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Most cancer-related deaths are due to metastasis formation, the ability of cancer 

cells to break away from the primary tumor site, transmigrate through the endothelium, 

and form secondary tumors in distant areas.  Many studies have identified links between 

the mechanical properties of the cellular microenvironment and the behavior of cancer 

cells.  Cells may experience heterogeneous microenvironments of varying stiffness 

during tumor progression, transmigration, and invasion into the basement membrane.  In 

addition to mechanical factors, the localization of RNAs to lamellipodial regions has 

been proposed to play an important part in metastasis.  This dissertation provides a 

quantitative evaluation of the biophysical effects on cancer cell transmigration and RNA 

localization. 

In the first part of this dissertation, we sought to compare cancer cell and 

leukocyte transmigration and investigate the impact of matrix stiffness on transmigration 

process. We found that cancer cell transmigration includes an additional step, 
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‘incorporation’, into the endothelial cell (EC) monolayer.  During this phase, cancer 

cells physically displace ECs and spread into the monolayer.  Furthermore, the effects 

of subendothelial matrix stiffness and endothelial activation on cancer cell incorporation 

are cell-specific, a notable difference from the process by which leukocytes transmigrate. 

Collectively, our results provide mechanistic insights into tumor cell extravasation and 

demonstrate that incorporation into the endothelium is one of the earliest steps. 

In the next part of this work, we investigated how matrix stiffness impacts RNA 

localization and its relevance to cancer metastasis.  In migrating cells, the tumor 

suppressor protein, adenomatous polyposis coli (APC) targets RNAs to cellular 

protrusions.  We observed that increasing stiffness promotes the peripheral localization of 

these APC-dependent RNAs and that cellular contractility plays a role in regulating this 

pathway.  We next investigated the mechanism underlying the effect of substrate stiffness 

and cellular contractility. We found that contractility drives localization of RNAs to 

protrusions through modulation of detyrosinated microtubules, a network of modified 

microtubules that associate with, and are required for localization of APC-dependent 

RNAs.  These results raise the possibility that as the matrix environment becomes stiffer 

during tumor progression, it promotes the localization of RNAs and ultimately induces a 

metastatic phenotype.   
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Chapter 1: Introduction and Background  

1. Introduction 

 Cancer is a major health concern that affects millions of people worldwide.  The 

main contributing factor to the deadliness of the disease is cancer metastasis, the ability 

of cancer cells to break away from the primary tumor site, migrate through the 

vasculature, transmigrate through the endothelium, and then form secondary tumors in 

distant areas of the body.  Thus far, much research has been dedicated to analyzing 

cancer cells’ molecular and biochemical capabilities, but less is known about regulation 

and localization of genetic factors during transmigration and how mechanical properties 

of the microenvironment influence metastasis formation.   

 There are many steps where the mechanical properties of the extracellular matrix 

influence cell behavior during the metastatic cascade.  As tumors progress, they display 

desmoplasia, a fibrotic state characterized by increased deposition, increased post-

translation modifications of extracellular matrix proteins, and altered organization [1, 2].  

This increases local matrix stiffness and ultimately leads to a phenotype promoting 

migration away from the tumor [3].  Similarly, once the tumor cell migrates away from 

the primary tumor, it encounters mechanical properties within the blood stream.  Blood 

vessel stiffness likely varies based on tissue location and type.  The effects of stiffness 

are relevant in the context of cancer metastasis from primary tumor formation, to 

transmigration, and finally to secondary tumor formation.  The effects of subendothelial 
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matrix stiffness and mechanisms governing cancer cell transmigration, however, were 

poorly understood prior to our work.   

 On a more molecular level, we wanted to understand the role of localized RNAs 

in the context of cancer and their response to extracellular matrix stiffness.  During 

cellular migration, cells polarize such that at the leading edge, actin polymerization and 

formation of new adhesions drive the cellular extensions forward.  At the trailing edge, 

contractile forces and adhesion disassembly propel the cell forward [4].  Localized 

mRNAs are prominently observed during this process.  RNAs accumulate at sites of new 

integrin engagement [5], at lamellipodia [6, 7], and at sites of early or persistent 

protrusion formation [8, 9].  Localization of RNAs in lamellipodial regions has been 

proposed to play an important role during metastatic progression [10], however, the 

identity and functional significance of these localized mRNAs has been investigated only 

in few cases [11].  Furthermore, mRNA localization at adhesion sites is influenced by 

mechanical tension, which is adjusted by cells as a function of the mechanical properties 

of the cell environment [5].  The objective of this dissertation was to understand the 

mechanisms and effects of matrix stiffness on cancer cell transmigration and mRNA 

localization. 

