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Abstract 
 

The regulation of cell volume in mammalian cells has long been a confounding topic of 

research. Identifying the various mechanisms that cells use to regulate their volume and 

morphology could allow us to recognize how these mechanisms become dysregulated. These 

dysregulations lead to uncontrolled growth, as is seen in cancerous cells. Previously, much of the 

work surrounding how cells regulate their behavior has focused on biochemical pathways. While 

the biochemistry within the microenvironment of the cell is not insignificant, the effects of physical 

phenomena, such as cortical tension, are often overlooked despite their importance. Measurement 

of these physical phenomena is very challenging to accomplish directly without disrupting the cell. 

Thus, biochemical regulators of these physical phenomena have gained notoriety. Two of these 

regulators are the Hippo pathway, most notably the components yes-associated protein (YAP) and 

transcriptional coactivator with PDZ-binding motif (TAZ), and phosphorylated myosin light chain 

(pMLC). In this study, I use the fluorescence exclusion method to analyze how cell volume 

changes with respect to cell tension regulation with YAP/TAZ and pMLC activity. The dynamic 

changes of volume with cortical tension depletion suggest that the volume change is related to 

physical, not biochemical, phenomena.  YAP/TAZ activity as a mechanosensor has a strong 

correlation with cell volume through its regulation of the G1/S phase transition. Decreased levels 

of pMLC lead to a decrease in cell volume and drastic morphology change within a period of two 

hours. This study reveals that the modulation of the cytoskeletal cortical tension on its own has the 

capability of drastically changing mammalian cell volume and morphology. 

 

Advisor: Sean Sun, Ph.D. 

Thesis Committee: Sean Sun, Ph.D.; Sharon Gerecht, Ph.D. 
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Chapter 1: Introduction 
 
1.1 Cell Volume as a Regulator of Proliferation 
 

The control of cell volume has long been an important yet confounding concept. The physical 

properties and morphology of a cell are often indicative of various disease states (Wick). These 

properties include, but are not limited to, abnormal nucleus dimensions, cytosolic abnormalities, 

nucleus to cytosolic content ratio, and the optical properties of the nucleus. In recent years, cell 

size and volume have gained popularity as biophysical markers of disease (Wick). Dysregulation 

of cell volume has been linked to several different disease states, particularly cancer (Dannhauser). 

Cell volume, however, is rarely reported in its direct form, and correlated properties, such as 

adhesive area, are analyzed instead. This discrepancy is due to the difficulty in obtaining high 

throughput and reliable measurements of cell volume. 

 

Since the 1970s, fibroblast cell shape and morphology has been investigated as a potential 

regulator of growth (Folkman). After the initial phase of development, cells grow between each 

division. In order to progress towards division, the cell must reach a prerequisite size. This 

checkpoint most likely occurs at the G1/S transition, however the ability of the cell to coordinate 

this transition is still unknown (Conlon). Furthermore, cell growth and cell proliferation are not 

synonymous terms. As has been seen in oligodendrocyte precursor cells, when an asymmetric cell 

division occurs, the smaller daughter cell takes longer to divide since it must grow to the necessary 

size to satisfy the division checkpoint (Gao). These results suggest that the ability of a cell to 

progress through the cell cycle is largely dictated by its size. 
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 Cell size has often been measured as its area due to the relative ease to manipulate adhesive 

area through the micropatterning of surfaces (Folkman; Gao). With increased adhesive area, 

endothelial cells have been shown to have increased rates of DNA synthesis and decreased 

prevalence of apoptosis in the culture (C. M. Chen). It is important to note that the adhesive area 

alone of a cell is not dictating these results. The adhesion of a cell to the extracellular matrix via 

integrin surface receptors creates tension in the cytoskeletal cortex. This tension is actually what 

controls the proliferative potential seen by Chen et al. The cell shape is directly related to its degree 

of spreading, and thus the tension in the actomyosin cortex (S. C. Huang). Furthermore, a 

dysregulation in the control of tension within a cell has the potential to lead to tumor formation. 

Cells have the ability to use mechanotranductive signals such as cytoskeletal tension and cell-

extracellular matrix traction to regulate cell size, nuclear size, and growth rates (Uroz). 

 
1.2 The YAP/TAZ Protein Complex and Mechanotransduction 

 

 The Hippo pathway is a highly conserved regulator of differentiation and tissue growth. 

The Hippo pathway was originally discovered in Drosophila melanogaster by analyzing the organ 

development of the compound eye, and homologues of this pathway were quickly identified in 

human cells, as well (Tapon). Naturally, perturbations to the Hippo pathway have been linked to 

a number of malignancies, including lung, colorectal, ovarian, and liver cancers (K. T. Harvey). 

At the core of the Hippo pathway, there is a system of kinases that includes large tumor suppressor 

1 (LATS1) and LATS2 (Xu). The LATS1/2 protein kinases are supplemented with Mps one binder 

1 (MOB1) activator, which helps modulate the activity of the kinase (Nishio). The LATS1/2 kinase 

system and its corresponding activator, MOB1, play a very important role in modulating the tumor 

suppressive activity of the Hippo pathway. 
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 One of the main suppressive effects of the LATS1/2 kinase system is its regulation of the 

activity of the homologous oncoproteins Yes-associated protein (YAP) and transcriptional co-

activator with PDZ-binding motif (TAZ). LATS1/2 promotes the phosphorylation of YAP/TAZ 

within the cytosol (J. W. Huang). This phosphorylation is critical to the sequestration of YAP/TAZ 

in the cytosol. The phosphorylation of YAP/TAZ creates the association with 14-3-3 which in turn 

prevents them from being transported into the nucleus (Zhao). When YAP/TAZ is sequestered in 

the cytosol of the cell, it is targeted for ubiquitination and subsequent degradation (K. Z. Harvey). 

Thus, whenever LATS1/2 is active, YAP/TAZ is unable to be transported into the nucleus of the 

cell, and therefore, YAP/TAZ cannot perform their transcriptive actions. An overview of these 

components of the Hippo pathway is outlined in Figure 1. 

 

 
Figure 1 Role of LATS1/2 and YAP in the Hippo 
pathway. 
When LATS1/2 is activated, the phosphorylation of 
YAP in the cytosol is induced. Phosphorylated YAP 
is then sequestered in the cytosol and subsequently 
targeted for degradation. 
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 Once YAP/TAZ has been localized to the nucleus, they assume active form. YAP acts as 

a transcriptional co-activator once inside the nucleus and binds to several DNA-binding 

transcriptions factors to induce its effects (Pan). One of the most notable transcription factor 

binding partners of YAP is TEA domain family member 1 (TEAD1), which has a Drosophila 

ortholog in Scalloped (Liu-Chittenden). YAP in its active form promotes tumorigenesis and cell 

growth.  

 

 It has been shown that the Hippo pathway, and YAP/TAZ in particular, responds to various 

physical stimuli and acts as a mechanotransduction mediator that relays the signal to other cellular 

processes. These physical stimuli include contact inhibition where LATS1/2 is activated at high 

cell density to inhibit cell growth and proliferation (Zhao). Additionally, the localization of 

YAP/TAZ within the cell has been shown to respond to changes in cytoskeletal stiffness and cell 

geometry (Driscoll). Adherent cells need to be attached to a substrate in order to survive, grow, 

and proliferate. Cells that are attached to the extracellular matrix or a surface with a high stiffness 

have activated YAP/TAZ that is localized to the nucleus (Meng). On the other hand, cells that are 

not detached, and thus assume a spherical morphology, have very little cytoskeletal tension. These 

spherical cells have mostly phosphorylated YAP/TAZ that is localized to the cytosol (Meng).  

 
1.3 Cytoskeletal Cortical Tension 

 
 The cortex of a cell is composed of actin filaments, myosin motors, and actin-binding 

proteins. This component of the cytoskeleton plays an important role in controlling cell shape by 

resisting mechanical stress and opposing intracellular osmotic pressure (Bray; Stewart). The 

actomyosin cortex is also the main determinant of cell surface stiffness by playing a role similar 

to that of a cell wall in bacteria or plant cells (Salbreux). An important difference between the 
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cytoskeletal cortex and cell walls is that the actomyosin cortex is capable of quick, dynamic 

remodeling in response to changes in the extracellular environment. These tension differences have 

been observed in various environments, however most notably, the tension of the cortex has been 

shown to be not constant throughout the cell cycle. During interphase, the thickness of the cell 

cortex has been shown to be significantly greater than during mitosis (Chugh). Thus, while the cell 

is undergoing mitosis, the actomyosin cortex is thinner and has a higher tension. The results of 

Chugh et al. correspond well with my expectations since YAP/TAZ needs to be active during the 

mitotic process, which is promoted by the high-tension-inhibiting LATS1/2. 

