.3A), and then quantified cell speed (Figure 3.3B) and 

persistence (Figure 3.3C). For cells in the G1 phase, cell speed in all microchannel 

widths was significantly greater than cell speed in 2D controls (Figure 3.3B and 

Appendix Table 4). For cells in the S/G2/M phase, cell speed in wider, unconfined 

channels (10, 20, 50 µm) was significantly larger than cell speed in 2D controls, while 

cell speed in narrow channels (3, 6 µm) was not significantly different from 2D controls 

(Figure 3.3B and Appendix Table 4). Cell speed in G1 and S/G2/M phases generally 

decreased with increasing confinement, though there was a slight statistically 

significant biphasic behavior in the G1 phase across channel widths (Figure 3.3B and 

Appendix Table 4). Interestingly, cells in 2D controls had similar speeds in G1 and 

S/G2/M phases, while all cells in all microchannel widths were significantly faster in 

the G1 phase in comparison with the S/G2/M phase (Figure 3.3B and Appendix Table 

4). In both G1 and S/G2/M phases, the persistence of migrating cells increased with 

confinement from 2D controls to 10 µm wide microchannels and then remained the 

same between 10, 6, and 3 µm narrow, confined channels (Figure 3.3C and Appendix 

Table 4). Hence, while migration speed was dependent on microchannel width, reduced 

cell division in narrower channels cannot be attributed to the cells spending less time 

in the channels, since the cells did not migrate faster in these channels. 
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Figure 3.3: Cell migration is altered in confinement. 

(A) Representative images of cells in G1 and S/G2/M stages migrating through 6 

µm wide channels. (B) Cell speed and (C) persistence as a function of channel 

width. Cell counts and full statistical comparisons for panels B and C are 

displayed in Appendix Table 4. Error bars represent standard error. 

 

3.2.4 Confinement increases time spent in the S/G2/M phase of the cell 

cycle 

Considering the results from the morphological and migration analysis, we 

hypothesized that physical confinement (i.e., 3 and 6 µm narrow channels) impacts the 

S/G2/M stage of the cell cycle, possibly by preventing cell division or lengthening time 

spent in S/G2/M. To probe this idea further, we compared the time that cells spent in 

G1 versus S/G2/M stages of the cell cycle in the varying channel widths. In line with 
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our hypothesis, the time that cells spent in the G1 stage of the cell cycle was 

independent of degree of confinement (Figure 3.4A and Appendix Table 5). However, 

the time that cells spent in the S/G2/M stage drastically increased as channel width 

decreased (Figure 3.4A and Appendix Table 5). Cells in the 3 and 6 µm narrow 

channels spent more than double the time in the S/G2/M stage than cells in 10, 20, 50 

µm wide channels and cells in 2D controls, with most cells still in the S/G2/M phase 

by the end of the timelapse experiment. Indeed, within the microchannels, fraction of 

cell division (from Figure 3.1D) seemed to correlate with the average time cells spent 

in channels (Fig. 4B). In line with this, the cumulative fraction of cells that successfully 

transitioned from the G1 to S/G2/M phase was similar across channel widths (Figure 

3.4C), while the cumulative fraction of cells that divided decreased with decreasing 

channel width (Figure 3.4D). Hence, time spent in the G1 phase remained unaffected 

by confinement, while the S/G2/M stage was primarily affected, thus supporting our 

hypothesis that confinement decreases the fraction of cells that divide by altering the 

S/G2/M stage of the cell cycle.  
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Figure 3.4: Confinement lengthens time spent in S/G2/M, but not G1, stage of cell 

cycle. 

(A) The amount of time that cells spend in G1 stage in confinement as a function 

of channel width. Upward pointing arrows above bars for 3 and 6 µm narrow 

channels for S/G2/M stage indicate that the actual values extend longer than the 

length of the timelapse. The values for the bars shown were calculated using the 

last frame of the time lapse as the end of the S/G2/M phase and therefore 

underestimate the actual length of the S/G2/M phase. (B) The fraction of cells that 

divide (also shown in Fig. 1D) versus the average amount of time that cells spent 

in various channel widths. Data point labels indicate microchannel width. (C) 

Cumulative fraction of cells that progress from G1 stage to S/G2/M stage over 

time for varying channel widths. Only cells that transitioned from G1 to S/G2/M 
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over the course of the timelapse were counted in the fraction denominator. (D) 

Cumulative fraction of cells that divide over time for varying channel widths. Only 

cells that entered the channel over the course of the timelapse were counted in the 

fraction denominator. Cell counts and full statistical comparisons for panel A are 

displayed in Appendix Table 5. Error bars represent standard error.  

 

3.2.5 Some effects of confinement disappear upon cell exit from 

confinement  

 We sought to understand the degree to which confinement affected cells after 

they had migrated through the microchannels and returned to an unconfined 

environment. Therefore, we tracked and analyzed cells in the upper region of the device 

and compared them to cells in the microchannels (Figure 3.5A). We found that cells 

post-confinement divided less frequently than cells in 2D unconfined controls, but 

more frequently than cells in confinement (Figure 3.5B and Appendix Table 6). Cells 

post-confinement spent similar amounts of time in each stage of the cell cycle as 

compared to cells in 2D controls (Figure 3.5C and Appendix Table 7), suggesting that 

the effects of high degrees of confinement in lengthening the S/G2/M phase of the cell 

cycle were reversed upon exit from confinement. Cells post-confinement were larger 

than cells in confinement for all microchannel widths and for both stages of the cell 

cycle but were still smaller on average than cells in the 2D controls for the 

corresponding cell cycle stage, which could contribute to the reduced divisions post-

confinement (Figure 3.5D and Appendix Table 8). Interestingly, nuclear area of cells 

post-confinement was smaller than that of cells in confinement, and also significantly 
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smaller than 2D controls for the S/G2/M stage cells (Figure 3.5E and Appendix Table 

8). Finally, the cell (Figure 3.5F) and nuclear (Figure 3.5G) aspect ratios, and the cell 

speed (Figure 3.5H) and persistence (Figure 3.5I) mostly were similar to 2D unconfined 

control values when the cells were post-confinement (Appendix Tables 8 and 9). Based 

on these results, it seems that confinement has a transient effect on cell migration and 

the time regulation of the cell cycle stages. However, traveling through confinement 

may have a lasting effect on cellular ability to divide and morphological area, at least 

over a 16-hour time window.  
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Figure 3.5: Some effects of confinement disappear upon cell exit from 

confinement. 

(A) Representative schematic of cells in confinement versus cells post-

confinement. Cells were observed post-confinement for up to 16 hours. Scale bar 

on post-confinement image represents 20 µm. (B) Comparison of fraction of cells 

dividing as a function of channel width during and post-confinement. (C) Time 

spent in G1 and S/G2/M stages of the cell cycle as a function of channel width, 

during and post-confinement. (D) Cell area and (E) nuclear area as a function of 

channel width during and post-confinement. (F) Cell aspect ratio and (G) nuclear 

aspect ratio as a function of channel width during and post-confinement. (H) Cell 

speed and (I) cell persistence as a function of channel width during and post-

confinement. Cell counts and full statistical comparisons are displayed in 

Appendix Tables 6 (for panel B), Appendix Table 7 (for panel C), Appendix Table 

8 (for panels D-G), and Appendix Table 9 (for panels H-I). Error bars represent 

standard error. 

 

3.3 Discussion 

There has been a growing appreciation in the field of cancer metastasis and cell 

mechanobiology for the role of physical confinement in many aspects of tumor cell 

behavior, including cell division. Furthermore, it is becoming evident that tumor cells 

must navigate heterogenous microenvironments during metastasis, including 
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microchannels that impose bi-axial physical confinement on the cell body and nucleus 

(15, 16). Hence, in this work, we sought to understand how systematic control of bi-

axial confinement in a microchannel device impacts cancer cell cycle progression. Our 

work, using cells derived from mouse sarcoma tissue in combination with the FUCCI 

reporter system, indicates that bi-axial physical confinement: (1) reduces frequency of 

cell division; (2) increases frequency of abnormal division events; (3) constricts the 

cleavage furrow angle; (4) alters cell and nuclear morphology, with the most confining 

channels preventing cells from increasing in size in the x-y plane from G1 to S/G2/M 

during cell cycle progression; (5) alters cell migration speed and persistence; (6) 

increases time spent in the S/G2/M phase of the cell cycle and/or halts progression 

through mitosis, and (7) has some lasting effects on cell division and morphology, even 

after cells have exited confinement.  

 It has been established for several decades that cancer cell growth occurs mainly 

on the peripheral outer layers of the tumor (218). Circulating tumor cells have the 

ability to become mitotic during late stage aggressive cancers (219), and metastatic 

tumor cells in the blood stream have been shown to attach to the endothelium and 

proliferate within the vasculature (220). Following extravasation, cancer cells attach to 

the extravascular side of vessels, flattening themselves out and enlarging, then dividing 

rapidly (20). This literature is in line with our results that less confined cells (outer 

layers of the tumor) experience more cell division events than those in the interior 

(higher degrees of confinement). Furthermore, the increased abnormal division events 

occurring in confinement may be associated with chromosomal abnormalities that are 
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a hallmark of cancer. It is also worthwhile to note that single multinucleated sarcoma 

cells have been previously shown to form solid tumors (181). 

Recent reports have shown that cells undergoing mitosis in 3D collagen 

matrices maintain a highly elongated shape, and this behavior can be recapitulated in 

collagen-coated microchannels independent of 𝛽1 integrin (221, 222). However, these 

studies have been limited in their inability to distinguish other stages of the cell cycle 

or assess beyond the cleavage furrow. Our work supplements these findings, as our 

primary focus was not M stage but rather the cell cycle as a whole, by demonstrating 

that confinement imposes morphological and migratory abnormalities at potentially 

earlier stages than just mitosis. It has also been shown that external forces and uni-axial 

confinement prevent actin cortex-driven cell rounding, which can lead to incorrect 

spindle assembly, pole splitting, and delays in mitotic progression (179). Furthermore, 

in some tumor cells, microtubule inhibition results in drastic migratory changes in cells 

in 3D physically confining microenvironments, as compared to perturbations of 

integrins, actomyosin, or the Rho/ROCK pathway (66, 179, 223). Indeed, our previous 

work has demonstrated that bi-axial confinement promotes a more diffuse actin and 

microtubule network in cells (66, 154, 224), and therefore it is possible that these 

altered cytoskeletal arrangements may improperly position the mitotic spindle, thus 

preventing division. Along with this, uni-axial confinement has been reported to 

increase the number of abnormal division events and delay mitotic progression caused 

by the incorrect spindle machinery assembly. Our work supports the appearance of 

these abnormal division events in bi-axial confinement as well.  
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We also found it interesting that the highest degrees of physical confinement 

resulted in deformation of the nucleus (i.e., in 3 and 6 µm narrow, confined channels), 

as well as a lack of cell area increase from G1 to S/G2/M (i.e., in 3 µm narrow 

channels), as compared to wider channels. Nuclear deformation due to mechanical 

forces can lead to numerous alterations in cells, including restructuring of the lamin 

A/C network, increased mobility of chromatin, redistribution of biophysical stresses 

within the cell, as well as time-dependent transcriptional silencing or activation 

(reviewed in (225)). These changes reflect a possible mechanism by which confinement 

lengthens the later stages of the cell cycle and promotes abnormal division events. It is 

also possible that there exist cell cycle checkpoints that are tension dependent. 

Furthermore, the unexpected decrease in x-y projected cell area from G1 to S/G2/M in 

3 µm narrow channels lead us to hypothesize that confinement promotes cell volume 

dysregulation, thus preventing cells from undergoing the normal mitosis-associated 

increase in cell volume while cell material is replicating.  

We have previously shown through experimental and theoretical analysis that 

tumor cells can utilize aquaporin water channels for migratory mechanisms in 

confinement (154). Similarly, recent theoretical work has shown that active pumping 

of water and ions at the cell poles can explain cell shape changes during cytokinesis, 

and that this process can be actomyosin-independent, assuming that the intercellular 

fluid flow is above a threshold magnitude (226). However, they also suggest it is likely 

that water flux works together with the actomyosin cortex ring and actin cortex to 

regulate cell shape during division (226). We are currently working to understand the 

effects of aquaporin distribution and water flux on tumor cell cycle progression and 



 

 

57 
 

division in confinement, given the striking connection between cell shape, migration, 

and confinement.  

The tumor microenvironment is not spatially or temporally homogeneous, as 

cells are constantly exposed to varying environments as they move and proliferate. 

Interestingly, non-neural cells (especially stem cells) display mechanical memory of 

their exposure to stiffness or fluid flow, and these memory signals can be transmitted 

bioelectrically, through miRNA, or mechanically through the YAP/TAZ pathway (43–

45). There can also be epigenetic regulation of bivalent chromatin domains on cancer 

cells in response to drug re-expression (42). In this regard, our results suggest that cells 

may retain a mechanical memory of physical confinement, thus affecting cell size and 

ability to divide even after cells leave confinement. Future work could elucidate if this 

is truly mechanical memory and how, whether epigenetically, or genetically, this 

memory is imposed, and whether it is temporal or permanent.  

Our combination of FUCCI-transfected sarcoma cells and microchannel 

devices presents several advantages over other in vitro systems used to study cell 

division. First, the device design and fabrication procedure allow us to impose 

systematic control of bi-axial confinement on cells. Second, the device provides 

excellent imaging capabilities, both in phase contrast and fluorescence microscopy, 

given that the bottom surface is a glass coverslip. Hence, we could quantitatively 

analyze and compare multiple parameters of cell division, cell cycle progression, cell 

morphology, and cell migration in varying degrees of physical confinement. Third, 

using a cell line stably transfected with the FUCCI vector allowed us to circumnavigate 

other hurdles associated with transient transfection, such as loss of FUCCI expression 
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over the course of the experiments, low transfection efficiency, and possibility for cells 

to be expressing Cdt1-RFP but not geminin-GFP, or vice versa. We encountered these 

issues when attempting to create new cell lines with Fisher Scientific’s Premo FUCCI 

Cell Cycle Sensor and BacMam 2.0 delivery system.  

We also acknowledge several limitations of our work. First, the microchannel 

devices were composed of PDMS, which has a stiffness in the MPa range, larger than 

most physiological tissues which are in the kPa range. However, we note that our goal 

in this study was to explore the effects of bi-axial confinement, not stiffness, on cell 

cycle progression. Other labs have recently developed other systems, such as 

polyacrylamide-based devices, to alter microenvironment stiffness (204), and hence 

future work could explore the interplay between confinement and stiffness on cell cycle 

progression. Second, this work was carried out on only one cell line that was stably 

transfected with FUCCI, but ideally, we would have used multiple cell lines to 

determine whether our results are cell line-dependent or general phenomena. As 

mentioned above, we attempted to transfect several other cell lines, including MDA-

MB-231 and human bone marrow-derived mesenchymal stem cells, with Fisher 

Scientific’s Premo FUCCI Cell Cycle Sensor using the BacMam 2.0 delivery system. 

However, we experienced extremely low transfection rates of both Cdt1-RFP and 

geminin-GFP, which would have prevented us from gathering sufficient numbers of 

cells in the microchannel devices to form meaningful conclusions on those cell lines. 