 In the first part of our objective, we examined the mechanisms of cancer cell 

transmigration and how it is affected by subendothelial matrix stiffness.  We formed 

endothelial cell monolayers on extracellular matrix coated (ECM) hydrogels.  The 

stiffness of the matrix was varied to in order to mimic physiological tissue and 

vasculature stiffness.  We found that cancer cell transmigration is unique from leukocyte 
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transmigration, and that it includes an additional step, incorporation into the endothelium 

(Chapter 2).  Secondly, we found that it was independent of matrix stiffness and 

endothelial cell activation (Chapter 2) for melanoma cells and breast cancer cells.  

Pancreatic cells, however, were sensitive to endothelial cell activation and subendothelial 

matrix stiffness.  These results indicate that the place where cells exit the blood stream is 

cell specific.  It is likely a combination of cell-specific properties such as adhesion 

molecules and their sensitivity to extracellular matrix stiffness that determines homing 

mechanisms of cancer cells. 

Our next objective was to gain a better understanding of molecular factors 

involved in cancer metastasis.  We decided to focus on RNA localization and the effect of 

matrix stiffness on RNA localization.  In one pathway, the tumor suppressor protein 

Adenomatous Polyposis Coli (APC) is required for localization of RNAs at cell 

protrusions.  The APC-dependent localization pathway was the focus of our work.  

Interestingly, we found that substrate stiffness enhances RNA localization (Chapter 3).  

We hypothesized that increased actomyosin contractility contributed to localization.  We 

found that myosin II inhibition reduced localization on stiff substrates and that increasing 

contractility on soft substrates (with lysophosphatidic acid (LPA)) induces RNA 

localization (Chapter 3).  The subset of RNAs we were examining is located at the tips of 

detyrosinated microtubules.  Thus, our next goal was to examine the effect of substrate 

stiffness and contractility on microtubule detyrosination (Chapter 4).  We found that 

contractility enhances microtubule detyrosination and that detyrosinated microtubules are 

necessary and sufficient for RNA localization.  Finally, we wanted to look at the 
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interplay between actomyosin contractility and detyrosinated microtubules (Chapter 4).  

We found that the effects of myosin II inhibition (reduced RNA localization) could be 

recovered by increasing the amount of detyrosinated microtubules.  Similarly, we found 

that on soft substrates inhibiting detyrosinated microtubules could reverse RNA 

localization after increasing contractility. Thus, actomyosin contractility through 

modulation of the detyrosinated microtubule network drives RNA localization to cellular 

protrusions.  Likely, this effect is mediated through RhoA and a downstream effector 

mDia that signals the formation of detyrosinated microtubules.  The results of this 

research have implications in cancer metastasis.  We envision a scenario where as the 

microenvironment stiffens during tumor progression, it drives the localization of 

RNAs to cellular protrusions where they may play roles in cancer cell adhesion and 

migration, and ultimately promote the metastatic phenotype. 

1.2. Background: Cancer cell transmigration and RNA localization 

1.2.1 Cancer Metastasis 

Cancer is a public heath concern that affects people all over the world. In the 

United States alone, 1 in 4 deaths is attributed to cancer [12].  The cause of death 

attributed to primary tumors accounts for only 10% of cancer death, while the remaining 

90% are caused by secondary tumors [13].  In particular, cancer metastasis, the ability of 

cancer cells to break away from the primary tumor site, enter the lymph and/or blood 

vessels, circulate through the body and invade surrounding tissue where they then form 

secondary tumors is the main contributing factor to the deadliness of the disease.  

However, diagnosis of cancer is usually not made until it becomes life-threatening and 
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the cancer has already metastasized.  Therefore, it is critical to emphasize research that 

will lead to improved diagnostic and therapeutic targets for the disease.   

 

1.2.2 Cancer Cell Transmigration 

 One of the main steps in the metastatic cascade is the adhesion of tumor cells to 

the endothelium lining the blood vessels, transmigration through the endothelial cell 

monolayer, and migration into the basement membrane.  Immune cells routinely 

transmigrate through the endothelium to reach sites of injury and inflammation.  The 

signaling mechanisms underlying this process are well characterized [14].  The 

mechanisms governing cancer cell transmigration, however, are less understood.  In 

principle, the general process of extravasation is presumed to be the same.  In the first 

step, cells loosely adhere to the endothelium, an event that is mediated by endothelial 

expression of selectins [14].  Due to the slack attachment, the cells are still pulled along 

by the blood flow, resulting in a rolling motion across the endothelial surface.  This 

process is called ‘rolling”.  Eventually cells form a tight attachment to the endothelium 

using specific receptors.  Then, they subsequently transmigrate through the endothelial 

cell barrier in a process called diapedesis [14]. 