 

 The dynamics of the cytoskeletal cortex are largely mediated by the myosin family of 

motors (Tinevez). Under normal conditions, the cell is able to resist the osmotic pressure difference 

between the cytosol and extracellular environment due to the dynamic remodeling and stiffness of 

the actomyosin cortex. The myosin motors within the cortex slide actin filaments against one 

another and remodel the mesh network while maintaining the necessary tension. Tinevez et al. 

have demonstrated that when the myosin motors are inhibited, the cortex is unable to resist shape 

perturbations and blebs form. A particularly important myosin motor in non-muscle cells is 

phosphorylated myosin light chain (pMLC) which is formed by myosin light chain kinase (MLCK) 

(Lamb). Increased activity of MLCK increases the amount of pMLC present in the cell, which in 

turn catalyzes the contraction of actin microfilaments in the cytoskeletal cortex. This relationship 

was further confirmed by measuring the tension of the cell cortex using an isometric tension 

monitoring apparatus at various levels of pMLC (Goeckeler). Goeckeler et al. found that with 

increasing levels of pMLC, the tension of the cell cortex also increased. Thus, the amount of pMLC 

within a cell can be extrapolated to the level of tension on the actomyosin cortex. 
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 The contractility and tension distribution in the actomyosin cortex can be used to predict 

cell volume changes using a simple theoretical model derived from the Young-Laplace equation. 

The tension of the cortex is determined by the hydrostatic pressure difference due to the osmolarity 

differences across the cell membrane, along with the curvature of the membrane itself. To model 

this pressure difference, P, (Equation 1), the cell was assumed to adhere to a flat, 2D substrate, 

such that the cell volume is largely governed by the geometric shape of the apical surface (Tao), 

 
Equation 1 Hydrostatic pressure difference 
across the actomyosin cortex. 

𝑃 = 2(𝜎𝑎ℎ + 𝑇)𝐻 
 
 
where Va is the mechanical stress in the cortex, h is cortical thickness, T is membrane tension, and 

H is the mean curvature of the cell surface. This pressure difference can be modulated by dynamic 

remodeling of the actomyosin cortex and changing the levels of myosin contraction through the 

Rho pathway (He). In most scenarios, the membrane tension is negligible in comparison to the 

product of mechanical stress and cortical thickness, so the pressure difference can be simplified to 

the form shown in Equation 2 (Perez-Gonzalez, 2018). 

 
Equation 2 Relationship of curvature to cortical 
tension. 

𝐻−1 =
2𝜎𝑎ℎ

∆𝑃
  𝑤ℎ𝑒𝑟𝑒 𝜆 =

2𝜎𝑎ℎ
∆𝑃

   
 
 

The model proposed by Gonzalez et al. makes the calculation of cell volume possible if the 

cell adhesion size, shape, and O are known. Furthermore, the results from a theoretical analysis 

utilizing this model show that for cells with the same O, the volume is a monotonically increasing 
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function of the adhesion area (Perez-Gonzalez, 2018). This result further confirms the relationship 

between cell adhesion area, cortical tension, and cell volume hypothesized earlier. 

 

1.4 ROCK Inhibition with Y-27632 
 

 The role of phosphorylated myosin light chain (pMLC) as a regulator of cell tension has 

been well established. The balance between the phosphorylated and non-phosphorylated forms of 

myosin light chain is largely determined by the interplay between rho-associated protein kinase 

(ROCK) and myosin light chain (MLC) phosphatase. ROCK is one of several proteins that make 

up the downstream effectors of the Rho pathway (Kimura).  The GTPase Rho pathway is 

responsible for several signaling events, including the formation of actin stress fibers and focal 

adhesions (Amano). In its active form, RhoA is bound to guanosine triphosphate (GTP), and GTP-

RhoA is then capable of activating ROCK. The activated ROCK then inhibits MLC phosphatase 

by phosphorylating the myosin-binding subunit (MBS); hence, the dephosphorylation of pMLC is 

inhibited when ROCK is active (Kimura). Furthermore, there is some evidence that ROCK plays 

a role in promoting the phosphorylation of myosin light chain (Chihara). Thus, a key mediator of 

the levels of pMLC within a cell, and thus its cortical tension, is ROCK of the GTPase Rho 

pathway. 

 

 As a main mediator of the phosphorylation of myosin light chain, ROCK plays a key role 

in the regulation of actomyosin cortical tension in the cell. In order to modulate the effects of 

ROCK, a selective inhibitor, called Y-27632, for p160ROCK was developed (Uehata). Y-27632 

directly inhibits ROCK, and thus decreases the levels of pMLC within a cell (Figure 2). 
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Figure 2 ROCK pathway inhibition with Y-27632. 
Y-27632 is a selective and potent inhibitor of the ROCK pathway. 
ROCK promotes the phosphorylation of myosin light chain (MLC), 
thus increasing actin fiber contractility. MLC phosphatase catalyzes the 
de-phosphorylation of pMLC and decreases tension of the actin cortex. 

 
 
 When Y-27632 is added at an effective concentration to a cell culture, the levels of pMLC 

will decrease, and thus the contractility of the actomyosin cortex will also decrease. The contractile 

force in fibroblasts has been shown to significantly decrease in the presence of Y-27632, indicating 

that the cytoskeletal cortex had been disrupted (Yee Jr.). Furthermore, addition of Rho-kinase 

inhibitors, like Y-27632, lead to the reversible disassembly of stress fibers and focal adhesions in 

the central portion of fibroblast cells (Katoh). Through the disruption of the ability of ROCK to 

promote the phosphorylation of myosin light chain, Y-27632 can selectively disrupt the ability of 

the actomyosin cortex to maintain its contractility. Interestingly, a unique cell morphology, 

depicted in Figure 3, has been observed after ROCK inhibition (Paterson). This spider-like 

morphological change has also been observed with other Rho inhibitors, like Y-27632 (see Chapter 

4), so it is the effects of Rho inhibition, not the specific inhibitor, that causes this change. 
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Figure 3 Morphological change with Rho inhibition. 
Paterson et al. treated Swiss-3T3 cells with (A) buffer and (B) a Rho inhibitor. 
The fibroblast cells assume a spider-like morphology with long projections when 
the GTPase Rho pathway was inhibited. 

 
 
1.5 Fluorescence Exclusion Method 

 
How physical phenomena effect cell volume has previously been poorly understood due to 

the lack of accurate, high-throughput methods of measurement. Lately, there has been significant 

steps taken towards developing new measurement techniques. To analyze cell volume regulation, 

quantitative tools to directly observe cell cycle progression (Sakaue-Sawano), cell dry mass (Mir; 

Sung), buoyant cell mass (Son), cell total protein content (Kafri; Ginzberg), and single cell volume 

in normal culture (Varsano; C. M. Cadart; Guo; Wang) have been developed. These methods each 

produce their own advantages and challenges. For dynamic measurements to be completed in a 

high throughput manner, the best method is to use fluorescence exclusion as was developed by 

Bottier et al. and others (Cadart, 2017; Bottier; Perez-Gonzalez, 2018). 

 

The fluorescence exclusion method, outlined in Figure 4, is a novel technique that allows 

the volume of fibroblast cells to be reliably analyzed in a high throughput manner. Prior to analysis, 

the cells are seeded into a microfluidic device that contains three channels of known height (Figure 

(A) (B) 
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4A). It is imperative that the channel heights are known, as well as they be relatively consistent 

across the length of each channel; otherwise, the determination of the cell volume becomes much 

more complicated. Also, the fibroblast cells must have a height less than the channel height, as is 

shown in Figure 4B. If the cells have a natural height greater than that of the channel, then their 

morphology will be significantly altered in the channel due to confinement in the vertical direction, 

and thus the volume calculations may not accurately represent the native cell volume. Once the 

cells have been seeded into the microchannels, a FITC-dextran dye is washed through the channel 

using the entry ports (Figure 4C). This dye is initially excluded from the cell, and thus the 

fluorescence intensity differences in the regions above and around the cell can be used to calculate 

the cell volume. 