Hence, our future work will be aimed at using other FUCCI vectors and delivery 

systems to create new stable cell lines expressing FUCCI. 
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Other future work should focus on exploring whether there are specific 

molecular signaling pathways or processes that prolong the S/G2/M phase in 

confinement, and whether cell cycle checkpoints are affected, perhaps in a tension-

dependent way. We note that we did perform some experiments in which cells were 

treated with indisulam and RO-3306 (data not shown), previously shown to induce cell 

cycle arrest in G1 and G2, respectively. On 2D fibronectin coated plates, we observed 

a near complete cell cycle arrest in the corresponding cell cycle stage. Cells treated 

with indisulam were morphologically identical to untreated cells in the G1 stage; 

meanwhile, cells treated with RO-3306 were noticeably larger and more circular than 

untreated cells in the S/G2/M stage.  However, we experienced difficulties seeding the 

cells into our PDMS microfluidic devices and retaining cell cycle inhibition, which 

may be due to the absorption of the drug by the surrounding PDMS (227).  

 In summary, we have integrated mouse sarcoma cells stably expressed FUCCI 

into microfluidic devices that impose bi-axial physical confinement during cell 

migration in microchannels and shown that confinement reduces frequency of cell 

division while increasing frequency of abnormal division events, which in other work 

has been shown to lead to solid tumor formation. Confinement also alters cell and 

nuclear morphology, with the most confining channels preventing cells from increasing 

in size from G1 to S/G2/M during cell cycle progression, and with lasting effects even 

after exit from confinement. Finally, confinement does not seem to affect the G1 phase 

of the cell cycle, but increases time spent in the S/G2/M phase of the cell cycle and/or 

halts progression through mitosis. Together, our results suggest that as tumor cells 

migrate through physically confining spaces, cell division may either (1) be halted until 
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the cell enters a less restrictive space, or (2) proceed but result in more frequent 

instances of abnormal division events that could lead to secondary tumor formation. 

Finally, our results provide new insights into the possible impact of mechanical forces 

on primary and secondary tumor formation and growth. 

 

3.4 Materials and Methods 

3.4.1 Cell culture 

S180 mouse sarcoma cells stably transfected with a fluorescent ubiquitin cell 

cycle indicator (FUCCI) were gifted from Jean Paul Thiery, who is currently at the 

Cancer Science Institute of Singapore.  Cells expressed Cdt1-RFP during the G1 phase 

of the cell cycle and geminin-GFP during the S/G2/M phase of the cell cycle (Fig. 2A). 

Cells were grown in medium comprised of Dulbecco’s modified Eagle’s medium with 

high glucose (ThermoFisher Scientific) supplemented with 10% heat inactivated fetal 

bovine serum (ThermoFisher Scientific), and 1% penicillin/streptomycin 1000 U/mL 

(P/S; ThermoFisher Scientific).  Cells were passaged when they reached approximately 

90% confluency and passages up to 30 were used in experiments. Cells were washed 

with phosphate buffered saline (PBS; VWR) and lifted using 0.25% Trypsin-EDTA 

(ThermoFisher Scientific). All cells were cultured at 37C, 50% humidity, and 5% CO2: 

95% air.  
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3.4.2 Microfluidic device fabrication 

Microfluidic devices were fabricated as previously described (66, 128). All 

fabrication was carried out in the University of Maryland Nanocenter Fabrication Lab. 

To summarize, two masks were designed in AutoCad (AutoDesk), one with the 

microchannels, the other with the larger feed lines. A layer of SU-8 3010 negative 

photoresist (MicroChem) was spincoated onto a silicon wafer (University Wafer). An 

EVG620 Mask Aligner (EV Group) was used to UV crosslink the SU-8 through the 

mask containing the microchannel design. The uncrosslinked photoresist was washed 

away using the SU-8 developer (MicroChem). A second layer of SU-8 3025 negative 

photoresist was spincoated on the wafer, and the mask containing the feed lines was 

aligned and the photoresist was UV crosslinked again. Excess SU-8 3025 was dissolved 

and washed away. Wafers were then silanized using tridecafluoro-

1,1,2,2,tetrahydrooctyl-1-trichlorosilane (97%; Pfaltz & Bauer) overnight in a vacuum 

desiccator. The completed silicon wafer contained microfluidic devices with 

microchannels of 3, 6, 10, 20, 50 µm in width; all channels were 200 µm in length and 

10 µm in height, and the feed lines were 50 µm in height. Polydimethylsiloxane 

(PDMS, Robert McKeown Company) was mixed at a 10:1 base-to-crosslinker ratio, 

poured over the silicon wafer, vacuum desiccated for 1 hour, and baked at 85°C for 3 

hours. The PDMS was removed from the wafer, cleaned with ethanol and water, dried 

at 85°C for 5 minutes and then plasma treated for 2.5 minutes. The PDMS devices were 

then bonded to glass coverslips (which were also cleaned and plasma treated 

simultaneously with the PDMS) for 5 minutes and the PDMS device-coverslip unit was 

UV sterilized for 10 minutes. 20 µg/mL fibronectin (ThermoFisher Scientific) was 
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added to all wells of the device and allowed to adsorb for one hour. The device was 

then washed with PBS 3 times for 5 minutes each to remove excess protein. Cells were 

added according to the description in the section below.  

3.4.3 Microscopy time lapse experiments 

Cells were washed with PBS and then lifted using 0.25% trypsin-EDTA as 

previously mentioned. Cells were counted using a hemocytometer and resuspended in 

DMEM containing 1% P/S to give a final concentration of 4x105 cells/mL. Twenty-

five µL of the final cell suspension was added to the inlet of the lower feed line and 

allowed to incubate in the device for 5 minutes. Excess media was removed from the 

lower feed line inlet and outlet lines and DMEM containing 1% penicillin/streptomycin 

1000 U/mL was added to all wells, except for the topmost upper feed line well, which 

received DMEM containing 1% P/S and 10% FBS to serve as the chemoattractant to 

encourage cells to migrate through the microchannels. The device was then cultured 

for 24 hours and then all media was replaced with DMEM containing 1% P/S and 10% 

FBS in all wells. The device was then imaged on an Olympus IX83 microscope 

(Olympus) using a 20x objective. For 2D control experiments, we used 24 well glass 

bottom dishes (Mattek) that were coated with 20 µg/mL fibronectin which was allowed 

to adsorb for 1 hour, and subsequently they were washed 3 times with PBS for 5 

minutes each. Cells were plated on the glass at a concentration of 2x105 cells/mL and 

allowed to attach and grow for 24 hours before they were imaged on the Olympus IX83 

microscope. A chamber adjusted to 37°C, 50% humidity, and 5% CO2:95% air was 

used on the microscope stage to sustain cell viability. Images were taken at 10 min 
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intervals for durations longer than 18 hours. Following overnight timelapse, cells plated 

on 24 well glass bottom plates were imaged using a 20x objective for morphological 

analysis.  

3.4.4 Data & statistical analysis 

All cell and nuclear morphological parameters were manually traced and 

quantified using ImageJ. Cell and nuclear perimeters were traced to quantify area and 

aspect ratio (ratio of the width to the length). The outline of the nucleus was fit to an 

ellipse and the major and minor axes were calculated. Cells were tracked using the 

Manual Tracking ImageJ plug in and then speed and persistence values were calculated 

using a custom written Matlab code by KMS. We calculated persistence as the end-to-

end distance the cell traveled divided by the total distance. Data for cells was pooled 

from at least 3 biologically independent trials, comprised of a similar number of cells, 

and was assumed to be normally distributed. An ANOVA with post-hoc Tukey test was 

conducted to evaluate significance across all samples, as presented in the 

Supplementary Tables S1-S9. An individual cell within a single microchannel was 

noted as N=1. First, this allowed for the heterogeneity within a single cell line 

population to be factored into the analysis. Second, as each microchannel could have 

slight differences in shape, introduced during fabrication, or exposure to nutrients due 

to its position within the device, each cell within was in a unique experimental 

environment and could be counted as an individual entity. A significance level of 0.05 

was used, and error bars represent SEM unless otherwise noted in the figure caption. 
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3.5 Conclusion 

Here, we explored the effects of bi-axial confinement on cell cycle progression 

given the critical role of nuclear shape and mechanics in cell division and cell cycle 

progression. Our results demonstrate that bi-axial physical confinement reduces the 

frequency of cell division, which we found to be attributed to an arrest in the S/G2/M 

phase of the cell cycle and increases the frequency of abnormal division events. Cell 

and nuclear morphology were both altered in confinement, with the most confining 

channels preventing cells from undergoing the normal increase in size from G1 to 

S/G2/M during cell cycle progression. Finally, our results suggest that confinement 

induces a mechanical memory to the cells, given our observation of lasting effects on 

cell division and morphology, even after cells exited confinement. Together, our results 

provide new insights into the possible impact of mechanical forces on primary and 

secondary tumor formation and growth.  
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Chapter 4: Global mRNA translation is spatially altered in 

confinement and contributes to confined migration 

4.1 Introduction 

 Single cell migration is a hallmark of cancer cells that have undergone EMT 

and adopted an invasive phenotype (3, 228). This can be partially explained through an 

induction of actin polymerization, vimentin, and MMP related genes and proteins. In 

the surrounding tumor stroma, cells encounter an obstacle course of dense ECM and 

mechanical forces, including, but not limited to, interstitial pressure, confined forces, 

and fluid shear (229, 230). As cells invade into the stroma, they can remodel their 

environment through MMP-assisted degradation when they are unable to pass through 

small pores, or they can migrate using MMP-independent mechanisms, likely through 

pre-existing microtracks or larger gaps in the matrix (59). Cells can rupture their 

nuclear envelope to fit into small spaces within the ECM, which results in double 

stranded DNA breaks that persist even after nuclear envelope integrity has been 

restored (207, 231).  

Movement of cells through confined microtracks (1-30 µm in diameter) has 

been extensively studied (17). Cells in confinement can modulate their migration 

mechanisms, transitioning to an ameboid-based myosin II contractility method or 

employing a nuclear-piston propeller method that generates pressure gradients through 

use of the vimentin cytoskeleton (68, 156, 162, 163, 232). Specifically, MDA-MB-231 

cells, a triple negative breast cancer line, can migrate in the absence of actomyosin 

contractility, instead utilizing methods of microtubule-based migration, or can employ 
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an osmotic engine model, which drives migration through aquaporin mediated water 

fluxes in and out of the cell (66, 154). As such, cells have a variety of migratory 

mechanisms to choose from. These above-mentioned studies have shown that while 

cell migration can be altered due to inhibition of actomyosin contractility, 

microtubules, or knockdown of aquaporins, results do not show a complete inhibition 

of migration in confinement. Individual cells are able to employ multiple modes of 

migration in a single environment (233), but currently it is unclear if they utilize these 

in combination or separately until one is inhibited or no longer favorable. 

 In traditional 2D migration, extension at the forward edge of the cell is mediated 

through new actin monomer addition to the growing end of the filament (234, 235). 

Notably, b-actin mRNA as well as the actin polymerization factor, Arp2/3, localize at 

the protrusive regions of cells, and technologies to image sites of translation show b-

actin translation at these peripheral sites (236–238). Integrin binding to the ECM can 

induce the movement of ribosomes and mRNA sequences to the site of attachment, 

potentially driving localized translation (239). Evidence also shows that RAB13 

mRNA, which encodes a Rab GTPase known to be involved in intracellular transport 

and actin reorganization, is localized to the protrusive regions of cells and that its active 

translation is seen at the leading edge (240, 241). Interestingly, the peripheral 

translation of RAB13 correlates with different protein associators than RAB13 that is 

translated perinuclearly, motivating a functional significance for localized translation 

(242). Inhibiting translation at the protrusions of cells renders the protrusion unstable, 

and affects forward migration (243). This suggests a link between the state of active 

translation and the ability of the cell to migrate.  
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Here, we sought to understand the role of global mRNA translation in confined 

cell migration, specifically in MDA-MB-231 cells that can alter their migration 

mechanisms within confined environments. Similar to Chapter 3, here we utilized 

microfluidic microchannels to contrast confined and unconfined environments. We 

first explored the spatial distribution of newly synthesized proteins in both 

environments. We showed that newly synthesized proteins become significantly 

peripherally enriched in confinement. We briefly explored the diffusion limitations of 

confined microchannels to ensure that these results were not due to experimental 

constraints. We then probed the relationship between peripheral zones of newly 

synthesized protein and showed that just a single functional zone of translation is 

sufficient to facilitate confined migration. This work highlights the role of dynamic, 

active translation for confined cell migration, and emphasizes the plasticity of cells to 

adapt their functional mechanisms for diverse environments. 

 

4.2 Results 

4.2.1 Newly synthesized proteins accumulate at the extreme peripheral 

edges of cells in confinement  

 To explore the spatial orientation of newly synthesized protein accumulation of 

cells in confinement, we utilized a previous protocol (244) aimed to freeze the 

translating ribosomes and fluorescently tag their localization in the cell. We first treated 

the cells with cycloheximide to halt translation at the E site within the ribosome 
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complex and prevent the tRNA from moving along the mRNA sequence, and then 

followed with puromycin, which attaches to the C-terminal end of the nascent protein 

(Figure 4.1A). We then probed for the location of puromycin within cells in the 

microchannels. The cells in the 50 µm wide microchannels displayed a relatively 

uniform distribution within the cell, with a slightly elevated perinuclear distribution 

(Figure 4.1B). In contrast, the cells in the 3 µm narrow, confined microchannels display 

a significant enrichment of puromycin signal at the peripheral edges of the cells (Figure 

4.1B). We quantified the intensity of the signal as a function of the horizontal distance 

along the cell and showed that the cells in the 3 µm narrow microchannels display a 

significant increase in puromycin signal compared to the 50 µm wide microchannels at 

the peripheral regions of the cell (Figure 4.1C&D). This is notably similar to the pattern 

we present later in Figure 5.1, where the accumulation of ribosomal subunit protein 

RNAs is also significantly enriched at the peripheral edges of the cells in the 3 µm 

narrow microchannels in comparison to the cells in the 50 µm wide microchannels.  
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Figure 4.1: Newly synthesized proteins are spatially altered in confinement. 

(A) Schematic depicting workflow for imaging translating ribosomes within the 

cell. (B) Representative immunofluorescent images of puromycin staining in cells 

in 50 µm wide or 3 µm narrow microchannels. Scale bars: 10 µm.  

(C) Schematic showing fractionation of the cell in the direction of migration, from 

the lagging edge through the nucleus, to the leading edge. The intensity of the 

puromycin signal was calculated within ten evenly spaced horizontal sections 

starting and ending at the cell boundaries. (D) Quantification of the intensity of 

puromycin staining across the horizontal axis of the cells in 50 µm wide and 3 µm 

narrow microchannels. Data points represent the mean of 22 cells pooled from 
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two individual experiments. Error bars represent standard error. P value; *<0.05, 

a two-way ANOVA with Šídák's test was used.  

 

 We acknowledge that the cells in the 3 µm narrow microchannels may pose a 

unique barrier for adequate diffusion of reagents through the cytoplasmic regions. Cells 

within the 3 µm narrow microchannels occlude the entire volume of the channel (68, 

128, 154). As a result, we explored the relative diffusion limits for antibodies within 

the 3 µm narrow, confined microchannels. We allowed cells to migrate into the 

microchannels and then added FITC-dextran (155 kDa) to the microfluidic device inlets 

and allowed it to diffuse through the channels and into the cells (Figure 4.2A). We 

chose this molecular weight as it is similar to the size of an IgG primary and secondary 

antibody. We note that within seconds after addition of FITC-dextran the reagent is at 

the cell boundary, and also within the cell cytoplasm itself. One hour after addition of 

FITC-dextran (which mimics the time we treat with a secondary antibody for 

immunostaining), we see that the overall intensity of the FITC-dextran signal within 

the cell has increased, but that the relative slope of the intensity signal has not 

significantly increased (Figure 4.2B). We note that there is a positive slope from the 

linear regression line in both time points, but there is not a significant difference in 

points across the trend line. Therefore, we believe the variations in diffusion do not 

correlate to the striking increase in signal in the newly synthesized protein 

accumulations seen at the peripheral edges of the cells in the 3 µm narrow 

microchannels (Figure 4.1B&D). Moving forward, we worked to investigate the 

functional significance of these peripherally enriched areas of newly synthesized 
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protein in confinement. As the microchannel devices are uniquely equipped to analyze 

cell migration, we probed for a link between translation and cell migration in 

confinement. 