 The function of the endothelium in cancer cell transmigration is a crucial aspect 

because it can actively modulate extravasation by allowing or blocking adhesion [15-17].  

As a main pathway of tumor-endothelial interaction, adhesion receptors and integrins 

facilitate tumor-cell invasion.  During the rolling process, tumor cells use adhesion 

molecules to loosely tether to the endothelium.  Several groups have found that tumor 
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cells express ligands for E-selectin [18-20].  The expression of E-selectin ligands 

correlates with a high potential of bone metastases [18, 19].  E-selectin is a receptor that 

becomes expressed by endothelial cells upon exposure to inflammatory cytokines and 

helps mediate the rolling process.  N-cadherin has also been identified as another 

molecule to mediate the rolling of breast cancer cells and also been identified to play a 

role during the transmigration step [21].   To facilitate tight adhesion to the endothelium, 

cancer cells use integrins.  Expression of αvβ3 integrin has been shown to be associated 

with the metastatic potential of tumor cells [15].  Furthermore, animal models have 

shown that αvβ3 integrin on melanoma cells enhances interactions with vascular 

endothelial adhesion molecule-1 (VCAM-1) [22, 23]. Other adhesion molecules have 

also been identified to facilitate tumor adhesion to the endothelium.  Galectins are one 

group that has been identified on tumor cells to increase metastatic potential by 

increasing their adhesion to endothelial cells [24, 25].  While many adhesion molecules 

have been identified to play a role during transmigration, the actual process of diapedesis 

of tumor cells through the endothelium still remains elusive. 

 During the process of diapedesis, leukocytes cross the endothelium without 

damaging its integrity.  Leukocytes can either move between endothelial cells in a 

paracellular route, or through the endothelial cell itself, in a transcellular route.  For 

cancer cells, the route of transmigration through the endothelium is largely unknown.  It 

is also unknown whether tumor cells leave the endothelium intact or induce apoptosis in 

neighboring endothelial cells.  Based on this, one of the goals of this dissertation was to 

examine the mechanism of cancer cell transmigration through the endothelium.   
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 Another question that remains largely unanswered is what signals guide tumor 

cells to extravasate.  For leukocytes, they are guided by inflammatory cytokines such 

tumor necrosis factor alpha (TNF-α) which is produced by stromal cells.  Additionally, 

we have shown previously that leukocytes are mechanosensitive to the subendothelial 

matrix stiffness and increase their transmigration rates with stiffer subendothelial matrix 

stiffness [26, 27].  It is currently unknown how cancer cells respond to subendothelial 

matrix stiffness and chemokines such as TNF-α; thus another goal of this dissertation was 

to elucidate these questions. 

 

1.2.3 Cellular mechanotransduction 

Most cells in multicellular organisms are attached to much softer environments 

than the glass and plastic materials that are commonly used in vitro.  Most common 

attachment sites for cells such as the extracellular matrix have elastic moduli between 10-

10,000 Pa [28, 29].  Consequently, cell functions as well as morphology depend strongly 

on the substrate stiffness. 

As cells migrate, they probe elasticity as they anchor and pull on their 

surroundings.  Such processes are dependent on myosin-based contractility and 

transcellular adhesions to transmit forces to the substrates [30].  Cell-exerted forces 

promote a feedback loop of inside-outside-in signaling that couples to the elasticity of the 

extracellular microenvironment to intracellular responses [30].  Therefore, cells alter their 

behavior based on the substrate they are plated on.  For example, NIH 3T3 fibroblast 

cells alter their spreading behavior, exertion of traction forces, as well as their motility on 
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soft flexible polyacrylamide gels compared to stiffer substrates [31, 32].  Substrate 

stiffness also affects the motility of smooth muscle cells [33], mouse fibroblasts [34], as 

well as neutrophils [35, 36].  Fluorescence imaging also reveals more F-actin 

organization and stress fiber formation on increasingly stiff substrates in fibroblasts.  

Focal adhesions are also affected by the stiffness of the matrix.  On soft gels (<1kPa), 

fibroblast cells show diffuse and dynamic adhesion complexes.  On stiff gels, cells show 

stable adhesions similar to those observed on glass [31].   

Furthermore, evidence implicates a role of signaling in stiffness sensing.  