 
 

 
Figure 4 Schematic of volume device used in fluorescence exclusion method. 
To perform the volume analysis using the fluorescence exclusion method, the cells are seeded in 
a microfluidic device with three channels. (A) Aerial view of the microfluidic device block, 
containing three channels. (B) Side view of a cell-seeded channel with entry ports at either end. 
(C) After cells are seeded in the device, the channels are flooded with FITC-dextran dye and 
media to distinguish the cells from the surrounding channel environment. 

 
 
 The fluorescence exclusion method relies on the difference in fluorescent intensity that 

results from the excluded dye over the cell to calculate the cell’s volume. As is shown in Figure 

5A, the heights of various regions above and around the cell can be related to the local fluorescent 
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intensity. Furthermore, the adhesive area of the cell is determined using an automated 

segmentation process to ascertain regions where the cell is present versus the only background 

(Figure 5B). The relative fluorescence intensities at various infinitesimally small areas throughout 

the adhesive area are then summed using the integral described in Figure 5A to gain the total 

volume of the cell. This process can easily be repeated for large numbers of cells within each 

channel and has very few limitations. 

 

 
Figure 5 Calculation of cell volume. 
The cell volumes were calculated using the above equation. (A) The signal intensity in 
regions above the cell were less than regions where no cell was present. This difference 
was then correlated to the cell height using the known channel height, and then translated 
into volume by summing over the total cell area. (B) The total cell area was determined 
using a mask generated with an image segmentation process. 

 
 
 While the fluorescence exclusion method does allow for easy, reliable, and high throughput 

measurements of cell volume, the method has a number of limitations. One of the most notable 

limitations is that the density at which the cells are seeded in the microfluidic device must be tuned 

such that the cells are not in contact with one another. If the cells are not completely isolated in 

this way, the segmentation process cannot accurately determine the adhesive area of a single cell, 

and thus the volume cannot be determined. Furthermore, the cells must be seeded into the device 
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under conditions that allow them to attach strongly to the microchannel substrate; otherwise, the 

cells will easily detach and be washed from the channel when the dye is added. The final limitation 

of the fluorescence exclusion method is that the dye must be selected such that it is excluded from 

the cells for a sufficient period of time. Over time, the cells within the volume device will 

endocytose the dye, and thus the difference in fluorescence intensities over the cell adhesive area 

will decrease. After a sufficient period of time, enough dye will be endocytosed such that the cell 

can no longer be distinguished by fluorescence intensity. 

 
1.6 Thesis Overview 

 
This thesis examines the connection between cell cortical tension and cell volume 

regulation to elucidate how mechanotransduction influences cell behavior. In particular, I focus on 

how the Yes-associated protein/transcriptional coactivator with PDZ-binding motif (YAP/TAZ) 

protein complex and phosphorylated myosin light chain (pMLC) regulate cell volume. The role of 

physical phenomena in the regulation of cell volume and cell cycle is poorly understood and often 

ignored due to the difficulty in performing high throughput measurements. The volume of 

individual cells can be determined in a high throughput manner using the novel fluorescence 

exclusion method. The cytoskeletal cortical tension within the cell can be determined using the 

expression of pMLC, and thus using a modified Young-Laplace equation, a force balance across 

the cell membrane can be formulated. The dysregulation of cell volume and proliferation is often 

a key marker for disease. By understanding the regulation of these two phenomena by physical 

stimuli, we provide pertinent information regarding how cells interact with their external 

environment. In this thesis, I am aiming to elucidate this relationship with the two specific 

objectives listed below. 
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Specific Objective 1. Examine the role of the YAP/TAZ protein complex in cell volume and cell 

cycle regulation. The activation of the Hippo pathway has long been implicated in cell morphology 

changes and cell cycle dysregulation. Using human embryonic kidney cells with Hippo pathway 

CRISPR knockouts to induce varying degrees of YAP/TAZ activity, cell volume and morphology 

were assessed with the fluorescence exclusion method. 

 

Specific Objective 2. Study the relationship of cytoskeletal cortical tension and cell volume. Y-

27632 is a Rho-associated coiled-coil forming protein serine/threonine kinase (ROCK) inhibitor 

that has been shown to decrease the expression of pMLC in fibroblast cells. Therefore, the addition 

of Y-27632 will reduce the cortical tension of such fibroblast cells. I again used the fluorescence 

exclusion method to gauge how such a reduction in cell cortical tension affects cell volume and 

morphology. 

 

Chapter 2: YAP as a regulator of cell volume 
 
2.1 Introduction 
 
 As was described earlier, the ability of the cell to sense various physical stimuli and 

translate these signals is vital for survival. The use of mechanotransduction by cells has become a 

very intriguing topic of research. In order for the cell to properly respond to physical stimuli, the 

signals must be transformed into biochemical indicators that can either directly change the 

behavior of the cell or relay the message to other cellular components. As has been described, cells 

respond to soluble signals as well as physical and mechanical stimuli in their microenvironment 

(Dupont). The mechanotransduction systems within a cell are capable of using these physical and 

mechanical cues to influence cell growth, differentiation, and cancer malignancy progression. 
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 One of the most mechanosensitive systems within the cell is the actomyosin cortex of the 

cytoskeleton. In order for many cells to survive, grow, and proliferate, they must be attached to a 

substrate. This attachment is mediated by integrins which anchor the cell cytoskeleton to the 

extracellular matrix, and it has been demonstrated that integrins are capable of relaying mechanical 

signals to influence proliferation, migration, apoptosis, and differentiation (Du). The ability of 

cells to respond to mechanical cues is also mediated by the integrin-containing focal adhesions. 

Forces that are exerted by the extracellular matrix will activate the focal adhesions and increase 

the contractility of actin within the cytoskeletal cortex (LeGoff). The cytoskeleton will then 

remodel in response to the changes in contractility, and thus relay the signal even further to 

transcription factors within the nucleus. These transcription factors control the expression of 

various genes and have the potential to change cell growth and proliferation. 

 

 Two of the most notable and powerful of these transcription factors are YAP and TAZ of 

the Hippo pathway. Increased stiffness of the extracellular matrix increases the stiffness of the 

cytoskeleton as well (C. T. Chen). This mechanical strain then induces the nuclear localization and 

activation of YAP/TAZ (Benham-Pyle). Once the YAP and TAZ proteins have been activated 

within the cell, cell cycle re-entry is induced, and thus proliferation is increased within the culture. 

These observations suggest that YAP/TAZ have the potential to act as powerful 

mechanotransducers that induce cell proliferation and growth. A key upstream mediator of the 

response of YAP/TAZ to mechanical stimuli is the LATS1/2 protein kinase. Under high tension, 

low cell density conditions, LATS1/2 localizes to the adherens junctions between cells in the 

culture and did not effectively catalyze the phosphorylation of YAP/TAZ (Ibar). Thus under high 
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tension conditions, LATS1/2 is inhibited and YAP/TAZ localizes to the nucleus to promote cell 

proliferation and growth. 

 

 The YAP/TAZ protein complex is known to play a primary role in promoting cell 

proliferation and growth in response to cytoskeletal stiffness, however its exact mechanism 

remains unclear. Furthermore, the connection between cell volume and Hippo pathway activity is 

still not completely understood. Thus, in the following chapter, I seek to explain the connection 

between cytoskeletal tension, cell volume, and cell cycle progression in response to activity of 

YAP/TAZ. I hypothesize that since YAP/TAZ is directly correlated with cell cytoskeletal tension, 

decreasing the activity of YAP/TAZ by sequestering the proteins in the cytosol will slow cell cycle 

progression and decrease the overall volume of the cells.  