 

Figure 4.2: Diffusion within the cytosol of cells in microchannels is not 

significantly limited. (A) Images of cells in 3 µm narrow, confining microchannels 

after FITC-dextran addition. White line marks the cell outline. Scale bar: 10 µm. 

(B) Quantification of the intensity of FITC-dextran signal across the cytoplasmic 

regions of cells in 3 µm narrow, confining microchannels. The front and back 

regions of the cytoplasm were pooled together from 8 cells over two independent 

experiments. Error bars represent standard error, and a linear regression model 

was fit to the data, the equations of the lines are stated below the graph.  

 

4.2.2 Inhibition of translation impacts cell migration in confinement 

Previous studies have suggested that there is a preferential accumulation of 

mitochondria and plus-ends of microtubules to the leading edge of cells in confinement 

(66, 84). We speculated whether there was a preferential translation of factors in cells 
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in confinement that accumulated at either edge of the cell. We demonstrated that the 

nucleus is a large diffusion barrier, where FITC-dextran signal both immediately upon 

addition and after 1 hour was not able to accumulate within the nuclear region (Figure 

4.2A). We investigated how large of a diffusion barrier this presented. As the cells in 

the 3 µm narrow microchannels occlude the entire volume of the channel, we 

hypothesized that we could isolate the leading and lagging cytoplasmic regions of the 

cell if the nucleus truly acts as a restrictive barrier to reagent diffusion. As a result, we 

treated the cells with two different fluorescent ATTO probes, which tagged the polyA 

tail of mRNA within the cell, adding one at the leading-edge side, and the other at the 

lagging edge side (Figure 4.3A). We observed that the cells in the 50 µm wide 

microchannels, which do not occupy the entire height or width of the channel, did not 

accumulate either the leading or lagging probe at either side, they were both evenly 

distributed throughout the cytoplasm of the cell (Figure 4.3B). In contrast, the cells in 

the 3 µm narrow microchannels displayed a side specific staining and the nucleus acts 

as barrier to diffusion across the entirety of the cell (Figure 4.3B, (154)). This allowed 

us to test the relationship between translation in confinement and cell migration in a 

side dependent manner.  
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Figure 4.3: The nucleus acts as a diffusion barrier in confinement. (A) Schematic 

detailing the experimental setup to test the ability of the nucleus to act as a 

diffusion barrier in confinement. (B) Representative images of cells in 50 µm wide 

and 3 µm narrow, confining microchannels where magenta ATTO signal was 

placed at the top of the cell and green ATTO signal was added to the wells at the 

bottom. Scale bar: 10 µm.  

 
We treated cells in both the 50 µm wide and 3 µm narrow microchannels with 

cycloheximide, a translation inhibitor (Figure 4.4A), and quantified the migratory 

capability of the cells. We treated cells on both sides, or only on the leading side or the 

lagging side, which were determined by the location of chemoattractant (Figure 4.4A). 

Upon treatment on both the leading and lagging sides with cycloheximide, we observed 

a significant decrease in speed of cells in both the 50 µm wide and the 3 µm narrow 

microchannels (Figure 4.4B, C). When we treated cells on the leading edge alone with 

cycloheximide, there was no effect on cell migration in either the 50 µm wide or the 3 

µm narrow microchannels (Figure 4.4D, E). Similarly, when we treated the lagging 

edge of the cells alone, there was no effect on cell speed (Figure 4.4F, G) in either 

channel. These results suggest that translation on a single side is sufficient for cell 

migration in confinement, but that global translation does indeed contribute to confined 

migration. 
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Figure 4.4: Cell migration in confinement is dependent on mRNA translation. (A) 

Schematic detailing sites of leading or lagging edge location for inhibitor addition. 

(B and C) Overall speed (B) and average speed over time (C) of cells treated on 

both the leading and lagging edges with ethanol (vehicle control) or cycloheximide. 
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(D and E) Overall speed (C) and average speed over time (D) of cells treated with 

ethanol or cycloheximide at the leading edge only. (F and G) Overall speed (F) and 

average speed over time (G) of cells treated with ethanol or cycloheximide at the 

lagging edge only. Numbers in bars (B, D, F) represent individual cells, pooled 

from three independent experiments. P values ****<0.0001, a two-way ANOVA 

with Šídák's test was used.  

 

4.2.3 Global inhibition of translation does not affect the directional 

polarization of the cell 

Previous work has identified that MDA-MB-231 are able to migrate in 

confinement using an osmotic engine model, whereby aquaporin channels are able to 

directionally pump water into and out of the cell to impart a motion (154). In addition, 

MDA-MB-231 cells are unable to migrate in confinement upon treatment with 

nocodazole, a microtubule destabilizing agent, and the growing tips of microtubules 

are primarily localized towards the leading edge of the cell (66, 154). We speculated 

whether translation is needed in order to assist in establishing a directional polarization 

in confined cell migration. To test this, we seeded cells into the microchannels and 

allowed them to infiltrate completely. We then treated the cells either with ethanol as a 

vehicle control, or with cycloheximide to inhibit translation, and then switched the 

location of the chemoattractant in order to repolarize the cells to migrate in the opposite 

direction (154). We then quantified the ability of the cells to repolarize and migrate 

(Figure 4.5A).  
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Initially, cells migrated with a positive speed and velocity in both the 50 µm 

wide and 3 µm narrow microchannels (Figure 4.5B, C, black bars). Cells in the 3 µm 

narrow microchannels migrated with a greater persistence than the cells in the 50 µm 

wide microchannels, likely due to contact guidance (Figure 4.5D, black bars). After 

addition of the translation inhibitor and the switch of the chemotactic gradient, the 

control cells in both the 50 µm wide and 3 µm narrow channels displayed a slower 

speed, a negative velocity, and a decrease in persistence (Figure 4.5B, C, D, gray bars). 

In short, a fraction of cells was able to switch direction, but some were also able to 

continue to migrate on their established path. In comparison, the cycloheximide-treated 

cells reduced their cell speed further in both the 50 µm wide and the 3 µm narrow 

microchannels. This is supported by the results above, where broad treatment across 

both sides of the cell with the translation inhibitor significantly reduced cell speed 

(Figure 4.4B). However, the cells did not significantly alter their velocity after 

treatment with cycloheximide compared to the control; in both the wide and the narrow 

channels, the cells were able to repolarize and migrate in the opposite direction after 

the chemotactic gradient direction was switched. It is important to note that in the 3 µm 

narrow microchannels, the cells did move slower and had a less negative velocity 

compared to the control, but it was not significant in either case. After treatment with 

cycloheximide and chemotactic gradient switch, cells displayed a further decrease in 

cell persistence compared to the ethanol treated controls, but only in the 3 µm narrow 

microchannels (Figure 4.5D, blue bars). Taken together, these results suggest that in 

confinement, translation functionally contributes to aid in cell migration direction and 

motion.  
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Figure 4.5: Inhibition of translation impacts the direction and persistence of cells 

migrating in confinement. (A) Schematic showing the workflow of the chemotactic 

gradient switching experiment. (B, C, and D) Speed (B) and velocity (C) and 

persistence (D) of cells seeded with chemotactic gradient in the positive direction 

(blacks bars), which was then subsequently reversed to the negative direction and 

cells were treated with ethanol (vehicle control, gray bars) or cycloheximide (blue 

bars). Numbers on bars indicate number of cells for each condition, pooled from 

three individual experiments. P values, *<0.05, ***<0.001, ****<0.0001, a two-

way ANOVA with Šídák's test was used.  

 

4.2.4 A novel confining device to collect RNA and protein from cells in 

confinement 

 At this point, we wanted to collect cells in confined microchannels for analysis 

of the translatome and proteome to explore what mRNA sequences could be 
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contributing to confined cell migration. However, the microfluidic microchannel 

device that we have used to this point presented several constraints. First, there were 

cells present in the seeding regions that are unconfined, therefore adding lysis buffer to 

the device would inherently mix the unconfined and confined cell populations. To work 

around this, we could remove the cells by trypsinization. However, to ensure that all 

cells were out of the seeding regions, we would likely need to incubate for a sustained 

period where the enzyme would also be able to diffuse or flow into the microchannels, 

potentially altering any membrane proteins or the entirety of the cells themselves. 

Second, we are only able to confine ~100 cells in each microchannel device, which is 

not on the order of a cell lysis concentration for sensitive analyses. As a result, we 

redesigned our microchannel device to isolate confined cell acquisition and generate a 

high cell yield.  

 We took advantage of the well-established and characterized transwell culture 

system that introduces an insert onto a cell culture plate well (Figure 4.6A). This insert 

acts a barrier between the fluid and cells in the upper unit, and the fluid and cells in the 

lower unit. The barrier, or filter, of the transwell can then be modified to allow for cells 

or fluid to migrate or flow in between the compartments based on the size of the pores. 

Commercially available membranes range in pore size from 0.4 µm to 8 µm, however, 

they are only 10 µm tall, therefore, they would not be sufficient for whole cell 

confinement. As a result, we opted to design a novel 3-D printed confinement device 

that would modify the transwell membrane to be 100-200 µm tall and contain the 

rectangular dimensions of our microchannels (30 µm2 or 500 µm2 in cross-sectional 

area) (Figure 4.5A). We could then seed cells into the top of the insert and encourage 
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them to move through the unconfined or confined pores by the addition of a 

chemoattractant to the lower compartment. As the cells would be completely confined 

within the microchannel pores, we could scrape the remaining unconfined cells off the 

top or bottom of the membrane and then isolate the cells within the pores for RNA and 

protein analysis.  

 

Figure 4.6: A novel 3-D printed microchannel transwell device to increase cell 

yield and isolate confined cells.  

(A) Schematic depicting application of transwell filter, showing location of cell 

seeding in upper insert compartment and cells encouraged to invade into the 

membrane through the addition of a chemoattractant in the bottom well. Cells 

will subsequently become confined within the membrane.  



 

 

80 
 

(B, C) Auto-CAD renderings of transwell insert design. Height and width of device 

will depend on well-plate size but will be identical to commercial sizes. (D) A 100-

200 µm thick membrane will be printed on to the bottom of the insert containing 

pores of 30 µm2 or 500 µm2 to mimic microfluidic microchannel devices. Scale 

bar: 50 µm.  

 

The advantages to using this system are that it is customizable, the size of the 

membrane diameter (and accordingly, cell seeding number) can be easily modified, and 

the cells within the confined microchannel pores can be isolated without mixing with 

the unconfined cells. The only constraint is the volume capability of the 3-D printer, 

but it is larger than our calculations for a 6-well plate transwell insert. At this point, we 

are in touch with the Nanoscribe printing personnel through TerrapinWorks to print our 

device renderings (Figure 4.6B-D). Upon successful completion of the print, we would 

need to confirm that cells are able to infiltrate into the device, to which we will stain 

for cell membrane and the nucleus and image in z-slices from the bottom to the top of 

the device. We will also need to confirm that the removal of the cells from the top and 

bottom of the microchannel pore membrane is sufficient. Following successful 

validation of our novel 3-D printed microchannel transwell device, we will collect RNA 

and protein from the MDA-MB-231 cells in confined and unconfined microchannel 

pores to study the differences between the two. This global analysis of the translatome 

and proteome of cells in confinement will provide information on how cells in 

confinement are able to modulate their migratory mechanisms through upregulation or 

suppression of mRNA transcripts and proteins involved in various pathways.  
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4.3 Discussion 

 An active field of research is aimed at developing new ‘migrastatics’ or drugs 

that target cancer cell migration and invasion as this metastatic process is the primary 

cause of cancer related deaths (245). There are several candidates that target the 

contractility pathway, including actin destabilizers, myosin inhibitors, or kinase 

inhibitors. However, as cells in confinement can employ contractility-independent 

modes of migration, there exists a gap in targeted compounds or therapies. Here, we 

sought to understand the role of global mRNA translation in confined cell migration, 

specifically in cells that do not utilize contractility mechanisms to migrate. We show 

that there is a striking accumulation of newly synthesized protein accumulation at the 

peripheral edges of cells in confinement. We further demonstrate that these zones of 

active translation are critical in unconfined and confined migration.  

In general, cancer cells alter their translatome as a result of the genetic changes 

that occur. Cancer cells exist in a state of hyperactive translation, and have altered their 

energy processes to meet the energy requirements (246). It is well established that 

protein synthesis is one of the main energy consumers of the cell, using approximately 

30% of the total energy created (247). In line with this result, recent studies have shown 

that cells alter their metabolic consumption when moving through collagen matrices of 

varying orientations and densities; cells in denser matrices used more energy to 

promote migration which was slower than cells in aligned matrices that used less 

energy to move faster (195). In addition, during collective invasion, leader and follower 

cells dynamically rearrange once the leader cells’ ATP/ADP ratio falls below a critical 
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threshold (196). Therefore, cells in a restrictive, confined environment may utilize 

more energy for the purposes of migration and prioritize protein synthesis of key 

migratory proteins. 

Ribosomes translate RNAs to become proteins. They are traditionally 

assembled in the nucleolus, which is the site of ribosomal RNA synthesis. Interestingly, 

the nucleolus can have very dramatic responses to stress. Stresses such as ultraviolet 

light, hypoxia, heat shock, chemotherapeutic agents, and starvation can lead to 

morphological changes in the nucleolus, shuttling a number of its components out into 

the nucleus (248). As confinement imposes stress on the cell, there may be effects on 

the nucleolus that impact ribosome biogenesis and their subsequent function. The 

location of ribosomes can also vary within the cell, where ribosomal subunits are found 

in the protrusive regions of many cell types ((240, 243, 249), Figure 5.1). Interestingly, 

various ribosomal subunit protein RNAs can be transported to protrusions in MDA-

MB-231 cells specifically via LARP6, an actin binding protein that is upregulated after 

EMT (250). This could suggest that a potential effect of tumorigenesis may be the 

sustained or increased localization of ribosomal subunit proteins to peripheral regions 

of cells and begs the question of what the function of peripheral ribosomal subunits is. 

Mechanical forces can impact gene transcription and mRNA translation, 

affecting protein expression. In cancer cells, hypoxia can alter gene transcription 

through numerous factors, including the hypoxia inducing factor (HIF) itself (251), or 

through various splicing mechanisms. Mechanical forces are directly involved in 

protein synthesis, especially in protein folding (252). Ribosomes utilize mechanical 

forces to initiate translation, to unwind secondary structures in the mRNA sequences, 
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and during co-translational folding of the nascent polypeptide chain. Eukaryotic 

translation elongation factors 1A and 5A can associate with the actin cytoskeleton and 

have been known to associated with the b-actin mRNA at sites of integrin attachment. 

Actin depolymerization can lead to a decrease in protein translation, through inhibition 

of eukaryotic initiation factor. As mechanical forces can impact the cytoskeleton in 

confinement, it seems likely that translation may be altered as well.  

Numerous studies have analyzed the proteome of cells migrating in 2D 

substrates, or even in 3D matrices. However, within 3D matrices there are numerous 

mechanical factors at play, so isolating the effect of singular forces on the proteome 

changes remains a challenge. Recently published data introduces the first attempt to 

quantify protein expression in confined microchannels, and suggests that confined 

migration can induce chemotherapeutic resistance due to increased protein expression 

of drug-efflux transporters such as ABCG2, MDR1, and nucleoporin-62 (NUP62) 

(253). In addition, cells in confinement also upregulate cancer stem cell-like properties 

such as CD133, aldehyde dehydrogenase (ALDH). Interestingly, these proposed 

alterations in a confined cell proteome, specifically ABCG2, ALDH, and CD133 were 

elevated in MDA-MB-231 cells post-confinement for four days. To drive increased 

transporter expression, there should likely be increased ABCG2, ALDH mRNA 

sequences within confinement. This suggests that the translatome in confinement is 

altered in accordance with signaling changes. In addition, vimentin expression 

increases in confinement and can be utilized in the nuclear-piston method to pull the 

nucleus. In contrast, other reports demonstrate that vimentin hinders migration in small 

spaces, emphasizing the need to untangle these effects (254). 
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In summary, our work demonstrates that cells in confinement peripherally 

enrich zones of translation with functional roles in cell migration, where one active 

zone is sufficient to direct confined cell migration. Future research direction could be 

focused on understanding what specific mRNA sequences are translated in 

confinement and how they contribute to migration. Future work should also target 

adding to the growing literature detailing altered proteomes and translatomes in 

mechanically active environments.  

 

4.4 Materials and Methods 

4.4.1 Cell culture 

 MDA-MB-231 cells (ATCC) were cultured in Leibovitz’s L-15 medium 

(ThermoFisher Scientific) supplemented with 10% fetal bovine serum (ThermoFisher 

Scientific) and 1% Penicillin/Streptomycin (1000 U/mL; ThermoFisher Scientific) in a 

37°C incubator with 50% humidity and 0% CO2.  

4.4.2 Microfluidic device fabrication 

Microfluidic devices were fabricated as previously described and summarized 

here in Chapter 3.4.2. Twenty µg/mL collagen type I (Sigma) was added to all wells of 

the microfluidic device and allowed to adsorb for 1 hour at 37°C or overnight at 4°C. 

All wells were washed 3 times with PBS for 5 minutes each. Cells were trypsinized for 

5 minutes and centrifuged. 2x104 cells were resuspended in 25 µL of serum free media 

(basal media supplemented with 1% Pen/Step), added to the bottom inlet, and allowed 
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to incubate for 5 minutes at 37°C. Any remaining cell media was removed, and serum-

free media was added to the bottom three inlets, while FBS-containing media was 

added to the top inlet to act as the chemoattractant.  

4.1.3 Immunofluorescent staining of newly synthesized protein 

 Cells were allowed to enter the channels for at least 3 hours. Media was replaced 

with serum free or serum containing media supplemented with 100 µg/mL 

cycloheximide or 9.4 µM anisomycin. Devices were then incubated at 37°C for 15 

minutes. Media was then replaced with serum free or serum containing media 

supplemented with 100 µg/mL puromyocin. Devices were then incubated for 7 minutes 

at 37°C. Cells were then permeabilized on ice for 2 minutes with a solution containing 

50 mM Tris-Cl pH 7.5, 5 mM MgCl2, 25 mM KCl, 100 µg/mL cycloheximide, 0.15 

mg/mL digitonin, 1X EDTA-free protease inhibitors, and 0.5 U/µL RNAse inhibitor. 

Cells were rinsed with permeabilization buffer twice more and then fixed in 4% 

paraformaldehyde for 20 minutes and stored in PBS overnight at 4°C. Cells were then 

blocked for 30 minutes with a blocking buffer solution consisting of 0.05% saponin, 

10 mM glycine, and 5% goat serum in PBS. Puromycin primary antibody (Kerafast) 

was diluted to 1:500 final concentration in blocking buffer and allowed to incubate on 

the cells overnight at 4°C. Devices were then washed three times in PBS for 5 minutes 

each and then incubated with secondary antibody (1:500, ThermoFisher Scientific). 

Cells were stained with DAPI and then imaged.  
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4.4.4 Diffusion experiments 

 Cells were seeded into the channels and allowed to migrate for 3 hours. Cells 

were then fixed and permeabilized with 0.3% Triton X (Sigma) for 5 minutes. The 

device was then placed on a Leica SP8 confocal microscope (with a HC PL APO 63X 

oil CS2 objective) and imaged for a pre-stained background value. FITC-dextran (0.6 

µg/mL) was then added into the device and images were taken one hour after addition 

of the molecule.  

4.4.5 Inhibitor treatment and timelapse imaging 

 Cells were seeded into the device and then media was replaced with serum-free 

or serum-containing media with cycloheximide or DMSO. For treatment on both sides 

of the cell, all inlet wells received media with 100 µg/mL cycloheximide. For treatment 

on the leading edge only, cells in the top three inlet wells were treated with serum-free 

or serum-containing media supplemented with 133 µg/mL cycloheximide. For 

treatment on the lagging edge only, only the bottom inlet well received serum-free 

media containing 400 µg/mL cycloheximide. This ensured that all cells received 20 µg 

of cycloheximide in total. Devices were then placed onto an Olympus IX83 inverted 

light microscope (LUCPlan FLN 20X phase objective) with an environmental chamber 

to maintain appropriate culture conditions. Images were taken every 5 minutes for 3 

hours.  
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4.4.7 Quantification and statistical analysis 

Immunofluorescence images of newly synthesized protein and FITC-dextran 

intensities were quantified using ImageJ. Cells for migration analysis were tracked 

using the Manual Tracking ImageJ plugin. Speed, velocity, and persistence values were 

calculated using a custom MATLAB code by K.M.S. We measure persistence as the 

stepwise distance divided by the total distance the cell travelled, such that a persistence 

of 1 reflects a cell that moved in a straight line. All values are represented as mean ± 

standard error (SEM) and data represents individual cells pooled from similarly sized, 

biologically independent trials. An individual cell within a single microchannel was 

noted as N=1. First, this allowed for the heterogeneity within a single cell line 

population to be factored into the analysis. Second, as each microchannel could have 

slight differences in shape, introduced during fabrication, or exposure to nutrients due 

to its position within the device, each cell within was in a unique experimental 

environment and could be counted as an individual entity. Prism 9 (GraphPad) was 

used for all statistical analysis; the significance level was set at 0.05. For multiple 

comparisons, a two-way ANOVA with Šídák's test was performed.  

 

4.5 Conclusion 

In summary, we found that MDA-MB-231 cells display a different spatial 

pattern of newly synthesized proteins in confinement, enriching these tagged sequences 

at the peripheral edges of the cell in comparison to unconfined cells, where the spatial 

distribution preferentially accumulates around the nucleus. We ruled out diffusion 

constraints within the microchannels to explain this peripheral accumulation. We 
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sought to understand the role of global mRNA translation in confined cell migration 

and found that active translation is required to specify the direction of migration and 

the magnitude of movement. We designed a novel 3-D printed transwell device to 

collect confined cell lysate to study RNA and protein alterations within this 

environment. Together, this work emphasizes that confined migration is the result of 

continuous protein synthesis and motivates exploration of the proteome in cells in 

confinement.  
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Chapter 5:  RNA localization in confined cells depends on 

cellular mechanical activity and contributes to confined 

migration3 

5.1 Introduction 

Cell behavior can be influenced by biochemical as well as mechanical cues (4, 

5). Among the latter, cancer cells experience mechanical confinement in vivo in a 

multitude of environments during metastasis. For example, as cancer cells migrate out 

from the primary tumor, they are confined by the surrounding extracellular matrix, 

comprised of collagen fibers where pore spacing can range from 1-30 µm in diameter 

(15, 16). Generally, pores below 15 µm in diameter are considered confining because 

they often require nuclear deformation for cells to fit into and impede MMP-

independent cell migration (59). Additionally, tumor cells experience confinement as 

they intravasate, circulate through, and extravasate from the bloodstream, where they 

can travel through narrow capillaries as small as 3 to 4 µm in diameter (17, 18). 

Mounting evidence over the past decade has revealed that confinement impacts cell 

migration mechanisms and phenotypes (53, 111). For example, while traditional 

haptokinetic actomyosin contractility is often utilized by migrating cells on unconfined 

2D substrates, in confinement cells can employ ameboid-based methods relying on 

myosin II-mediated contractility (68, 232). Other migratory mechanisms in 

confinement have included (but are certainly not limited to) a nuclear-piston propeller 

 
3 Adapted from RA Moriarty, S Mili, KM Stroka. “RNA localization in confined cells depends on 
cellular mechanical activity and contributes to confined migration.” Submitted to iScience (2021). 
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method (156, 163), an osmotic engine mode, involving aquaporin mediated water flux 

(154), or a dependence on microtubule dynamics (66).  

Many RNAs are enriched in protrusive regions of migrating cells (255). This 

spatial accumulation can be controlled through targeting sequences found within the 

mRNA transcripts (256, 257). These localization elements are thought to direct 

association with molecular motors such as kinesins or myosins, usually through 

recognition by specific RNA binding proteins, in order to direct movement along 

cytoskeletal elements within the cell (257–259). RNAs can be targeted to protrusions 

in different ways. In one pathway, RNAs are directed to peripheral protrusions in 

association with the kinesin motor KIF1C (260). This pathway transports RNAs such 

as RAB13 and the KIF1C RNA itself. Peripheral localization of these RNAs 

additionally requires the tumor suppressor protein adenomatous polyposis coli (APC) 

and stable detyrosinated microtubules (240, 249, 261). A different pathway, that relies 

on the RNA-binding protein LARP6, directs RNAs encoding ribosomal proteins to 

protrusions (250). Finally, transport of the b-actin mRNA to protrusions relies on ZBP1 

and involves both microtubules and actin filaments as well as different myosins and 

kinesins, depending on the cell type (262–264). 

Protrusion localized RNAs are functionally important for cell migration. 

Indeed, inhibiting translation at protrusions leads to protrusion destabilization (243). 

Furthermore, preventing protrusion localization of specific RNAs impedes the 

efficiency of cell migration in various 2D in vitro models (242, 249, 265). Localized 

RNAs of the APC-dependent group are additionally important for collective 3D 
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invasion of multicellular cancer spheroids, as well as for directing blood vessel 

morphogenesis in vivo (266, 267). 

RNA localization at protrusions can be affected by the mechanical properties 

of the extracellular matrix (ECM) and actomyosin contractility. Mechanical tension at 

sites of integrin attachment promotes localization of polyadenylated RNAs (239). 

Accumulation of APC-dependent RNAs at the front of collectively invading cell 

strands requires integrin-mediated contact with the ECM and coincides with areas of 

high laminin concentration (266). Furthermore, stiff substrates promote peripheral 

localization of APC-dependent RNAs  (249). Stiff surfaces promote actomyosin 

contractility, formation of fibrillar actin and focal adhesions (7, 268–270). Actomyosin 

contractility promotes the formation of detyrosinated microtubules, and consequently 

APC-dependent RNA localization. The underlying signaling pathway involves the 

GTPase RhoA and the formin mDia1, factors central in organizing actin and 

microtubule outgrowth at cell protrusions (249, 271–273). Contractility-dependent 

localization does not likely apply to all protrusion localized RNAs. Indeed, ribosomal 

protein mRNAs become preferentially enriched in protrusions that are apparently less 

contractile, characterized by low levels of active myosin (249). 

In this study, we sought to understand how RNA localization is controlled by 

the mechanical cue of confinement. We employed microfluidic microchannel devices 

to model unconfined and confined environments. We imaged RNAs in two cells lines: 

(1) the MDA-MB-231 metastatic breast cancer cell line, which can use microtubule-

based methods (66) and/or an osmotic engine model (154) to migrate in confined 

spaces; and (2) the A375 metastatic melanoma line, which utilizes ameboid-based 
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myosin II contractility in confinement (68). We show that RNA localization patterns 

change in confinement in a cell type dependent manner. We focused on the APC-

dependent RAB13 RNA, which remains peripherally localized only in confined A375 

cells. We show that RAB13 RNA localization depends on detyrosinated microtubules 

and the mechanical state of cells. Specifically, the Piezo1 mechanosensitive ion channel 

and myosin II activity act redundantly to upregulate the detyrosinated tubulin network 

in confinement, leading to peripheral RAB13 RNA localization. This mechanism 

functionally contributes to confined migration of A375 cells. By contrast, confined 

MDA-MB-231 cells do not exhibit peripheral RAB13 RNA and do not rely on it for 

migration in narrow spaces. This work highlights the contribution of peripherally 

localized RNAs during confined migration. It indicates that different migration modes 

adopted by cancer cells to navigate through confined spaces variably depend on 

specific localized mRNAs.   

5.2 Results  

5.2.1 RNA localization patterns are altered in cells in confined 

microchannels 

To examine the effect of confinement on mRNA localization, we seeded cells 

into microchannels of two distinct widths, either 50 µm in width by 10 µm in height to 

represent a relatively wide, unconfined environment, or 3 µm in width by 10 µm in 

height to represent a narrow, confined environment. The latter requires cells to remodel 

their nucleus to enter, as the cross-sectional area of this environment is below the 

‘nuclear limit’ (59, 207). We chose to compare two cell lines, MDA-MB-231 and 
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A375, as they seem to use two separate mechanisms to migrate in confined 

microchannels (66, 68, 154). We used fluorescence in situ hybridization to assess the 

distribution of four different mRNAs, RAB13 and KIF1C (APC-dependent) and 

RPL27a and RPS20 (APC-independent) in both cell lines (Figure 5.1A&B). To 

quantify RNA patterns, we measured a peripheral distribution index (PDI) which 

describes the normalized distance of an RNA population from the centroid of the 

nucleus (Figure 5.1C; (274)). The MDA-MB-231 cells displayed a peripheral RNA 

enrichment of the two APC-dependent mRNAs in the 50 µm wide microchannels 

(Figure 5.1D), consistent with previously published data on 2D surfaces (242, 243). 

Interestingly, for cells in the 3 µm narrow microchannels, the APC-dependent mRNAs 

had a more perinuclear distribution, resulting in a significantly lower PDI. In contrast 

to the APC-dependent mRNAs, the APC-independent mRNAs (RPL27a and RPS20) 

were less peripheral in unconfined environments (Figure 5.1A&D; (249)). However, 

for cells in the 3 µm narrow microchannels, the APC-independent RNAs were 

significantly more peripherally enriched. Therefore, distinct mRNA species undergo 

opposing changes in their distributions as MDA-MB-231 cells enter confinement.  

The A375 cells also displayed a peripheral APC-dependent RNA enrichment in 

the 50 µm wide microchannels (Figure 5.1E), consistent with the broadly observed 

localization of these RNAs in various cell types (240–243, 249). Interestingly, in 

contrast to what we observed in MDA-MB-231 cells, A375 cells maintained the same 

degree of peripheral APC-dependent RNA enrichment in confinement. The APC-

independent RNAs exhibited a similar behavior in both cell types with a significantly 

increased peripheral distribution in the 3 µm narrow microchannels. We believe that 
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this increased peripheral distribution is the result of specific RNA targeting and cannot 

be accounted for by non-specific, overall redistribution of the cytoplasmic volume, 

which we assessed through detection of total polyadenylated (polyA) RNA in the same 

cells (Figure 5.1A-E). Overall, r-protein mRNAs (APC-independent) consistently 

became more peripheral in confinement, while localization of APC-dependent mRNAs 

is maintained or not in confinement depending on the cell type.  