  
2.2 Materials and Methods 
 
2.2.1 Cell culture for human embryonic kidney cells 
 

The Human Embryonic Kidney cell line (HEK 293A) was a gift of Kun-Liang Guan 

(UCSD, San Diego, California). The CRISPR knockouts for the Hippo pathway were also 

provided by Dr. Guan. The LATS1/2 dKO cells were generated as detailed by Meng et al. and the 

YAP KO, TAZ KO, and YAP/TAZ dKO cells were formed based on Plouffe et al. The cells were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM, Corning) with 5% fetal bovine serum 

(FBS, Sigma) and 1% penicillin-streptomycin (P/S, Gibco) at 37qC with 5% CO2 in an incubator. 

  

2.2.2 Microfluidic device construction 
 

Silicon molds were fabricated using standard photolithography procedures. The masks 

were designed using AutoCAD and sourced from FineLineImaging. Molds were made by 
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following the manufacturer’s instructions for SU8-3000 photoresist. The first layer of photoresist 

was spin coated onto a silicon wafer (IWS) at 500 rpm for 7 seconds with an acceleration of 100 

rpm/s. This was then covered with a second layer of photoresist that was spin coated at 2000 rpm 

for 30 seconds with an acceleration of 300 rpm/s. After a soft bake at 95qC for 4 minutes, the 

desired patterns were etched with UV light from negative photoresist to create feature heights of 

about 15 Pm. The length of the channels was 16.88 mm, and the width was 1.46 mm. 

 

A 10:1 ratio of PDMS Sylgard 184 silicone elastomer and curing agent were vigorously 

mixed, vacuum degassed, poured onto each silicon wafer, and cured at 80qC in an oven for 25 

minutes. Razor blades were then used to cut the device blocks into the proper dimensions, and the 

inlet and outlet ports were punched using a blunt-tipped 21 Gauge needle (McMaster Carr, 

76165A679). The device blocks were sonicated in 100% IPA for 5 minutes, rinsed with DI water, 

and dried using compressed air. 

 

50 mm glass bottom Petri-dishes (FluoroDish Cell Culture Dish, World Precision 

Instruments) were cleaned with water and dried using compressed air. The Petri-dishes and PDMS 

device blocks were then exposed to oxygen plasma for 1 minute prior to bonding. The bonded 

devices were baked at 80qC in an oven for 40 minutes to enhance the bonding strength. 

 
 
 
2.2.3 Static cell volume measurements 
 

The microfluidic chambers were incubated with 50 Pg/mL type I rat-tail collagen (Corning, 

354236) for 1 hour at 25qC in a cell culture hood. The chambers were washed with 1X PBS before 

seeding approximately 50,000 cells/mL media into them using a syringe and blunt-tipped 21 
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Gauge needle (McMaster Carr, 76165A679). The dishes were then immersed in media to prevent 

evaporation. The cells were allowed to adhere in the incubator at 37qC with 5% CO2 and 90% 

relative humidity for a minimum of 12 hours.  Prior to imaging, the chambers were gently flushed, 

to minimize cell detachment, with 0.1 Pg/mL of Alexa Fluor 488 Dextran (ThermoFisher, MW 

2000 kDa).  

 

The cells were imaged using a Zeiss Axio Observer inverted, wide-field microscope using 

a 20X air, 0.8 numerical aperture objective equipped with an Axiocam 560 mono charged-coupled 

device (CDD) camera. The microscope was equipped with a CO2 Module S (Zeiss) and 

TempModule S (Zeiss) stage-top incubator (Pecon) that was set to 37qC with 5% CO2 for long-

time imaging. Differential interference contrast (DIC) microscopy was used to accurately capture 

the cell area and shape, and Epifluorescent microscopy was used to measure volume. Individual 

cells were traced using the following algorithm. 

 

Cell contours were segmented from the DIC and epifluorescence (volume) channels. First, 

a rough contour is created from a smoothed copy of the volume channel where pixels darker than 

the background intensity are identified. Next, high contrast regions of the DIC channel are 

identified to measure the local contrast, and the contour is expanded to include small features 

which may have been missed due to their low contrast in the volume channel. This expanded 

contour identifies the cell boundary. The inner and outer annuli are created by dilating the cell 

boundary contour 10 and 25 pixels away from the cell, respectively. The mean background 

intensity, Iannulus, was the mean fluorescence intensity between the inner and outer annulus. This 

value was related to the channel height. The volume boundary, shown as red line in Figure 5B, is 
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formed by dilating the cell boundary 20 pixels away from the cell. The local fluorescence intensity 

within the volume boundary, IV, corresponds to the local height above the cell, h2. The volume of 

the cell is then calculated for each time point using Equation 4. 

 
Equation 3 Volume Calculation from Channel Intensity. 

𝑉 = 𝐶ℎ𝑎𝑛𝑛𝑒𝑙 𝐻𝑒𝑖𝑔ℎ𝑡 ∑ (1 −
𝐼𝑉

𝐼𝐴𝑛𝑛𝑢𝑙𝑢𝑠
) 𝛿𝐴

𝑝𝑖𝑥𝑒𝑙𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦
 

 
 
Every cell volume experiment was repeated at least three times with three technical repeats, 

corresponding to the three individual channels in the microdevice. 

 
2.2.4 Immunofluorescence 
 

Immunofluorescence was carried out as described by Aifuwa et al. Briefly, cells were 

seeded at single cell density (12,000 cells/cm2 for all HEK 293A cells) for 6 hours and then fixed 

with 4% paraformaldehyde (VWR, 100503-917) for 10 minutes. Samples were then rinsed twice 

with 1X PBS. 0.1% Triton X-100 (Sigma-Aldrich, T8787) dissolved in PBS was then added for 

10 minutes, followed by two more washes with 1X PBS. The fixed cells were blocked with 1% 

bovine serum albumin (Sigma-Aldrich, A7906) for 1 hour at room temperature. Primary antibodies 

were incubated overnight in 1% BSA at 4qC. The primary antibodies used included: 

Phosphorylated-Myosin Light Chain 2 Thr18/Ser19 (1:100, rb; Cell Signaling Technology #3674) 

and YAP 63.7 (1:100, ms; SC/101199). The next day the dishes were rinsed 3 times with 1X PBS 

and incubated for 2 hours in secondary antibodies in 1X PBS protected from light at 25qC. The 

secondary antibodies used were Mouse Alexa Fluor 488 and Rabbit 568. DNA was stained with 

20 Pg/mL Hoeschst 33342.  
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Wide-field microscopy using the set-up described above was used to determine total 

pMLC, YAP/TAZ, and DNA content within the cells. A 567 nm laser was used to image the 

stained cells. Images had a resolution of 1024x1024, resulting in a field of view of 10485.76 Pm2. 

The cells were imaged with confocal stacks of total thickness of 20 Pm to cover the entire height 

of the cells with slices spaced 2 Pm apart and pinhole size 1 Pm. 

 

For each fluorescence image, the mean background intensity was subtracted from each of 

the pixel intensities. A binary mask is generated based on the pixel intensities of the fluorescence 

image where pixels within the cell region are marked with a “1” and pixels outside of the cell are 

marked with a “0”. By multiplying the binary mask and the actual fluorescence image, the pixel 

values within the cell were identified. All of the fluorescent intensity values within the cell 

boundary were then summed to determine the total intensity of the cell. The cell boundary was 

traced by the MATLAB routine “bwboundaries”. The traced regions of a smaller area than 1500 

pixels were deemed debris or cell fragments and not considered in the analysis. 

 

Every experiment was repeated a minimum of two times with two technical repeats. Each 

technical repeat contained at least 100 single cell measurements with a sample size of at least 200 

single cells per condition. This large dataset size was set in order to obtain a normal distribution 

for each experiment. No single cells were excluded during the analysis, but cells forming clusters 

were excluded. 
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2.2.5 Western blots 
 
 Cells were first lysed in SDS sample buffer (50 mM Tris pH 6.8, 2% SDS, 0.025% 

bromophenol blue, 10% glycerol, 5% E-mercaptoethanol), and the samples were then boiled for 

five minutes. The proteins were separated using 8-10% Bis-Tris polyacrylamide gels. 

Immunoblots were performed as described by Meng et al. The antibodies for LATS1 (#9153) and 

LATS2 (#5888) were purchased from Cell Signaling Technology. The YAP 63.7 antibody (sc-

101199) was purchased from Santa Cruz, and vinculin (V9131) was purchased from BD 

Biosciences. 