To assess whether the observed peripheral RNA localization is uniform around 

the cell or whether it exhibits polarity, we measured an RNA polarization index for 

each cell, which is defined as the normalized distance between the centroid of the 

overall RNA signal and the centroid of the cell body (274, 275). In MDA-MB-231 

cells, APC-dependent RNAs (RAB13 and KIF1C) exhibited a similar polarization 

index between 50 µm wide and 3 µm narrow microchannels, while, in contrast, the 

polarization of these RNAs was significantly increased in confined A375 cells. The 

APC-independent r-protein mRNAs exhibited an increased polarization upon 

confinement in both cell types (Figure 5.2A,B). Nevertheless, this type of polarization 

metric does not allow us to distinguish the particular site of RNA accumulation and its 

potential correlation with the direction of migration.  

Cells in the 3 µm narrow microchannels are linearly confined and their direction 

of migration is specified by the site of chemoattractant addition (Figure 5.1A&B). 

Thus, we can segment the cells perpendicular to their direction of migration and 

measure RNA presence along the lagging to leading edge axis (Figure 5.1F). 

Interestingly, while r-protein mRNAs showed an increased polarization index in both 

cell types (Figure 5.2A&B) they did not exhibit a consistent preferential distribution 
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towards either the leading or lagging edges (Figure 5.2C&D). It therefore appears that 

r-protein mRNAs polarize either towards the front or the back of individual cells and 

when averaged across a population of cells the resulting overall distribution lacks a 

preference for either side. While the implications of this behavior, in the context of 

ribosome function or translation, might be interesting to explore, we think this 

observation indicates that peripheral localization of r-protein mRNAs is likely not 

directly linked to the directionality of cell movement in confined spaces.  

On the other hand, the APC-dependent RNAs revealed an interesting 

directional behavior. In MDA-MB-231 cells, which did not maintain peripheral 

localization of RAB13 or KIF1C RNAs in confinement (Figure 5.1D), these RNAs also 

did not preferentially polarize towards the leading or lagging edges (Figure 5.1G). In 

contrast, in A375 cells, where RAB13 and KIF1C RNAs were peripheral in cells in 

confinement (Figure 5.1E), they also preferentially accumulated towards the leading 

edge (Figure 5.1H). Given that localization of APC-dependent RNAs is important in 

unconfined migration (242, 249), we reasoned that this result might indicate that APC-

dependent RNAs have a differential regulation and contribution in confined migration 

depending on the cell type. We thus focused on the RAB13 mRNA and sought to 

understand the mechanism leading to its differential distribution in confined MDA-

MB-231 or A375 cells, and to assess its functional role in confined migration of these 

cell types. 
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Figure 5.1: RNA localization patterns are altered in a cell type-dependent manner 

in confinement.  
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(A and B) Representative FISH images of RAB13, KIF1C, RPL27a, RPS20, and 

polyA RNAs in (A) MDA-MB-231 and (B) A375 cells in either 50 µm wide or 3 µm 

narrow microchannels. RNA signal is shown in white, nucleus in blue, and cell 

outline in red. Brackets above cells in 3 µm groups denote the microchannel width. 

The leading edge of the cells (determined by the side of chemoattractant addition) 

is towards the top of the page.  

(C) Schematic showing PDI index values of the indicated hypothetical RNA 

distributions. A more peripherally enriched RNA exhibits a PDI>1, a diffuse RNA 

exhibits a PDI=1, and a perinuclear RNA a PDI<1.  

(D and E) PDI calculations of RAB13, KIF1C, RPL27a, RPS20, and polyA RNAs 

for (D) MDA-MB-231 cells or (E) A375 cells. Dots on graphs in (D and E) 

represent individual cells pooled from at least three independent experiments. 

Note that the PDI of polyA RNA, which is used as a proxy for the cytosolic volume, 

is slightly higher in cells in the 3 µm narrow microchannels. This is likely because 

in confined cells the cytosolic volume is more equally distributed throughout the 

cell body, while in unconfined cells most of the cytosol is found perinuclearly, 

leading to higher and lower PDIs, respectively. This difference is not sufficient to 

account for the more substantial PDI increase observed for r-protein mRNAs in 

the 3 µm narrow microchannels.  

(F) Schematic showing segmentation of the cell in the direction of migration, from 

the lagging edge through the nucleus, to the leading edge. The intensity of the RNA 

signal was measured within ten evenly spaced sections starting and ending at the 

cell boundaries.  
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(G and H) Quantification of the intensity of APC-dependent RNAs (RAB13, 

KIF1C) compared to polyA RNA in (G) MDA-MB-231 and (H) A375 cells along 

the length of cells in 3 µm narrow microchannels.  

Error bars represent standard error. Scale bars: 10 µm. P values represent 

*<0.05, ***<0.001, ****<0.000; two-way ANOVA with Šídák's test.  

 
 
 

 

Figure 5.2: RNA polarization metrics are altered in confinement in a cell type 

dependent manner. 

(A and B) Polarization index of RAB13, KIF1C, RPL27a, RPS20, and polyA RNAs 

in (A) MDA-MB-231 and (B) A375 cells in 50 µm wide and 3 µm narrow 

microchannels. Individual dots represent individual cells pooled from at least 
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three independent experiments. P values; *<0.05, **<0.01, ***<0.001, 

****<0.0001, a two-way ANOVA with Šídák's test was performed. 

(C and D) Quantification of the intensity of APC-independent RNAs (RPL27a, 

RPS20) compared to polyA RNA in (C) MDA-MB-231 and (D) A375 cells along 

the length of cells in 3 µm narrow microchannels. All error bars represent 

standard error. 

5.2.2 Detyrosinated tubulin network drives APC-dependent RNA 

peripheral localization in confinement 

Prior studies have shown that RAB13 and other APC-dependent RNAs rely on 

detyrosinated (Glu)-microtubules for their peripheral localization (240, 249, 261). 

Detyrosinated (Glu)-microtubules are a subset of stable microtubules that arise upon 

removal of the C-terminal tyrosine from the tail of the a-tubulin subunit (Figure 5.3A). 

We therefore hypothesized that differences in APC-dependent RNA distribution 

between confined MDA-MB-231 and A375 cells could be driven by differences in the 

Glu-tubulin network. In the 50 µm wide microchannels, there was a fibrillar 

detyrosinated tubulin and a-tubulin network in both the MDA-MB-231 and A375 cells 

(Figure 5.3B), consistent with the peripheral RNA localization in both cases. However, 

in the 3 µm narrow microchannels, the Glu-tubulin network was fragmented and 

diffuse in the MDA-MB-231 cells, in direct contrast to the A375 cells, which 

maintained an obvious fibrillar presentation of Glu-tubulin staining (Figure 5.3C). The 

total a-tubulin network in the 3 µm wide microchannels appeared similar in both cell 
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lines. Quantification of the detyrosinated tubulin signal indeed showed that MDA-MB-

231 cells exhibit a lower Glu-tubulin signal than the A375 cells (Figure 5.3D).   

 

 

Figure 5.3: MDA-MB-231 cells have less detyrosinated (Glu) tubulin than A375 

cells. 

(A) Schematic representing the tubulin tyrosination and detyrosination cycle and 

the enzymes involved. The C-terminal tyrosine of a-tubulin can be removed by a 

tubulin carboxypeptidase (TCP), an enzyme that can be inhibited by parthenolide 
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(PTL). The tyrosine can be added back through the action of tubulin tyrosine 

ligase (TTL), whose expression can be knocked down through targeted siRNA (si-

TTL). 

(B and C) Representative immunofluorescence images of Glu-tubulin and tubulin 

in MDA-MB-231 or A375 cells in (B) 50 µm wide microchannels or (C) 3 µm 

narrow microchannels. White dashed lines indicate positions of nuclei. Scale bars: 

5 µm. 

(D) Quantification of Glu-tubulin signal volume (after diffuse background signal 

was thresholded out and normalized to total cell volume) in the indicated cells. 

Dots represent individual cells pooled from three independent experiments; error 

bars represent standard error. P values: *<0.05, ****<0.000; two-way ANOVA 

with Šídák's test.  

 
To directly test whether Glu-tubulin is involved in peripheral RNA localization 

in cells in confinement, we took advantage of the fact that we can modulate the levels 

of Glu-tubulin by manipulating the enzymes involved in the a-tubulin 

tyrosination/detyrosination cycle (Figure 5.3A). Tubulin carbopeptidase (TCP), the 

enzyme that cleaves the tyrosine at the end of the a-tubulin monomer, can be 

pharmacologically inhibited with Parthenolide (PTL), leading to a reduction in 

detyrosinated tubulin (Figure 5.5A&B). Consistent with prior reports for cells on 2D 

substrates (249), in unconfined 50 µm wide microchannels, treatment with parthenolide 

reduced the peripheral localization of the RAB13 RNA in both MDA-MB-231 and 

A375 cells (Figure 5.4A-D). Importantly, in 3 µm narrow microchannels parthenolide 
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reduced the peripheral RAB13 localization in A375 cells but did not affect its 

distribution in MDA-MB-231 cells (Figure 5.4C&D). Therefore, the remaining fibrillar 

Glu-tubulin network in confined A375 cells is functionally important to support 

peripheral RNA localization, while the fragmented network seen in MDA-MB-231 

cells does not have a determining impact on the already less localized RAB13 RNA. 

To test whether we could rescue Glu-tubulin formation and consequently RNA 

localization in confined MDA-MB-231 cells, we employed siRNA-mediated 

knockdown of the tubulin tyrosine ligase (TTL) protein (Fig 5.3A, Figure 5.5C). TTL 

restores the tyrosine at the end of the Glu-tubulin monomer; therefore, its knockdown 

can increase the levels of Glu-tubulin. Indeed, treatment of MDA-MB-231 cells with 

the TTL siRNA led to an increase in the visible fibrillar detyrosinated tubulin network 

in 3 µm narrow microchannels (Figure 5.5D&E). Importantly, this also led to a 

significant increase in the RAB13 PDI in the confined MDA-MB-231 cells (Figure 

5.4E&F). Together these data show that detyrosinated microtubules support the 

peripheral localization of the RAB13 RNA in confined A375 cells, while the absence 

of detyrosinated microtubules underlies the reduced RAB13 localization observed in 

confined MDA-MB-231 cells. 
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Figure 5.4: Glu-tubulin levels drive RAB13 RNA localization in cells in 

confinement. 

(A and B) Representative RAB13 FISH images of (A) MDA-MB-231 cells and (B) 

A375 cells in 50 µm wide and 3 µm narrow microchannels after 3-hour treatment 

with DMSO (vehicle control) or Parthenolide (PTL; 10 µM in (A) and 50 µM in 

(B)). RNA signal is shown in white, nucleus in blue and cell outline in red. Brackets 

above cells in 3 µm groups denote the microchannel width.  

(C and D) PDI calculations of RAB13 RNA distribution of (C) MDA-MB-231 cells 

and (D) A375 cells.  

(E) Representative RAB13 FISH images of MDA-MB-231 cells treated with 

control siRNA or TTL siRNA. (F) PDI calculations of RAB13 RNA distributions 

50 μm 3 μm
0

1

2

3

4

5

R
A

B
13

 P
D

I

DMSO Control
10 μM PTL

✱✱✱ ns

50 μm 3 μm
0

1

2

3

4

R
A

B
13

 P
D

I

DMSO Control
50 μM PTL

✱✱ ✱✱✱

DMSO

RAB13

PTL DMSO PTL

50 µm wide 
channels

3 µm narrow 
channels

DMSO PTL DMSO

50 µm wide 
channels

3 µm narrow
channels

MDA-MB-231 A375

RAB13

MDA-MB-231
3 µm narrow

channels
Control si-TTL #5

Con
tro

l

si-
TT

L #
5

0

1

2

3

4

R
A

B
13

 P
D

I

✱✱

direction of m
igration

A B

C D

E

F

PTL



 

 

104 
 

of MDA-MB-231 cells treated with control or TTL siRNA. Individual dots on 

graphs in (C, D, and E) represent individual cells pooled from three independent 

experiments; error bars display standard error. P values, **<0.01, ***<0.001 by 

two-way ANOVA with Šídák's test was performed (in C and D) or by unpaired t-

test assuming equal standard deviations (F).  

 

 

Figure 5.5: Modulation of Glu-tubulin levels. 

(A and B) Western blots showing effect of DMSO (vehicle control) or Parthenolide 

(PTL) treatment on Glu-tubulin and tubulin protein levels for (A) MDA-MB-231 
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or (B) A375 cells. Numbers below tubulin bands represent quantification of Glu-

tubulin to tubulin signal.  

(C) Western blot showing the effect of Control or tubulin tyrosine ligase (TTL) 

siRNAs on tubulin and TTL protein levels. Numbers below tubulin bands 

represent quantification of TTL to tubulin signal. 

(D) Representative immunofluorescence images of MDA-MB-231 cells in 3 µm 

narrow microchannels treated with either Control or TTL siRNAs. White dashed 

lines represent position of the nucleus. Scale bar: 5 µm.  

(E) Quantification of mean intensity of Glu-tubulin signal of Control or TTL 

siRNA treated MDA-MB-231 cells. Individual dots represent individual cells 

pooled from two independent experiments. P value, *<0.05, an unpaired t-test 

assuming equal standard deviations was used. Error bars represent standard 

error.  

 

5.2.3 Myosin II activity alone does not promote peripheral RNA 

localization in cells in confinement 

Previous work from our lab showed that mechanical properties and actomyosin 

contractility can drive formation of the detyrosinated tubulin network, leading to 

peripheral RNA localization in cells (249). We speculated that differences in these 

parameters could account for the differences observed in Glu-tubulin levels and RNA 

localization between cell types. First, we investigated YAP distribution since higher 

nuclear YAP has been shown to correlate with a more mechanoresponsive cell (81, 
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199, 276). In the 50 µm wide microchannels, there was a high degree of nuclear YAP 

in both cell lines (Figure 5.6A&B), such that the cytoplasm to nuclear signal ratio was 

close to 1. In the 3 µm narrow microchannels, the MDA-MB-231 cells excluded YAP 

from the nucleus, leading to a high cytoplasm to nuclear signal ratio. A375 cells in 3 

µm narrow microchannels also had increased cytoplasmic YAP in comparison with 

cells in 50 µm wide microchannels, but they maintained a higher relative level of 

nuclear YAP in comparison with MDA-MB-231 cells. These results are consistent with 

the idea that A375 cells may maintain a higher degree of mechanoresponsiveness in 

confinement compared to MDA-MB-231 cells.  
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Figure 5.6: YAP localization is altered in cells in confinement. 

(A) Representative immunofluorescence images of YAP staining in MDA-MB-231 

and A375 cells in 50 µm wide and 3 µm narrow microchannels. Scale bar: 10 µm. 

Brackets above cells in 3 µm narrow microchannels show channel outline.  