 
2.3 Results 
 
2.3.1 Establishment of varying levels of YAP/TAZ expression 
 

In order to elucidate the connection between the Hippo pathway and cell volume, CRISPR 

knockouts for various Hippo genes were used. To decrease Hippo activity, a YAP knockout (KO), 

TAZ KO, and YAP/TAZ double knockout (dKO) were performed in human embryonic kidney 

(HEK 293A) cells. A knockout of LATS1/2 was also performed to induce increased nuclear 

localization of YAP/TAZ, and thus increasing the activity. To validate that the CRISPR knockout 

process was successful, the expression of YAP/TAZ was measured using quantitative 

immunofluorescence and a Western blot (Figure 6). 
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Figure 6 Depletion of YAP/TAZ expression in HEK 293A cells. 
A CRISPR knockout of various Hippo genes, YAP/TAZ dKO, YAP, TAZ, and 
LATS1/2, was completed on HEK 293A cells. (A) Quantitative 
immunofluorescence was used to verify that the expression of YAP/TAZ was 
successfully altered with the knockout process. (B) A Western blot was 
implemented to provide complementary data to the quantitative 
immunofluorescence results, and to verify that the small signal seen in the 
YAP/TAZ dKO was equivalent to background noise. 

 
The CRISPR knockout process was successful in depleting the expression of YAP/TAZ in 

the HEK 293A cells. The YAP/TAZ dKO cells had significantly less expression of YAP/TAZ than 

the parental cells, however there was still some signal detected in the quantitative 

immunofluorescence experiment (Figure 6A). This signal was deemed to be equivalent to 

background noise and can be attributed to experimental design limitations. This assumption was 

then verified using a Western blot (Figure 6B). The Western blot confirmed that the YAP, TAZ, 

and YAP/TAZ dKO cells had no expression of their respective knocked-out gene. There was also 

no expression of either LATS1 or LATS2 in the LATS1/2 knockout cells. 

 
2.3.2 Relationship between YAP expression and cell volume 
 
 Previous work has shown that YAP/TAZ expression is directly related to 2D cell adhesion 

area (Plouffe), and that the 3D cell volume is also related to YAP/TAZ activity (Perez-Gonzalez, 

(A) (B) 
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2018). YAP/TAZ activity was defined as the amount of YAP/TAZ that had been localized to the 

nucleus, and thus overexpression of LATS1/2 leads to increased YAP/TAZ activity. These 

observations were then investigated further using the CRISPR knockouts explained above. To 

measure the volume of the HEK cells after the CRISPR knockouts were performed, the 

fluorescence exclusion method was utilized due to its high throughput capabilities (Figure 7). 

 
Figure 7 Cell volume after Hippo gene knockouts via the 
fluorescence exclusion method. 
The volume of HEK 293A cells was measured using the static 
fluorescence exclusion method. The expression of various 
Hippo components, YAP, TAZ, and LATS1/2, were altered 
using CRISPR knockouts, resulting in significantly smaller 
volumes when YAP activity was diminished. 
 
 

The static volume measurements produced results that coincided with the previous 

observations. There was a strong correlation between the amount of active YAP/TAZ and cell 

volume. In cells with very little YAP/TAZ activity, like in the YAP/TAZ dKO, the average cell 

volume was significantly smaller with a decrease of 27.2% in comparison to the parental line. The 

YAP/TAZ dKO cells had distributions containing mostly smaller cells whereas the LATS1/2 cells 

had distributions containing mostly larger cells. The LATS1/2 cells had an average cell volume 

3.01% larger than the parental cells. This moderate increase can be attributed to LATS1/2 being 
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largely inhibited under favorable cell culture conditions, and thus there is little difference in 

LATS1/2 activity between the parental and LATS1/2 KO cells. 

 
2.3.3 Cell shape comparison with YAP expression modulation 
 
 The geometry of the adhesive area of a cell has a significant effect on the cortical force 

balance, and therefore the volume of a cell. Assuming that the pressure difference across the 

actomyosin cortex is kept constant, a possible mechanism to maintain the force balance is to 

increase the volume of the cell and decrease the overall curvature, thus maintaining the same 

adhesive area shape. To analyze how the 3D cell shape, independent of cell volume, was affected 

by YAP/TAZ activity, the epifluorescent images were used to reconstruct the apical surface of the 

cells, and then the results were normalized by cell volume. Additionally, the cell height profiles as 

a function of the distance from the center of the cell were analyzed. These shape profiles are 

outlined in Figure 8. 
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Figure 8 Cell shape comparison with YAP activity. 
The 3D apical shape of HEK-293A cells with varying levels of YAP/TAZ activity were compared after 
reconstruction using the epifluorescent images. (A) The reconstruction of the apical surface was 
completed by taking the average height at various radii from the center of the cell. (B) The cell height 
profiles as a function of the distance from the center of the cell were very self-scaling, with the exception 
of the LATS1/2 dKO, which had a flatter morphology. (C) The volume normalized cell shapes for each 
CRISPR knockout demonstrated that only the LATS1/2 dKO exhibited a significantly different cell 
shape. 
 
 

 The results from the 3D apical shape reconstructions demonstrated that the shape of the 

HEK-293A cells did not change significantly for any CRISPR knockout, except for the LATS1/2 

dKO. There was no observed trend between cell shape and YAP/TAZ activity, despite these 

various cells having markedly different volumes. The only change in the cell height profile was 

observed with the LATS1/2 dKO cells. These cells were much flatter than their counterparts 

(Figure 8B). Thus, cell shape regulation by the Hippo pathway and YAP/TAZ activity cannot 

explain the observed volume differences that were observed in the CRISPR knockouts.  

 
2.4 Discussion 
 
 The analysis of the role of the Hippo pathway in regulating cell volume produced 

interesting results. The CRISPR knockouts of YAP, TAZ, and LATS1/2 demonstrated that with 
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decreased YAP/TAZ activity, the cell volume also decreased. However, there was no correlation 

between cell shape and decreasing YAP/TAZ activity. Thus, YAP is regulating cell volume 

independently of apical shape. It has been shown that cells with increased cortical stiffness tend to 

have increased YAP activity. These cells also have greater volumes.  The results that the CRISPR 

knockouts with decreased YAP/TAZ activity had smaller mean volumes support this observation. 

More importantly, this regulation was not correlated with apical shape, so YAP is modulating the 

volume of the cell in an independent fashion. This experiment supports the notion that YAP and 

the Hippo pathway possess the power to relay the mechanotransducive signals of tension in the 

actomyosin cortex in order to manipulate cell behavior. In work currently under review, Perez-

Gonzalez et al., and I have determined that the most likely mechanism by which YAP is regulating 

cell volume lies in cell cycle regulation. This conclusion presents YAP as a regulator of cell 

volume through a novel, mechanotransducive pathway (Perez-Gonzalez, 2019). In continuation, 

analysis to confirm the exact mechanism of cell cycle regulation and the role of YAP in this process 

will be completed.    

 

Chapter 3: The relationship between cytoskeletal tension and cell 
volume 
 
3.1 Introduction 
 
 At some point during the cell proliferation process, a cell must grow and increase its 

volume. Cells gain volume by a number of mechanisms, but one of the most driving forces of this 

increase is the uptake of ions into the cytosol (Lang). This increase in ion uptake causes an 

imbalance in osmotic pressure between the intracellular and extracellular environments. Thus, 

when the extracellular environment has a constant osmolarity, the cell volume change reflects the 
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changes in cellular osmolarity (Lang). The osmolarity mechanism cannot explain all changes to 

cell volume, however. The mechanical force balance that regulates cell volume also plays a crucial 

role.  The active tension network model explains how a mechanical force balance regulates the 

volume of cells mainly through cortical tension (Noll). The active tension model describes how 

the actomyosin cortex can respond as a fluid at short times while still maintaining mechanical 

integrity (Noll). Thus, the mechanical equilibrium that governs the volume of a cell is largely 

controlled by the dynamic remodeling of the actomyosin cortex. The actomyosin cortex is depicted 

below in Figure 9. 

 

 

Figure 9 Cartoon of the actomyosin cortex in an adherent cell. 
The volume of an adherent cell is regulated, in part, by the force balance across the 
actomyosin cortex. This mechanical equilibrium is governed by a variation in the 
Young-Laplace equation where the curvature of the membrane, H, is related to the 
cortical tension, Va, pressure difference across the membrane, and the thickness of 
the actomyosin cortex, h. 

 

 When the actomyosin cortex, and therefore the force balance between the cell and its 

extracellular environment, is disrupted, the morphology and volume of the cell can change 

dramatically. One of these morphological changes was observed by Tinevez et al. where 

disruptions in cortical tension led to the development of blebs in L929 fibroblasts. When the 

tension in the actomyosin cortex is disrupted by Rho inhibition, an even more interesting 

morphological change is observed. Rho inhibition leads to decreased levels of pMLC, and thus 

decreased cortical tension. With this decrease in cortical tension, as is seen in Figure 10, 
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fibrosarcoma cells assume a spider-like morphology with long projections and high curvatures 

(Niggli; Paterson). 

 

 

Figure 10 Morphological change with ROCK inhibition in HT1080 
cells. 
When treated with the ROCK inhibitor, Y-27632, at 20 PM for 30 minutes, 
Niggli et al. observed a drastic morphological change in HT1080 
fibrosarcoma cells. This change in cell shape is observed with several 
different types of Rho inhibition.  

  

 The ability of the selective, ROCK inhibitor Y-27632 to significantly decrease the tension 

in the actomyosin cortex has several implications for cell volume regulation. Not only does Y-

27632 decrease levels of pMLC within the cell, it has been shown to lead to the disassembly of 

stress fibers and focal adhesions in the central portion of fibroblast cells (Katoh). Thus, in the 

following chapter, I hypothesize that the disruption of tension in the actomyosin cortex with Y-

27632 will lead to significant volume reduction in both fibroblast and fibrosarcoma cells. This 

volume decrease will also be accompanied by a drastic morphological change. I will also aim to 

examine how these effects develop over time in order to elucidate how the volume and morphology 

are dynamically regulated. 
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3.2 Materials and Methods 
 
3.2.1 Cell culture for human fibroblast cells 
 

The HT1080 fibrosarcoma cell line and the human neonatal foreskin fibroblast (NuFF) cell 

line were provided by Dr. Sun. Both of the cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM, Corning) with 5% fetal bovine serum (FBS, Sigma) and 1% penicillin-

streptomycin (P/S, Gibco) at 37qC with 5% CO2 in an incubator. 

 
3.2.2 Preparation of Y-27632 solution for in vitro study 
 

Y-27632 (Sigma-Aldrich) was dissolved in PBS to make a 30 mM stock solution to be 

stored at -20qC, and then the stock solution was aliquoted into 7.5 mM master stock solutions, 

which were also stored at -20qC. The master stock solution was diluted in DMEM medium warmed 

to 37qC to a concentration of 100 PM to create the working solution. For control samples, fresh 

DMEM medium warmed to 37 qC was used. All working solutions were freshly prepared 

immediately before treatment.  

  

3.2.3 Microfluidic device construction 
 

Silicon molds were fabricated using standard photolithography procedures. The masks 

were designed using AutoCAD and sourced from FineLineImaging. Molds were made by 

following the manufacturer’s instructions for SU8-3000 photoresist. The first layer of photoresist 

was spin coated onto a silicon wafer (IWS) at 500 rpm for 7 seconds with an acceleration of 100 

rpm/s. This was then covered with a second layer of photoresist that was spin coated at 2000 rpm 

for 30 seconds with an acceleration of 300 rpm/s. After a soft bake at 95qC for 4 minutes, the 
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desired patterns were etched with UV light from negative photoresist to create feature heights of 

about 15 Pm. The length of the channels was 16.88 mm, and the width was 1.46 mm. 

 

A 10:1 ratio of PDMS Sylgard 184 silicone elastomer and curing agent were vigorously 

mixed, vacuum degassed, poured onto each silicon wafer, and cured at 80qC in an oven for 25 

minutes. Razor blades were then used to cut the device blocks into the proper dimensions, and the 

inlet and outlet ports were punched using a blunt-tipped 21 Gauge needle (McMaster Carr, 

76165A679). The device blocks were sonicated in 100% IPA for 5 minutes, rinsed with DI water, 

and dried using compressed air. 

 

50 mm glass bottom Petri-dishes (FluoroDish Cell Culture Dish, World Precision 

Instruments) were cleaned with water and dried using compressed air. The Petri-dishes and PDMS 

device blocks were then exposed to oxygen plasma for 1 minute prior to bonding. The bonded 

devices were baked at 80qC in an oven for 40 minutes to enhance the bonding strength. 

 
3.2.4 Dynamic cell volume measurements 
 

The microfluidic chambers were incubated with 50 Pg/mL type I rat-tail collagen (Corning, 

354236) for 1 hour at 25qC in a cell culture hood. The chambers were washed with 1X PBS before 

seeding approximately 250,000 cells/mL media into them using a syringe and blunt-tipped 21 

Gauge needle (McMaster Carr, 76165A679). The dishes were then immersed in media to prevent 

evaporation. The cells were allowed to adhere in the incubator at 37qC with 5% CO2 and 90% 

relative humidity for a minimum of 12 hours.  Prior to imaging, the chambers were gently flushed, 

to minimize cell detachment, with 0.1 Pg/mL of Alexa Fluor 488 Dextran (ThermoFisher, MW 
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2000 kDa) dissolved in either the 100 PM Y-27632 working solution or fresh DMEM media, and 

re-immersed in media. 

 

The cells were imaged using a Zeiss Axio Observer inverted, wide-field microscope using 

a 20X air, 0.8 numerical aperture objective equipped with an Axiocam 560 mono charged-coupled 

device (CDD) camera. The microscope was equipped with a CO2 Module S (Zeiss) and 

TempModule S (Zeiss) stage-top incubator (Pecon) that was set to 37qC with 5% CO2 for long-

time imaging. Differential interference contrast (DIC) microscopy was used to accurately capture 

the cell area and shape, and Epifluorescent microscopy was used to measure volume. Individual 

cells were traced over a period of 2 hours, taking fields of view every 2 minutes, using the 

following algorithm. 

 

Cell contours were segmented from the DIC and epifluorescence (volume) channels. First, 

a rough contour is created from a smoothed copy of the volume channel where pixels darker than 

the background intensity are identified. Next, high contrast regions of the DIC channel are 

identified to measure the local contrast, and the contour is expanded to include small features 

which may have been missed due to their low contrast in the volume channel. This expanded 

contour identifies the cell boundary. The inner and outer annuli are created by dilating the cell 

boundary contour 10 and 25 pixels away from the cell, respectively. The mean background 

intensity, Iannulus, was the mean fluorescence intensity between the inner and outer annulus. This 

value was related to the channel height. The volume boundary, shown as red line in Figure 5B, is 

formed by dilating the cell boundary 20 pixels away from the cell. The local fluorescence intensity 
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within the volume boundary, IV, corresponds to the local height above the cell, h2. The volume of 

the cell is then calculated for each time point using Equation 4. 

 
Equation 4 Volume Calculation from Channel Intensity. 

𝑉 = 𝐶ℎ𝑎𝑛𝑛𝑒𝑙 𝐻𝑒𝑖𝑔ℎ𝑡 ∑ (1 −
𝐼𝑉

𝐼𝐴𝑛𝑛𝑢𝑙𝑢𝑠
) 𝛿𝐴

𝑝𝑖𝑥𝑒𝑙𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦
 

 
 
Every cell volume experiment was repeated at least three times with three technical repeats, 

corresponding to the three individual channels in the microdevice. 

 

3.2.5 Immunofluorescence 
 

Immunofluorescence was carried out as described by (Aifuwa). Briefly, cells were seed at 

single cell density (5,000 cells/cm2 for NuFF cells and 10,000 cells/cm2 for HT1080 cells) for 6 

hours and then fixed with 4% paraformaldehyde (VWR, 100503-917) for 10 minutes. Samples 

were then rinsed twice with 1X PBS. 0.1% Triton X-100 (Sigma-Aldrich, T8787) dissolved in 

PBS was then added for 10 minutes, followed by two more washes with 1X PBS. The fixed cells 

were blocked with 1% bovine serum albumin (Sigma-Aldrich, A7906) for 1 hour at room 

temperature. Primary antibodies were incubated overnight in 1% BSA at 4qC. The primary 

antibody used was Phosphorylated-Myosin Light Chain 2 Thr18/Ser19 (1:100, rb; Cell Signaling 

Technology #3674). The next day the dishes were rinsed 3 times with 1X PBS and incubated for 

2 hours in secondary antibodies in 1X PBS protected from light at 25qC. The secondary antibody 

used was Rabbit Alexa Fluor 488. DNA was stained with 20 Pg/mL Hoeschst 33342.  
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Wide-field microscopy using the set-up described above was used to determine total pMLC 

and DNA content within the cells. A 567 nm laser was used to image the stained cells. Images had 

a resolution of 1024x1024, resulting in a field of view of 10485.76 Pm2.  