(B) Quantification of YAP cytoplasmic to nuclear signal ratio of MDA-MB-231 

and A375 cells in 50 µm wide and 3 µm narrow microchannels. Individual dots 
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represent individual cells pooled from two independent experiments. P value, 

****<0.0001, a two-way ANOVA with Šídák's test was performed.  

 
To further test this, we explored the presentation of the actin and myosin 

networks within cells in confinement. We did not detect discernable differences in the 

actin network between either cell line in confinement (Figure 5.8A&B). In both cell 

lines in confinement, the actin network seemed to be largely cortical, which is a 

hallmark of ameboid migration that is dependent on myosin II contractility. Staining 

with an antibody against active phosphorylated myosin (Ser19) revealed that both 

unconfined MDA-MB-231 and A375 cells displayed a fibrillar active myosin network 

(Figure 5.7A). In the 3 µm narrow microchannels, the A375 cells maintained a fibrillar 

active myosin network. Meanwhile, the MDA-MB-231 cells did not show any fibrillar 

staining; rather, they accumulated active myosin at the extreme peripheral edges of the 

cells. Quantification of the fibrillar signal revealed significantly more fibrillar myosin 

in the A375 cells compared to the MDA-MB-231 cells in both the 50 µm and the 3 µm 

wide microchannels (Figure 5.7B). Interestingly, the levels of active myosin mirrored 

those of Glu-tubulin (compare Figure 5.7B and 5.3D), highlighting a potential 

connection between them. 
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Figure 5.7: Loss of myosin activity is not sufficient to disrupt peripheral RAB13 

RNA localization in cells in confinement. 

(A) Representative images of phospho-myosin light chain (er19) (pMLC) staining 

in MDA-MB-231 and A375 cells in 50 µm wide and 3 µm narrow microchannels. 

Brackets above cells in 3 µm groups denote the microchannel width. 
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(B) Quantification of pMLC signal (after thresholding out diffuse background 

signal) of MDA-MB-231 and A375 cells in 50 µm wide and 3 µm narrow 

microchannels.    

(C) Representative RAB13 FISH images of A375 cells treated with DMSO (vehicle 

control) or 50 µM ML-7 in 50 µm wide and 3 µm narrow microchannels. RNA 

signal is shown in white, nucleus in blue and cell outline in red.  

(D) Quantification of RAB13 PDI of DMSO control or 50 µM ML-7 treated cells. 

Individual dots on graphs represent individual cells pooled from three 

independent experiments; error bars display standard error. P values, *<0.05, 

**<0.01, ***<0.001 by two-way ANOVA with Šídák's test. Scale bar: 10 µm.  

 

To explore this possibility, we sought to disrupt myosin activity through 

treatment with the myosin light chain kinase inhibitor, ML-7. We chose to use ML-7 

in lieu of blebbistatin as it specifically targets myosin light chain kinase, which 

phosphorylates the myosin light chain residue that we imaged above. As expected, 

treatment with ML-7 led to a decrease in phosphorylated myosin signal (Figure 

5.8C&D). Intriguingly, when we examined the RAB13 RNA patterns in these cells, we 

saw that while myosin activity was required for RAB13 RNA localization in unconfined 

microchannels, its loss was not sufficient to affect RAB13 RNA localization in cells in 

confinement (Figure 5.7C). We conclude that in confined A375 cells a factor different 

than, or in addition to, myosin activity is required for peripheral RNA localization.  
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Figure 5.8: The actin network is largely cortical in cells in confinement and the 

myosin network can be modulated by an inhibitor of the myosin light chain kinase. 

(A and B) Representative immunofluorescent images of phalloidin staining in (A) 

MDA-MB-231 and (B) A375 cells in 50 µm wide and 3 µm narrow microchannels.  

(C) Western blot of phosphorylated myosin light chain (pMLC) and GAPDH of 

A375 cells treated with DMSO (vehicle control) or 50 µM ML-7. Numbers below 

GAPDH band are quantification of pMLC/GAPDH signal. 

(D) Representative immunofluorescent images of phospho-myosin light chain 

(Ser19) staining of A375 cells treated with DMSO (vehicle control) or 50 µM ML-

7 in 50 µm wide or 3 µm narrow microchannels. Scale bar (A, B, and D): 10 µm.  

 

5.2.4 The Piezo1 channel and myosin activity function redundantly to 

promote peripheral RNA localization in cells in confinement through the 

detyrosinated tubulin network 

It has been suggested that in confinement, A375 cells maintain mechanoactivity 

through two independent factors, myosin II and the Piezo1 Ca2+ mechanosensitive ion 

channel, which initiates a downstream signaling cascade that controls myosin-mediated 

contractility (73). Intriguingly, only dual inhibition of these factors resulted in a change 

in cell stiffness on 1D micropatterned substrates (73). We speculated that the additional 

factor involved in peripheral RNA localization postulated above is the Piezo1 channel. 

Hence, we investigated the role of Piezo1 in RNA localization. Knockdown of Piezo1 

with two different siRNAs (Figure 5.9A) reduced the peripheral RAB13 RNA 
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localization in cells within the 50 µm wide microchannels (Figure 5.10A&B). 

Combination of Piezo1 knockdown with 50 µM ML-7 treatment, in the 50 µm wide 

microchannels, did not lead to any additive effect. The RAB13 RNA remained 

perinuclear (evidenced by a significantly decreased PDI of approximately 1) compared 

to the control group.  

 

Figure 5.9: Piezo1 siRNA treatment reduces 

Piezo1 RNA levels. 

Quantification of RNA levels measured by droplet 

digital PCR of Piezo1 compared to GusB 

housekeeping gene of A375 cells treated with 

indicated siRNAs. Individual dots represent one 

experiment. Error bars represent standard error. 

 

 
Notably, in the 3 µm narrow microchannels, as seen above upon myosin 

inhibition, treatment with Piezo1 siRNA alone was not sufficient to alter the RAB13 

PDI (Figure 5.10C&D). Importantly, however, co-treatment with Piezo1 siRNA and 

50 µM ML-7 significantly decreased the RAB13 RNA PDI (Figure 5.10C&D). Taken 

together, these results confirm that in a confined environment the Piezo1 Ca2+ 

mechanosensitive ion channel and myosin activity act redundantly to maintain 

peripheral RNA localization.  
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Figure 5.10: The Piezo1 channel and myosin activity function redundantly to 

regulate peripheral RAB13 RNA localization in cells in confinement. 
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(A) Representative FISH images of RAB13 RNA (in white dots, nucleus in blue, 

cell outline in red) in A375 cells in 50 µm wide microchannels treated with DMSO 

(vehicle control) or 50 µM ML-7 along with the indicated siRNAs.  

(B) Quantification of RAB13 PDI of A375 cells in 50 µm wide microchannels 

treated with DMSO or ML-7 and Piezo1 siRNAs.  

(C) Representative FISH images of RAB13 RNA (in white dots, nucleus in blue, 

cell outline in red) in A375 cells in 3 µm narrow microchannels. Cells were treated 

with DMSO (vehicle control) or 50 µM ML-7, along with the indicated siRNAs.  

(D) Quantification of RAB13 PDI of cells in 3 µm narrow microchannels. 

Individual dots on graphs represent individual cells pooled from three 

independent experiments; error bars display standard error. Scale bars: 10 µm. 

P values, *<0.05, **<0.01, ***<0.001, ****<0.0001 by two-way ANOVA with 

Šídák's test.  

 
To determine whether this effect is mediated through the detyrosinated tubulin 

network (Figure 5.11A), we assessed Glu-tubulin levels under single or dual inhibition 

of these factors. Indeed only upon dual treatment with Piezo1 siRNA and ML-7 was 

there maximal decrease in Glu-tubulin levels as assessed by western blot (Figure 

5.11B&C) or by immunostaining of A375 cells within the 3 µm narrow microchannels 

(Figure 5.11D&E). Only dual treatment with Piezo1 siRNA and ML-7 led to a 

significant decrease in the detyrosinated tubulin intensity (Figure 5.11E). Altogether, 

the above data support a model whereby in confined A375 cells both Piezo1 
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mechanoactivity and myosin activity can promote the formation of a detyrosinated 

tubulin network and consequently lead to peripheral RAB13 RNA localization. 
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Figure 5.11: The Piezo1 channel and myosin activity function redundantly to 

regulate the detyrosinated tubulin network in cells in confinement. 

(A) Schematic depicting the proposed redundant regulation of Glu-tubulin and 

RNA localization by Piezo1 and myosin.  

(B) Representative western blot showing effect of Piezo1 knockdown and ML-7 

co-treatment (DMSO is used as the vehicle control) on Glu-tubulin protein levels 

for cells on a 2D surface.  

(C) Quantification of corresponding Glu-tubulin to tubulin protein levels from 

(B); individual dots represent one independent experiment.  

(D) Representative immunofluorescence images of Glu-tubulin in A375 cells in 3 

µm wide microchannels after treatment with Piezo1 siRNA and/or ML-7. Dashed 

white circle represents position of nucleus.  

(E) Quantification of mean intensity of Glu-tubulin signal per cell. Dots represent 

individual cells pooled from three independent experiments. Error bars reflect 

standard error, scale bars: 5 µm. P values, *<0.05, by two-way ANOVA with 

Šídák's test.  

 

5.2.5 Peripheral RNA localization contributes to confined migration 

Peripheral localization of the RAB13 RNA is important for cell migration in 2D 

and 3D settings (242, 249, 266). Targeting of the RAB13 RNA to the periphery can be 

specifically inhibited using antisense morpholino oligonucleotides targeted against a 

functionally important GA-rich region within the 3’UTR of RAB13. Such oligos have 

been shown to specifically mislocalize the RAB13 RNA in MDA-MB-231 cells from 
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peripheral regions of cells, without altering total RAB13 RNA or protein levels (242). 

We first confirmed that these tools produce the same results in A375 cells. Indeed, 

morpholinos targeted against the GA-rich region in the 3’UTR of RAB13 RNA 

prevented the peripheral localization of RAB13, as evidenced by a decrease in RAB13 

PDI, but did not alter the PDI of a perinuclear RNA, RHOA (Figure 5.12A-C). 

Significantly, and consistent with prior studies, RAB13 morpholinos also reduced cell 

migration speed and persistence of A375 cells on 2D unconstrained surfaces. These 

results support the conclusion that peripheral RAB13 is also important for migration of 

this cell type (Figure 5.11D&E).  
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Figure 5.12: Antisense morpholino oligos targeted against localization sequences 

in the 3’UTR of RAB13 can mislocalize the RAB13 RNA and impact cell migration 

in A375 cells. 
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(A) PDI quantification of RAB13 or RHOA RNAs in A375 cells treated with 

control morpholino oligos or RAB13-targeted oligos. Individual dots represent 

individual cells pooled from two independent experiments.  

(B and C) Representative RAB13 FISH images of A375 cells treated with (B) 

control morpholino oligos or (C) oligos directed against localization sequences in 

the 3’UTR of RAB13. Cell outline is in red and nucleus in blue. Blue arrows in (B) 

depict peripheral localization of RAB13 RNA, while yellow arrows in (C) show 

lack of RAB13 RNA at cell protrusions.  

(D and E) Effect of treatment of A375 cells with control morpholino oligos or 

oligos directed against localization sequences in the 3’UTR of RAB13 on (D) cell 

speed and (E) persistence. Individual dots represent individual cells pooled from 

two independent experiments. 

Scale bar: 10 µm. P values, **<0.01, ***<0.001, ****<0.0001, by two way ANOVA 

with Šídák's test (in A, D, E). Error bars represent standard error.  

 

To assess the role of RAB13 RNA localization in confined migration, we seeded 

cells treated with antisense morpholino oligos against RAB13 into the 50 µm wide 

microchannels or into the 3 µm narrow microchannels and quantified their migratory 

parameters. In the MDA-MB-231 cells, there was a significant decrease in cell speed 

in the 50 µm wide microchannels, but no significant change in the 3 µm narrow 

microchannels when compared to treatment with control morpholinos (Figure 5.13A). 

There was no change in cell persistence in either case (Figure 5.13B). By contrast, there 

was a significant decrease in A375 cell speed and cell persistence, in both 50 µm wide 
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and 3 µm narrow microchannels, upon treatment with RAB13 morpholinos (Figure 

5.13C&D). Together, these data support a model where in confinement, cells that 

maintain peripheral RAB13 RNA localization (A375 cells) require this peripheral RNA 

accumulation for efficient migration. In contrast, cells that cannot support peripheral 

RNA localization in confinement (MDA-MB-231 cells), due to a lack of Glu-tubulin 

network, likely rely on a different migratory mechanism that does not involve 

peripheral RAB13 RNA.  
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Figure 5.13: Peripheral RNA localization functionally contributes to cell 

migration in confinement. 

(A and B) Cell speed (A) and persistence (B) of MDA-MB-231 cells in 50 µm wide 

and 3 µm narrow microchannels were quantified after treatment with control 
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morpholino oligos or oligos directed against localization sequences in the 3’UTR 

of RAB13.  

(C and D) Cell speed (C) and persistence (D) of A375 cells in 50 µm wide and 3 

µm narrow microchannels were quantified after treatment with control 

morpholino oligos or oligos directed against the 3’UTR of RAB13 RNA. Dots 

represent individual cells pooled from three independent experiments. P values, 

*<0.05, ****<0.0001 by two-way ANOVA with Šídák's test.  

 

5.3 Discussion 

In summary, we have shown here that RNA localization in confinement is 

controlled by the mechanoactivity of cells. Mechanically active cells, through the 

Piezo1 channel or myosin activity, establish a detyrosinated tubulin network and utilize 

it to peripherally enrich the RAB13 RNA. This peripheral RNA accumulation 

functionally contributes to cell movement through a confined space.  Less mechanically 

active cells do not establish a pronounced detyrosinated tubulin network, do not 

manifest the same set of peripherally enriched RNAs, and do not require them for 

migration in confinement (Figure 5.14).  
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Figure 5.14: Proposed model.  

Flow chart depicting how the mechanical properties of cells determine RNA 

localization in confined cells. Peripheral RNA targeting can promote migration 

through narrow spaces.  

 

Cells in confinement have been reported to be less mechanically active than 

their unconfined counterparts. U2OS osteosarcoma cells soften as they move into 

confinement, with lower Young’s moduli and denser actomyosin stress fibers at the 

cortical edges of the cell (81). Both NIH-3T3 fibroblasts and U2OS osteosarcoma cells 

in confinement exert lower traction forces compared to cells in unconfined 

environments (57). YAP localization can also be a marker of cell mechanoactivity, 

where greater nuclear YAP signal can correlate to a more mechanically active cell and 

greater cytoplasmic signal can correlate to a ‘softer’ cell (81, 276). U2OS cells in 

confinement exclude YAP from the nucleus compared to nuclear accumulation of YAP 

in unconfined environments (81). Our results suggest that residual cell mechanoactivity 

can vary in confinement depending on the cell type. While both cell types tested here 
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appear to be less mechanically active compared to unconfined settings, A375 cells 

maintain a higher degree of mechanoactivity compared to MDA-MB-231 cells. This 

difference is also reflected in different levels of active myosin, microtubule dynamics 

and consequently RNA localization patterns. A375 cells are also able to move faster 

and more persistently in confined microchannels than MDA-MB-231 cells (Figure 

5.14), suggesting a potential benefit of higher mechanoactivity in confinement. 

However, the underlying cause, purpose, and/or function of this difference warrants 

further investigation. 