 

For each fluorescence image, the mean background intensity was subtracted from each of 

the pixel intensities. A binary mask is generated based on the pixel intensities of the fluorescence 

image where pixels within the cell region are marked with a “1” and pixels outside of the cell are 

marked with a “0”. By multiplying the binary mask and the actual fluorescence image, the pixel 

values within the cell were identified. All of the fluorescent intensity values within the cell 

boundary were then summed to determine the total intensity of the cell. The cell boundary was 

traced by the MATLAB routine “bwboundaries”. The traced regions of a smaller area than 1500 

pixels were deemed debris or cell fragments and not considered in the analysis. 

 

Every experiment was repeated a minimum of two times with two technical repeats. Each 

technical repeat contained at least 100 single cell measurements with a sample size of at least 200 

single cells per condition. This large dataset size was set in order to obtain a normal distribution 

for each experiment. No single cells were excluded during the analysis, but cells forming clusters 

were excluded. 

 
3.3 Results 
 
3.3.1 Concentration-dependent depletion of cell tension with Y-27632 
 
 To accomplish a disruption in cell cortical tension, the rho-associated protein kinase 

(ROCK) inhibitor, Y-27632, was used. An assessment of the down-regulation of pMLC after Y-

27632 treatment was performed using quantitative immunofluorescence (Figure 11). Y-27632 is 
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a specific inhibitor of the ROCK family of kinases at concentrations ranging from 10 – 100 PM 

(Ishizaki; Kanada; Niggli). Thus, the HT1080 fibrosarcoma cells were treated with concentrations 

between 0.1 PM to 100 PM for two hours, and then fixed in preparation for immunofluorescent 

staining. 

 

 
Figure 11 Cell tension deletion in HT1080 fibrosarcoma 
cells. 
HT1080 fibrosarcoma cells were treated with various 
concentrations of Y-27632 for two hours to validate a 
working concentration of Y-27632 necessary to properly 
disrupt cell tension. Cell cortical tension was assessed using 
quantitative immunofluorescence of pMLC expression 
(N0PM = 1921, N0.1PM = 991, N1PM = 1472, N10PM = 1023, 
N100PM = 776). A treatment of 100 PM Y-27632 significantly 
decreased (p < 0.0001) the pMLC content after two hours in 
HT1080 fibrosarcoma cells. 

 
 
 The quantitative immunofluorescence experiment revealed that the cortical tension in 

HT1080 fibrosarcoma cells was significantly decreased after a two hour treatment with 100 PM 

Y-27632. The amount of pMLC in cells treated with 100 PM Y-27632 was approximately 50% of 

that in the control condition. It is important to note that down-regulating pMLC beyond this point 

could be potentially lethal since a baseline value of pMLC is required to prevent lysis. Due to these 
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two competing factors, a concentration of 100 PM Y-27632 was deemed sufficient to diminish 

cortical tension in HT1080 fibrosarcoma cells. 

 
3.3.2 Time dependent cortical tension depletion with Y-27632 
 
 To complement the concentration assay described above, the time-dependence of cortical 

tension disruption was assessed in both fibroblast and fibrosarcoma cells. An identical quantitative 

immunofluorescence process was used to determine how the level of pMLC changed over time. 

In the previous section, a concentration of 100 PM Y-27632 was shown to be sufficient to decrease 

pMLC levels within a two hour period. The NuFF fibroblast cells were treated with Y-27632 for 

three different lengths of time, 30 minutes, 75 minutes, and 120 minutes, prior to fixation and 

immunofluorescent staining (Figure 12). 
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Figure 12 Change in cortical tension over time with Y-27632 
treatment in NuFF fibroblast cells. 
The level of cortical tension was correlated with pMLC expression 
that was measured using quantitative immunofluorescence. NuFF 
fibroblast cells were treated with 100 PM Y-27632 for time intervals 
varying from 30 minutes to 120 minutes (N0 = 164, N30 = 122, N75 
= 202, N120 = 320). There was a significant decrease in pMLC 
expression after 30 minutes (p < 0.01), and an even more significant 
decrease in tension was observed at 75 and 120 minutes (p < 
0.0001). 
 
 

 The time assay in NuFF fibroblast cells exhibited a significant decrease in cell cortical 

tension after 30 minutes. The level of pMLC within the cells did not significantly change in 

comparison to the level at 30 minutes after this time. After 30 minutes, the level of pMLC within 

the fibroblasts decreased to approximately 39% of its original value. While a significant change in 

cortical tension was seen after only 30 minutes, the maximum treatment time for Y-27632 in future 

analysis was maintained at 120 minutes because morphological or other downstream effects may 

take longer than 30 minutes to take full effect. 
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 The analysis of the time-dependence of cortical tension disruption with Y-27632 treatment 

was repeated in HT1080 fibrosarcoma cells (Figure 13). This analysis was repeated with identical 

parameters and treatment times as the fibroblast cells in order to ascertain whether a cancerous cell 

line would respond differently. 

  

 
Figure 13 Change in cortical tension over time with Y-27632 
treatment in HT1080 fibrosarcoma cells. 
The level of cortical tension in HT1080 fibrosarcoma cells was 
assessed over time in an identical manner as the NuFF fibroblast 
cells. The HT1080 cells were treated with 100 PM Y-27632 for time 
intervals varying from 30 minutes to 120 minutes (N0 = 258, N30 = 
317, N75 = 226, N120 = 228). There was a significant decrease in 
pMLC expression after 120 minutes (p < 0.001), and there was a 
slightly less significant decrease in tension at 30 and 75 minutes (p < 
0.01). 
 

 
 The results of the Y-27632 treatment time assay in HT1080 fibrosarcoma cells displayed 

similar results to that of the NuFF fibroblast cells. Again, there was a significant decrease in 

cortical tension after 30 minutes, and no significant decrease afterwards. A major difference, 

however, was that the pMLC level only decreased to 75% of its original value. Thus, the 

fibrosarcoma cells resisted changes to their cortical tension due to ROCK inhibition to a greater 
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degree than the fibroblast cells. There are several possible causes for this discrepancy. One of 

which is that the contributions of processes other than ROCK to phosphorylation of myosin light 

chain in fibrosarcoma cells may have more significance in comparison to the NuFF fibroblast cells. 

 
3.3.3 Dynamic volume change with Y-27632 treatment 
 
 The change in volume at discrete time points with cortical tension disruption has been well 

established, however the dynamic change over time is not as understood. To evaluate how 

disrupting the cortical tension in fibroblast cells affects their volume over time, NuFF cells were 

seeded in microfluidic devices, and the fluorescence exclusion method was used (Figure 14). The 

cells were observed over a two hour time period with fields of view taken every two minutes to 

ensure the dynamics of the volume decrease could be obtained without photobleaching the sample. 

 

 
Figure 14 Dynamic volume change due to decreasing 
cortical tension in NuFF fibroblasts. 
The dynamic volume change in NuFF fibroblast cells was 
measured using the fluorescence exclusion method over a two 
hour period. Cells treated with 100 PM of Y-27632 exhibited 
a significant volume decrease in comparison to cells in the 
control condition (NControl = 53, N100PM = 45). 
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 The volume over time measurements in NuFF fibroblast cells revealed that cells treated 

with 100 PM Y-27632 exhibited a mean volume decrease of 40%. The cells treated with Y-27632 

also shrunk at approximately a constant rate over the two hour period, showing no significant 

volume plateauing. The NuFF fibroblast cells in the control condition did not display any 

significant volume increase in the two hour period. This lack of measured growth is most likely 

due to the combination of the slow growth rate of the NuFF cells and the inability of the 

measurement system to discern small volume changes. While the fluorescence exclusion method 

is beneficial for its high throughput capabilities, this method cannot discern volume changes below 

5% in its current state. 