Entry of cells into a confined environment is accompanied by numerous 

changes in adhesion, cytoskeleton organization and membrane tension, all of which 

alter the mechanical and signaling state of the cell and ultimately influence the adopted 

mode of migration. Localized increases in membrane tension can drive the opening of 

stretch activated ion channels leading to an intracellular ion influx that can direct 

downstream signaling cascades (277). A375 cells upregulate the Piezo1 stretch-

activated ion channel, which allows entry of Ca2+ into the cytoplasm in response to 

changes in membrane tension (73). In confined cells, Piezo1-directed Ca2+ influx 

results in activation of phosphodiesterase 1 (PDE1), which suppresses protein kinase 

A (PKA) through hydrolysis of cAMP (73). We speculate that this signaling cascade 

could affect APC-dependent RNA localization by leading to activation of RhoA, as 

RhoA and PKA are connected through a negative feedback loop (278). RhoA can, in 

turn, activate mDia1, a formin protein, which can impact both actin and microtubule 

dynamics (273). Confined A375 cells additionally maintain a residual level of active 

myosin, which can further promote RhoA activation (9, 279).  
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In contrast to A375 cells, MDA-MB-231 cells do not upregulate Piezo1, but 

rather other mechanosensitive ion channels, such as transient receptor potential 

channels (TRPs) and Na+/H+ exchangers (NHEs) (154, 280). MDA-MB-231 cells in 

confinement can utilize the TRPM7 channel and cortical actomyosin to mechanically 

probe and enter environments of varying degrees of hydrostatic pressure, but their 

inhibition does not affect the cells’ ability to migrate once in confinement (200). 

Similarly, the MDA-MB-231 clone that has been purified from successive brain 

metastatic lesions (MDA-MB-231 BR) overexpresses the Piezo2 channel (281). In 

MDA-MB-231 BR cells, loss of Piezo2 does not impact confined migration, but rather 

the ability of the cells to enter confinement (281). Notably, these examples are in 

contrast to A375 cells, where knockdown of Piezo1 significantly reduces both confined 

migration and entry into confined microchannels (73). Together, it seems that 

mechanosensitive ion channels and actomyosin play cell type dependent roles in 

confinement sensing and migration. 

We show here that changes in mechanical activity and cytoskeletal dynamics 

underlie different RNA localization patterns in confined cells. Peripheral RAB13 RNA 

localization is maintained in unconfined and confined A375 cells and is required for 

their efficient migration in both environments (Fig 7, (242, 249)). This functional 

contribution likely stems from localized RNA translation at the periphery. Indeed, 

translation at protrusions is important for protrusion stabilization (243), and the RAB13 

RNA itself is translated in peripheral protrusions. Interestingly, active RAB13 

translation is observed in extending regions while translationally silent RAB13 RNA is 

found in retracting areas (241). The functional contribution of RAB13 RNA silencing 
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at retracting areas is still unclear, however a mechanism has been described through 

which active RAB13 translation, in lamellipodial regions, contributes to cell migration. 

Specifically, RAB13 translation allows a co-translational interaction of the nascent 

RAB13 protein with its activator RABIF. This peripheral association is required to 

direct the RAB13 GTPase activity to support cell migration (242). It would be 

interesting to explore whether an analogous mechanism occurs during confined 

migration and whether a similar or different set of RAB13 effectors are involved in 

confined versus unconfined migration. Our results suggest that for MDA-MD-231 

cells, which do not maintain peripheral RAB13 translation in confinement, these 

potential RAB13 effectors are not relevant for the adopted migration mode.  

An intriguing set of RNAs that become prominently peripheral in confinement, 

in both cell types tested here, encode ribosomal proteins (APC-independent RNAs). 

Their observed peripheral enrichment in both cases suggests that this might be a 

broader response upon entering confinement, regardless of the migration mode adopted 

by each cell type. This peripheral enrichment lacks directionality, occurring apparently 

randomly either at the front or back of cells, potentially indicating a lack of direct 

involvement in cell migration. Understanding the functional role of this phenomenon 

is hampered by our lack of knowledge of the underlying mechanisms of localization. 

While peripheral r-protein RNA localization can be mediated through the RNA-binding 

protein LARP6 and sequences in the 5’UTR (250), there is not currently an available 

way to specifically interfere with this RNA localization pathway. Changes in the 

location of r-protein mRNAs in polarized cells have been correlated with changes in 

the efficiency of their translation (250, 282). Specifically, protrusion localization of r-
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protein RNAs increases ribosomal protein synthesis. Such an increased r-protein 

production can lead to enhanced ribosome biogenesis and consequently to an increase 

in overall protein synthesis (250). Locally translated r-proteins could additionally 

participate in on-site ribosome remodeling, which could alter local ribosome functions 

(283). The functional relevance of either scenario in confinement is unclear. It would 

be interesting to assess whether overall protein synthesis changes as cells enter 

confinement, what is the contribution of r-protein RNA localization, and the potential 

functional roles of this regulation.    

In summary, our work provides evidence that specific mechanical properties of 

cells direct the type of migration mode adopted in confinement at least partly through 

directing cytoplasmic RNA distributions. This work adds to the emerging picture that 

subcellular RNA localization is regulated by both the internal and external mechanical 

environment of the cell and is functionally relevant for both 2D and 3D cell migration.  

While the microchannel devices are useful for studying cell migration 

phenotypes in confined spaces, their pliability is not reflective of all physiological 

settings. Furthermore, they likely do not adequately model the potential contribution of 

matrix remodeling by cells as they navigate confined environments in vivo. Further 

technical advances could shed light on these aspects. The presented mechanistic 

understanding is based on studies of the APC-dependent RNA, RAB13. Given that 

RNAs belonging to the APC-dependent group generally require detyrosinated 

microtubules for localization (241), we consider it likely that other RNAs of this group 

are regulated in a similar fashion, but future work would be needed to support that 

point. Finally, we focused on two cell lines which employ different migration 
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mechanisms (myosin based ameboid migration or actomyosin independent migration) 

in confinement and which exhibit differing levels of mechanoactivity. An expansion of 

this work to include additional cell types could strengthen the connections between 

mechanoactivity in confinement, migration mode and subcellular RNA distributions.  

 

5.4 Methods 

5.4.1 Cell culture 

MDA-MB-231 cells (derived from female patient metastatic pleural effusion 

site of breast adenocarcinoma, ATCC) were cultured in Leibovitz’s L-15 medium 

(ThermoFisher Scientific) supplemented with 10% FBS (ThermoFisher Scientific) and 

1% Penicillin/Streptomycin (1000 U/mL; ThermoFisher Scientific) in a 37°C incubator 

with 50% humidity and 0% CO2. A375 (derived from female patient with malignant 

melanoma, ATCC) cells were cultured in DMEM (ThermoFisher Scientific) 

supplemented with 10% FBS, 1% Penicillin/Streptomycin in a 37°C incubator with 

50% humidity and 5% CO2.  

5.4.2 Microchannel fabrication & cell seeding 

Microfluidic devices were fabricated as previously described (66, 128), and 

summarized here in Chapter 3.4.2. All fabrication was carried out in the University of 

Maryland Fabrication Laboratory. 20 µg/mL collagen type I (Sigma) was added to all 

wells of the microfluidic device and allowed to adsorb for 1 hour at 37°C or overnight 

at 4°C. All wells were washed 3 times with PBS for 5 minutes each. Cells were 
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trypsinized for 5 minutes and centrifuged. 5x104 cells were resuspended in 25 µL of 

serum free media (basal media supplemented with 1% Pen/Step), added to the bottom 

inlet, and allowed to incubate for 5 minutes at 37°C. Any remaining cell media was 

removed, and serum-free media was added to the bottom three inlets, while FBS-

containing media was added to the top inlet to act as the chemoattractant. For 2D 

control experiments, coverslips were coated with 20 µg/mL collagen type I for 1 hour 

and then washed three times with PBS for 5 minutes each. Cells were plated at 1x105 

cells/mL and allowed to adhere.  

5.4.3 Drug inhibitors 

Cells were allowed to migrate through the microchannels for 3 hours and then 

media was replaced with serum-free or serum-containing media, both with drug. Cells 

were incubated with drug for another 3 hours, washed twice in PBS for 5 minutes each, 

and then fixed with 4% methanol-free paraformaldehyde for 20 minutes. Drug 

concentrations were as follows: Parthenolide (MDA-MB-231, 10 µM; A375, 50 µM), 

ML-7 (A375, 50 µM). DMSO was used as a vehicle control for all treatments. 

5.4.4 Fluorescence in situ hybridization (FISH)  

Cells were allowed to migrate through the microchannels for at least 3 hours 

but no longer than 10 hours. Cells were washed 2 times in PBS for 5 minutes each and 

fixed in 4% methanol-free paraformaldehyde for 20 minutes. FISH was performed with 

ViewRNA ISH Cell Assay kit (ThermoFisher Scientific) according to the 

manufacturer’s instructions, with adjusted incubation times. The following probe sets 

were used: human RAB13 #VA1-12225; human KIF1C #VA1-3006735; human 
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Rpl27a #VA1-16562-01; human Rps20 #VA1-16561-01. To detect polyA RNAs, LNA 

modified oligodT probe (30 nucleotides) labeled with ATTO-655 was added during 

hybridization at 100nM and all amplification steps at 50nM. We use polyA as a marker 

of all RNA sequences within the cell. The entirety of the cell was stained with a cell 

mask stain to obtain the cell outline and nuclei were stained with DAPI.  

5.4.5 Immunofluorescence (IF) & western blotting 

Cells were allowed to migrate through the microchannels for at least 3 hours 

but no longer than 10 hours. Cells were washed 2 times in PBS for 5 minutes each and 

fixed in either 100% ice cold methanol (for Glu-tubulin and tubulin) or 4% methanol-

free paraformaldehyde (all other proteins). Cells were again washed 3 times in PBS for 

5 minutes each and blocked for one hour in PBS containing 5% goat serum and 0.3% 

Triton X-100. Cells were incubated with primary antibodies overnight, diluted in PBS 

containing 1% bovine serum albumin and 0.3% Triton X-100. The following day cells 

were washed 3 times in PBS for 5 minutes each and then incubated with Alexa-

conjugated secondary antibodies (ThermoFisher Scientific) at 1:500 in PBS containing 

1% bovine serum albumin and 0.3% Triton X-100. Cells were washed 3 times again in 

PBS for 5 minutes and then nuclei were stained with DAPI and imaged.  

Western blots were blocked using Intercept TBS blocking buffer (Li-Cor) and 

incubated with primary antibodies at concentrations listed in the reference table, diluted 

in blocking buffer with 1% Tween-20 overnight at 4°C. Secondary antibodies 

conjugated with IRDye (LiCor) were used at 1:10,000 in blocking buffer with 1% 
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Tween-20 for one hour at room temperature. Blots were imaged using a Li-Cor 

Odyssey imaging system. 

5.4.6 siRNA knockdown 

Cells were grown to 60-70% confluency and then transfected with 20 

pmoles/mL of siRNAs using Lipofectamine RNAiMAX (ThermoFisher Scientific), 

following the manufacturer’s instructions. TTL siRNA and Piezo1 siRNA sequence #8 

treated cells were analyzed 72 hours after transfection. Piezo1 siRNA sequence #2 cells 

were re-transfected with 20 pmol/mL siRNA at 48 hours and analyzed at 96 hours after 

transfection. siRNAs used were: AllStars Negative control siRNA (Qiagen, cat# 

1027281); si-TTL#5 (Qiagen, cat# SI03145856; target sequence: 5’- 

AGGAGTTCAATCAGTACCTAA-3’, si-Piezo1#2 (Qiagen, cat# SI00383656; target 

sequence: 5'- CAGCCTTGTATGCACCGTCAA -3'; si-Piezo1#8 (Qiagen, cat# 

SI04759153; target sequence: 5'- CCGGCCCTGTGCATTGATTAT -3'). 

5.4.7 Antisense morpholino oligonucleotides 

Cells were plated and allowed to attach overnight before antisense morpholino 

oligonucleotides (synthesized by GeneTools, LLC) were added to the cells at final 

concentration of 20 µM with Endoporter (GeneTools, LLC) delivery vehicle. Cells 

were analyzed 72 hours post treatment. 

5.4.8 Imaging 

RNA FISH and IF samples were imaged using a Leica SP8 confocal microscope 

(with a HC PL APO 63X oil CS2 objective). Z-stacks were taken through the entire 



 

 

133 
 

volume of the cell at an interval of 0.3 µm per step. Migration analysis was performed 

on an Olympus IX83 microscope (LUCPlan FLN 20X phase objective) with an 

environmental chamber to maintain appropriate growth conditions. Images were taken 

at 5 or 10-minute intervals for 12 hours.  

5.4.9 Image analysis, quantification, and statistical analysis 

Non-specific background noise was subtracted from all FISH images (Figure 

5.15A). RNA distribution indices were calculated using RDI Calculator (274). 

Distributions along the leading to lagging edge axis were performed using a custom 

MATLAB script. Glu-tubulin and tubulin IF images were processed through the Nikon 

Elements denoise.ai and fluorescent intensity was quantified using Imaris 9.7.0. All 

other IF images were quantified using ImageJ; phospho-myosin images were 

thresholded to remove diffuse background signal before quantification (Figure 5.15B). 

Cells for migration analysis were tracked using the Manual Tracking ImageJ plugin. 

Speed and persistence values were calculated using a custom MATLAB code by 

K.M.S. We measure persistence as the stepwise distance divided by the total distance 

the cell travelled, such that a persistence of 1 reflects a cell that moved in a straight 

line.  

All values are represented as mean ± standard error (SEM) and data represents 

individual cells pooled from similarly sized, biologically independent trials. An 

individual cell within a single microchannel was noted as N=1. First, this allowed for 

the heterogeneity within a single cell line population to be factored into the analysis. 

Second, as each microchannel could have slight differences in shape, introduced during 
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fabrication, or exposure to nutrients due to its position within the device, each cell 

within was in a unique experimental environment and could be counted as an individual 

entity. Prism 9 (GraphPad) was used for all statistical analysis; the significance level 

was set at 0.05. For multiple comparisons, a two-way ANOVA with Šídák's test was 

performed. For single comparisons, an unpaired t-test assuming equal standard 

deviations was used.  
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Figure 5.15: Post-processing of RNA FISH and IF images. (A) RAB13 FISH Z-

stack maximum projection images of MDA-MB-231 cells either raw signal or with 

background signal subtracted to remove noise. Nucleus in blue and cell outline in 

red. (B) Phospho-myosin IF staining of A375 cells shown with raw signal or 

remaining signal after threshold was applied to remove diffuse, non-fibrillar 

staining. Nucleus in blue. 

 

5.5 Conclusion 

Cancer cells experience mechanical confining forces during metastasis and 

consequently, can alter their migratory mechanisms. Localization of numerous mRNAs 

to cell protrusions contributes to cell polarization and migration and is controlled by 

proteins that can bind RNA and/or cytoskeletal elements, such as the Adenomatous 

Polyposis Coli (APC). Here, we demonstrate that peripheral localization of APC-

dependent RNAs in cells within confined microchannels is cell type dependent. This 

varying phenotype is determined by the presence or absence of a fibrillar detyrosinated 

tubulin network. We show that this network is regulated by mechanoactivity, and that 

cells with mechanosensitive ion channels and increased myosin II activity direct 

peripheral localization of the RAB13 APC-dependent RNA. Through specific 

mislocalization of the RAB13 RNA, we show that peripheral RNA localization 

contributes to confined cell migration. Our results indicate that a cell’s mechanical 

activity determines its ability to peripherally target RNAs and utilize them for 

movement in confinement. 
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Chapter 6:  Conclusions and contributions to science 

6.1 Physical confinement alters sarcoma cell cycle progression and 

division 

  In Chapter 3, we explored the effects of bi-axial confinement on cell cycle 

progression given the critical role of nuclear shape and mechanics in cell division and 

cell cycle progression. Our results demonstrate that bi-axial physical confinement 

reduces the frequency of cell division, which we found to be attributed to an arrest in 

the S/G2/M phase of the cell cycle and increases the frequency of abnormal division 

events. Cell and nuclear morphology were both altered in confinement, with the most 

confining channels preventing cells from undergoing the normal increase in size from 

G1 to S/G2/M during cell cycle progression. Finally, our results suggest that 

confinement induces a mechanical memory to the cells, given our observation of lasting 

effects on cell division and morphology, even after cells exited confinement.  

Together, our results provide new insights into the possible impact of 

mechanical forces on primary and secondary tumor formation and growth. This work 

motivates research on checkpoint inhibitors or cell cycle regulators to halt tumor cell 

cycle progression and division. As cells in confinement can retain some control of their 

cell cycle, harnessing these regulatory pathways may be useful in globally disrupting 

cancer cell growth. In addition, we suggest an interesting mechanism by which cells 

acquire genetic abnormalities through abnormal cell divisions in confining 

environments, which can impart the cells with metastatic capabilities. This motivates 



 

 

137 
 

further study of these multinucleated cells or cells with chromosomal abnormalities to 

garner a broader understanding of metastatic cells themselves. 

 

6.2 Global RNA translation is spatially altered in confinement and 

contributes to confined migration 

In Chapter 4, we found that MDA-MB-231 cells display a different spatial 

pattern of newly synthesized proteins in confinement, enriching these tagged sequences 

at the peripheral edges of the cell in comparison to unconfined cells, where the spatial 

distribution preferentially accumulates around the nucleus. We ruled out diffusion 

constraints within the microchannels to explain this peripheral accumulation. We 

further sought to understand the role of global mRNA translation in confined cell 

migration and found that active translation is required to specify the direction of 

migration and the magnitude of movement. We proposed a novel 3-D printed 

microchannel transwell filter insert to collect RNA and protein from cells in 

confinement to pinpoint what RNA sequences are contributing to confined migration. 

We designed a novel 3-D printed transwell device to collect confined cell lysate to 

study RNA and protein alterations within this environment.  

Together, this work emphasizes that confined migration requires continuous 

protein synthesis and motivates exploration of the proteome in cells in confinement. 

From a clinical standpoint, translation inhibition can be a treatment to halt cancer cell 

migration during metastasis. Combining translation inhibitors with local treatment 

strategies could effectively isolate the primary tumor or be used to ensure that 
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remaining cancer cells after excising the primary tumor are eradicated. In addition, 

using our confining microchannel transwell devices, further identification of the 

proteome in confinement can identify novel targets for therapeutic strategies.  

 

6.3 RNA localization in confined cells depends on cellular mechanical 

activity and contributes to confined migration 

In Chapter 5, we explored the role of RNA localization in cells in confinement 

as different migratory mechanisms can be at play. Here, we demonstrate that peripheral 

localization of APC-dependent RNAs in cells within confined microchannels is cell 

type dependent. This varying phenotype is determined by the presence or absence of a 

fibrillar detyrosinated tubulin network. We show that this network is regulated by 

mechanoactivity, and that cells with mechanosensitive ion channels and increased 

myosin II activity direct peripheral localization of the RAB13 APC-dependent RNA. 

Through specific mislocalization of the RAB13 RNA, we show that peripheral RNA 

localization contributes to confined cell migration.  

Our results indicate that a cell’s mechanical activity determines its ability to 

peripherally target RNAs and utilize them for movement in confinement. APC-

dependent RNA localization is seen in invading tumor cell strands in mouse models 

(266). Therapeutically, targeting APC-dependent RNA localization can disrupt cancer 

cell migration and invasion. In addition, further exploration of the mechanical state of 

the cell and its impact on genetic, proteomic, and behavioral outcomes may be useful 

for therapeutic treatment development. 
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6.4 Concluding remarks 

 In summary, this dissertation expands upon the understanding of cancer cell 

growth and migration in physiologically relevant mechanically confined environments. 

Using microfluidic microchannels that model microtracks present in the tumor stroma 

rich in dense ECM, we investigated the effect of confinement on sarcoma cell cycle 

progression and division (Chapter 3). We also preliminarily explored the role of global 

RNA translation in confined migration for cells that employ contractility-independent 

migration mechanisms in confinement (Chapter 4). We focused in on a specific RNA, 

RAB13, that is enriched in the periphery of migrating cells, to explore the role of altered 

mechanical environments on its localization and function in confined migration 

(Chapter 5). Together, this work offers a unique viewpoint by combining biophysical, 

bioengineering, and biological methodologies to uncover important mechanisms by 

which cancer cell growth and migration can be modulated by cells traveling through 

harsh environments.  

 

6.5 Contributions to the field 

6.5.1 Contributions to science 

• First study of bi-axial confinement on tumor cell cycle progression and division 

(Chapter 3).  
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• Determined that bi-axial confinement below 70 µm2 significantly restricts cell 

divisions through a block in the S/G2/M stage (Chapter 3). 

• Demonstrated that cells do not retain a significant mechanical imprint of bi-

axial confinement on cell divisions, morphology, or cell cycle progression 

(Chapter 3).  

• Determined that newly synthesized proteins and ribosomal protein RNAs 

accumulate at the peripheral edges in response to a confined environment 

(Chapter 4 & Chapter 5).  

• Showed that mRNA translation is necessary for confined cell migration 

(Chapter 4).  

• Showed that peripheral RAB13 and KIF1C RNA localization is cell-type 

dependent in confined environments (Chapter 5).  

• Demonstrated that peripheral RAB13 RNA localization is dependent on the 

mechanical state of the cells in confined environments (Chapter 5).  

• Determined that peripheral RAB13 RNA localization contributes to confined 

cell migration of cells that retain some level of mechanoactivity in confinement 

(Chapter 5). 

6.5.2 Peer-reviewed journal publications 

• RA Moriarty, S Mili & KM Stroka. “RNA localization in confinement 

depends on mechanical activity and contributes to confined migration.” 

iScience (2021): invited submission, submitted. 
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• MT Doolin*, RA Moriarty*, KM Stroka. “Mechanosensing of physical 

confinement by mesenchymnal-like cells.” Frontiers in Physiology 11 (2020): 

365. *denotes equal contribution. 

• RA Moriarty, KM Stroka. “Physical confinement alters sarcoma cell cycle 

progression and division.” Cell Cycle 17.19-20 (2018): 2360-2373. 

• L Yan, RA Moriarty, KM Stroka. “Advances in human pluripotent stem cell 

derived blood brain barrier models.” Theranostics (2021): in revision. 

• MA Shumakovich, CP Mencio, JS Siglin, RA Moriarty, H Geller, KM Stroka. 

“Astrocytes from the Brain Microenvironment Alter Migration and 

Morphology of Metastatic Breast Cancer Cells.” FASEB Journal 31.11 (2017): 

5049-5067. 

6.5.3 Conference presentations 

• RA Moriarty, KM Stroka & S Mili. “RNA localization and translation 

contribute to cell migration in confined environments.” American Society for 

Cell Biology Annual Meeting, December 2019. Washington, DC. *poster 

presentation 

• RA Moriarty, KM Stroka & S Mili. “Lost in translation? Investigating RNA 

localization and translation in confined microenvironments.” NCI-UMD 

Partnership for Investigate Cancer Research Symposium, November 2019. 

College Park, MD. *oral presentation 

• RA Moriarty, S Mili, KM Stroka. “Lost in translation? Investigating global 

RNA translation in confined microenvironments.” Fischell Department of 
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Bioengineering Annual Retreat, August 2019. College Park, MD. *oral 

presentation 

• RA Moriarty, KM Stroka, S Mili. “RNA translation contributes to cell 

migration in confinement.” NCI RNA Biology Initiative Retreat, February 

2019. Rockville, MD. *poster presentation 

• RA Moriarty, KM Stroka & S Mili. “The role of RNA localization during 

tumor cell migration in confined spaces.” UMD-NCI Partnership for Integrated 

Cancer Research Annual Symposium, February 2019. Bethesda, MD. *poster 

presentation 

• RA Moriarty, KM Stroka. “Physical confinement alters sarcoma cell cycle 

progression and division.” Biomedical Engineering Society Annual Meeting, 

October 2018. Atlanta, GA. *oral presentation 

• RA Moriarty, KM Stroka. “Physical confinement alters sarcoma cell cycle 

progression and division.” Fischell Department of Bioengineering Annual 

Retreat, August 2018. College Park, MD. *oral presentation 

• RA Moriarty, KM Stroka. “Effect of mechanical confinement on sarcoma cell 

cycle progression.” ResearchFest, June 2018. College Park, MD *poster 

presentation 

• RA Moriarty, KM Stroka. “Effect of mechanical confinement on sarcoma cell 

cycle progression.” UMD-NCI Partnership for Integrated Cancer Research 

Annual Symposium, February 2018. Bethesda, MD. *poster presentation 
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• RA Moriarty, KM Stroka. “Effect of mechanical confinement on sarcoma cell 

cycle progression.” Cell and Molecular Bioengineering Conference, January 

2018. Key Largo, FL. *poster presentation 
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Chapter 7:  Future work and outlook 

 
The goal of this work was to gain a more in-depth understanding of invasive 

cancer cell behaviors, with a long-term goal to utilize this information to direct novel 

targeted treatments or therapeutics for the metastatic cancers. As such, we note several 

open-ended research questions, where future work can continue to explore the 

mechanisms driving cancer cell growth and altered migration in confined 

environments.  

 

7.1: The role of the cytoskeleton in disrupting confined cell cycle 

progression and division 

 As we explored in Chapter 3, sarcoma cell division became significantly 

restricted in confined environments, seemingly caused by a cell cycle block in the 

S/G2/M stage. Previous research using uni-axial confinement had identified that the 

block occurs in the M stage due to inability of the cell to round up, leading to incorrect 

spindle capture and abnormal daughter cell geometries (179). This rounding is 

facilitated by both the actin and microtubule cytoskeleton. Interestingly, the 

cytoskeleton also appears altered in cells in confinement, where in S180 mouse 

sarcoma cells, the actin network appears diffuse and cells can migrate in confinement 

despite inhibition of actin polymerization (154). As a result, we hypothesize that in our 

bi-axial confined microchannels that the cell is halted in the M stage due to alterations 

present in the cytoskeleton in confinement. However, we anticipate that the cancer cells 

themselves are able to self-regulate in confinement to suppress their divisions. We 
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propose to use the live-cell SiR-actin and SiR-microtubule probes to image cells 

progressing through the cell cycle and dividing in confinement (284), where we would 

expect to see phenotypic alterations in one or both cytoskeletal elements. We 

hypothesize that stabilizing the actin or microtubule network through pharmacological 

agents may increase the number of divisions within cells in confinement. We would 

investigate whether the stabilization of the cytoskeleton in confinement, if it does lead 

to an increase in cell divisions, also results in a greater increase in abnormal divisions. 

In addition, we can investigate the expression of cyclins present at various stages in the 

cell cycle to determine the nuclear contribution to controlling cell divisions in 

confinement.  

 

7.2: The role of mitochondria in confined cell migration 

As we showed in Chapter 4, newly synthesized proteins are spatially rearranged 

in cells in confinement, and they play an integral role in confined cell migration. As 

translation is a key energy consumer within the cell, we think it would be of note to 

investigate the role of mitochondria, as the energy producers within the cell. 

Mitochondria can deform in response to mechanical forces, which ultimately affects 

their function (285, 286). In invading cancer cells, mitochondria localize to the anterior 

side of the nucleus, and this corresponds to a higher ATP energy consumption towards 

the leading edge of the cell (84, 196, 287, 288). Mitochondria are trafficked along the 

microtubule cytoskeleton through association with kinesins (289). In addition, cells 

alter their metabolic consumption when moving through collagen matrices of varying 

orientations and densities; cells in denser matrices used more energy to promote 
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migration which was slower than cells in aligned matrices that used less energy to move 

faster (195). During collective invasion, leader and follower cells dynamically 

rearrange once the leader cells’ ATP/ADP ratio falls below a critical threshold (196). 

This is notable as mitochondria accumulate in areas of low ATP/ADP ratios or in areas 

of high Ca2+ accumulation (290). Synthesizing these studies, we think it is of interest 

to study the mitochondrial localization and ATP output for translation purposes of cells 

in confining environments. We propose that the mitochondria are integral to mRNA 

translation during confined migration and associate towards the peripheral edges of 

cells in confinement. To explore the relationship, we can partially inhibit the 

mitochondria’s ATP production through treatment with bedaquiline (291) or tether the 

mitochondria to the ER membrane to understand the relationship between localization 

and translational function. 

 

7.3: The translatome of cells in confinement  

 In Chapter 4, we briefly discussed a novel confining device which would 

facilitate the collection of a cell secretome, RNA, and protein for analysis.  We 

detailed the future testing needed to fabricate and characterize the functionality of the 

device. Upon certification that it meets our criteria, we will utilize this device to 

understand the global mRNA and protein landscape within cells in confinement. We 

hypothesize that there will be an upregulation of certain genes corresponding with 

altered modes of migration but acknowledge that there may be no significant changes. 

We also note that comparison of multiple cell lines, and of multiple disease states would 

be of particular interest here.  
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In line with this, our results from Chapter 5 demonstrate that RAB13 mRNA 

localization is cell type dependent in confined environments. Therefore, we would 

utilize this device to also test RAB13 mRNA and protein levels in cells in confined and 

unconfined environments. Previous results from our lab have identified unique binding 

partners for RAB13 depending on the location of translation with the cell and could 

utilize protein pulldowns to study RAB13 binding partners in confined cell lysates. 

Another way we would like to focus in on the translation of RAB13 is through the live-

cell translation reporters that our lab has developed. Specifically, we would like to test 

cells in the seeding channel without our microfluidic microchannel devices, watch cells 

as they enter the microchannels, and then become fully confined. We hypothesize that 

during entry into the microchannels, the MDA-MB-231 cells will display a change in 

the RNA localization and, subsequently, local translation of RAB13.  

 

7.4: Alterations in mechanoactivity of cells in confinement 

 As we explored in Chapter 5, the mechanoactivity of cells in confined 

environments appears to be cell type dependent. Interestingly, this may not correlate to 

the presence of mechanosensitive ion channels alone, as both cell lines we tested 

upregulate various mechanosensitive ion channels in confinement (73, 200). In both 

instances, this can drive an increase in intracellular Ca2+ levels in confinement. 

However, there seems to be a difference in downstream pathways or protein 

interactions, as the two cell lines ultimately differ in the regulation of the detyrosinated 

tubulin network. We hypothesize that during entry into confinement, the MDA-MB-
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231 cells may upregulate or downregulate unique pathways that ultimately lead to a 

less mechanically active cytoplasmic environment.  

 

7.5 Outlook 

 In this dissertation, we explored the effects of physical confinement on tumor 

cell growth and migration. We provide three key pieces of motivating evidence 

mechanical cues impact cancer cell behaviors. However, there is a need to provide a 

more detailed understanding of changes occurring at the sub-cellular and molecular 

level. We acknowledge that investigating cells in 3-D systems can limit the capability 

of numerous molecular techniques that were developed and exclusively optimized for 

2-D systems. Yet through the integration of biological, physical, and engineering 

sectors, new solutions can be developed to characterize and image cells in 3-D systems. 

Together, these 3-D mechanistic studies will explore physiologically relevant cell 

behaviors and advance the development of metastatic cancer therapeutics.  
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