 

 The dynamic volume change analysis performed on the NuFF fibroblast cells was repeated 

on fibrosarcoma cells (Figure 15). In order to assess whether the volume of cancer cells responds 

in a similar manner as non-cancerous cells, HT1080 fibrosarcoma cells were analyzed with the 

fluorescence exclusion method in an identical manner as that of the NuFF fibroblast cells.  
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Figure 15 Volume change over time due to decreasing 
cortical tension in HT1080 fibrosarcoma cells. 
The dynamic volume change in HT1080 fibrosarcoma cells 
was measured using the fluorescence exclusion method, in an 
identical manner as the fibroblast analysis with NuFFs, over a 
two hour period. Cells treated with 100 PM of Y-27632 
exhibited a significant volume decrease in comparison to cells 
in the control condition (NControl = 44, N100PM = 27). 

 
 
 The volume over time measurements with the HT1080 fibrosarcoma cells displayed 

similar, but not identical results as the NuFF fibrosarcoma cells. The cells treated with 100 PM Y-

27632 had a mean volume decrease of 20% with a significant plateau around 40 minutes. Unlike 

the non-cancerous fibroblasts, the HT1080 cells did not continue to shrink significantly 40 minutes 

after the treatment with Y-27632 began. The cells also had a smaller volume decrease than the 

NuFF cells, however the volume decrease was still significant. As in the analysis with the NuFF 

fibroblast cells, the HT1080 fibrosarcoma cells did not exhibit a significant volume increase within 

the two hour period. The cause of this result is most likely the slow growth rate and lack of 

measurement discernibility, as was hypothesized in for the NuFF analysis. 

 

 



 40 

3.3.4 Morphology change with cortical tension disruption 
 
 Inhibition of the GTPase Rho pathway often leads to drastic morphological changes. To 

assess the development of these morphological changes, HT1080 fibrosarcoma cells were 

observed for two hours after the addition of 100 PM Y-27632 as well as under control conditions 

(Figure 16). The fibrosarcoma cells were viewed with DIC and GFP light filters while inside the 

microfluidic volume device. Hence, the conditions under which the cells were observed were 

identical to that of the volume measurements using the fluorescence exclusion method. 

  

 
Figure 16 Morphological change in fibrosarcoma cells with Y-27632 treatment. 
HT1080 fibrosarcoma cells were observed over a period of two hours under control and 
100 PM Y-27632 conditions. The cells were viewed with DIC and GFP light filters. The 
fibrosarcoma cells change their morphology greatly with Y-27632 treatment and assume a 
spider-like conformation. 

 
 
 There was a drastically different morphology observed over time in the cells treated with 

100 PM Y-27632 than the cells in control conditions. The fibrosarcoma cells depicted in Figure 

16 were representative of the respective populations analyzed throughout the various experiments. 

Cells in the presence of 100 PM Y-27632 adopted a spider-like morphology with long projections 

that became apparent at 30 minutes and continued to increase in severity over the two hour period. 
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The cells in the control condition maintained a fairly constant morphology over the two hour 

period, and they did not develop the projections observed in the Y-27632 condition. The 

development of the spider-like projections at 30 minutes is consistent with the significant decrease 

in cell cortical tension at 30 minutes as well. However, the observation that the morphology 

continues to worsen after 30 minutes indicates that the depletion of actomyosin cortical tension 

precedes the morphological change.   

 
3.4 Discussion 
 
 The effect on cell volume of ROCK inhibition by Y-27632 was consistent with 

expectations in both fibroblast and fibrosarcoma cells. A treatment over two hours with 100 PM 

Y-27632 in both NuFF and HT1080 cells significantly decreased the level of pMLC within the 

cell, and thus the cortical tension. A time assay using quantitative fluorescence revealed that both 

the fibroblast and fibrosarcoma cells significantly decreased their cortical tension within 30 

minutes of 100 PM Y-27632 treatment initiation. Interestingly, the level of pMLC decreased much 

more in the non-cancerous NuFF cells in comparison to the cancerous HT1080 cells. The NuFF 

fibroblasts also had a greater decrease in their volume compared to the HT1080 fibrosarcoma cells. 

These results suggest that the cancerous cells may be more capable of resisting changes to ROCK 

activity than the fibroblasts. Finally, a very drastic morphological change was observed in both the 

HT1080 and NuFF cells with the Y-27632 treatment. The presence of the spider-like morphology 

with Rho inhibition was consistent with previous reports of cell shape change. This morphological 

change increases the mean curvature of the cell drastically, which can help maintain the force 

balance across the cortex with the decreasing cell volume. In future work, changes in protein 

synthesis and degradation with ROCK inhibition are being analyzed in hopes of describing the 

exact mechanics used by the cell to decrease its volume so drastically. 
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Chapter 4: Conclusion 
 
 This thesis describes the roles of YAP and actomyosin cortical tension in the regulation of 

cell volume through mechanotransduction pathways. Both the Hippo pathway, in particular the 

YAP/TAZ protein complex, and the cytoskeletal cortex have been shown to have the ability to 

relay mechanical tension signals to other cell machinery and induce changes in cell growth and 

proliferation. To analyze the individual effects of these two mechanotransducers, two separate 

methods of inhibition were used. 

 

 The first method was to use CRISPR knockouts of various components of the Hippo 

pathway. The CRISPR knockouts in human embryonic kidney (HEK 293A) cells exhibited a 

strong correlation between small volumes and low YAP activity. The correlation between YAP 

activity did not extend to the apical shape of the cells, however. Thus, YAP/TAZ was shown to be 

able to regulate the volume of a cell independent of cell shape. There are a number of mechanisms 

that YAP may use to regulate the volume of the cell, most notably the regulation of the cell cycle. 

Current and future work is being focused on confirming this hypothesis to further elucidate why 

YAP/TAZ is such a powerful regulator of cell volume across many cell types, tissues, and 

organisms. 

 

 The second method was to use the selective ROCK inhibitor Y-27632 to reduce 

cytoskeletal tension in the actomyosin cortex. Y-27632 inhibits the ability of ROCK to inhibit the 

dephosphorylation of pMLC by MLC phosphatase, thus decreasing levels of pMLC within the 

cell. A treatment of 100 PM Y-27632 for two hours showed that with a significant reduction in 

cortical tension, the volume of the cell also decreases significantly. The cancerous fibrosarcoma 



 43 

cells were also more resistant to the inhibition of ROCK by Y-27632 than the fibroblast cells. The 

results of the cortical tension experiments presented a new hypothesis that the cell mediates its 

sharp decrease in volume by drastically increasing its curvature. This hypothesis is supported by 

the sharp morphological changes that are observed with Y-27632, along with other Rho inhibitors, 

treatment. 

 

 The work presented in this thesis supports the importance of mechanotransduction in cell 

behavior. It is often much simpler to observe the biochemical changes within a cell and its 

environment, resulting in the effects of physical cues and mechanical stimuli being ignored. The 

dysregulation of cell growth and proliferation has been implicated in a number of diseases, and 

thus its causes warrant the attention of scientific research. Moreover, the physical stimulus of 

tension in either the extracellular matrix or actomyosin cortex has been shown to be a key regulator 

in cell growth and proliferation. As is demonstrated in this work, two key mediators of the 

transmission of tension in biochemical signals are the YAP/TAZ protein complex of the Hippo 

pathway and the role of ROCK in controlling the phosphorylation of myosin light chain.  
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x Provided quality testing on silicon medical devices using friction techniques 

Leadership & Volunteering  
Mercy Hospital Joint Journey Recovery Program,                                                                                  . 

x Assists in the rehabilitation of patients who have recently had joint 
replacement surgery 

x Provides instruction to patients during physical therapy exercises 
House of Ruth                                                                                                                                              . 

x Assists in the childcare department of a intimate partner violence shelter 
x Works with women who are actively transitioning towards living in safer 

situations and improving their lives 
Residential Life Board, Junior Representative                                                                                               . 

x Actively contributes to bettering the student life experience at Johns 
Hopkins University 

x Instituted a new allergen awareness system in campus dining halls
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