Tyrosine phosphorylation of many proteins, including paxillin, is enhanced on stiff 

substrates [31].  However, inhibition of actomyosin contractions largely eliminates focal 

adhesions and stimulation of contractility drives integrin aggregation into adhesions [37].  

Additionally, myosin inhibitors such as the myosin II inhibitor, blebbistatin, have 

provided evidence of the role of contractility in substrate sensing [31, 38].  Myosin II has 

a well-established role on rigid substrates in adhesion and cytoskeletal organization [37, 

39], spreading [39], as well as cell tension [40].  Activator proteins of the Ras 

superfamily, especially Rho subfamily members, are known to regulate the cytoskeleton, 

cell growth and contractility.  Rho stimulated contractility drives stress fiber and focal 

adhesion formation and upregulation of alpha smooth muscle actin correlates with 

contractility on rigid substrates [37, 41].   

Cancer cells also respond to the mechanical properties of their microenvironment.  

Ample evidence implicates alterations in the signaling pathways that regulate the 

response of cells to microenvironmental cues as critical events in tumor initiation, 
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progression, metastasis, and perhaps tumor dormancy [42].   Additionally, the increase in 

tumor tissue rigidity due to the accumulation of dense, cross-linked collagen matrix 

locally is a hallmark of cancer progression in soft tissues [1].  It has been shown that 

cancer cells modulate their gene expression in response to the mechanical properties of 

the substrate [43-45].  For example, the lung carcinoma cell line, A549 responded to 

culture on soft polyacrylamide gels by expressing the differentiated epithelial marker E-

cadherin and decreasing the expression of the mesenchymal transcription factor Slug 

[44].  Additionally, ECM stiffness promotes invasion and metastasis.  ECM stiffness 

promotes invadapodia formation and intensifies cancer invasion by driving focal 

adhesion assembly [3].  Since cells alter their behavior from morphology, to gene 

expression, to migration in response to extracellular matrix stiffness, it is a very 

important parameter to take into consideration.  Specifically, a stiffened ECM promotes 

metastasis by fostering properties such as proliferation, angiogenesis, and motility and 

invasion.  The interplay between localized RNAs and the stiffened matrix may be a 

contributor to the progression of metastasis.   

 

1.2.4 RNA Localization 

 The ability to form pseudopodial protrusions is closely related to cancer cell 

invasiveness and metastatic properties.  A number of asymmetrically localized RNAs 

have been observed in pseudopodial protrusions or at the leading edge of migrating cells 

[7, 46].  In some cases the evidence suggests that they have a functional role in cell 

migration [11, 47].  Furthermore, deregulation of RNA binding proteins involved in 



www.manaraa.com

	
   10 

localization pathways has been implicated in cancer metastasis [10, 48, 49].  Therefore, 

to gain a better understanding of molecular factors that influence cancer metastasis, we 

decided to focus on RNA localization in migrating cells.  The next sections focus on the 

regulation of RNA localization, and RNA localization pathways in migrating cells.  

Subcellular localization of mRNAs can give rigorous control over where protein 

products are synthesized and operate.  Localized mRNAs are present in a wide range of 

cell types and they play central roles in many cellular events.  The asymmetric 

distribution of mRNAs was first visualized when in-situ hybridization techniques were 

used to detect β-actin mRNA in embryos [50].  Since then, high-throughput approaches 

have allowed for identification of numerous localized RNAs and revealed that it is more 

common than previously assumed.  In Drosophila embryos, for example, 70% of 

expressed RNAs were classified as asymmetrically distributed [51].  Recent high-

throughput screens have also identified hundreds of mammalian RNAs are enriched in 

protrusions of fibroblasts [8], in neuronal processes [52, 53], or on spindles [54].  These 

studies indicate that mRNA localization has a prominent role in the spatial recognition of 

gene activity.   

There are many advantages to localizing RNAs rather than proteins.  Transport 

costs are reduced because many proteins can be translated from a single mRNA 

molecule.  Transporting mRNAs also prevents proteins from acting prematurely before 

they reach the appropriate site.  Localization of mRNAs can also facilitate incorporation 

of proteins into macromolecular complexes by generating high local protein 

concentrations and then allowing the co-translation of different subunits.   Lastly, a major 
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advantage of mRNA targeting is that it allows control of gene expression in both space 

and time.  For example, it allows activation of localized mRNA translation specifically at 

their destination, in response to certain extracellular cues [55]. 

 

1.2.5 Cellular Mechanisms Underlying mRNA Localization 

The targeting of RNAs involves multiple steps.  The cellular “address” of 

transcripts, or ‘zip code’, is encoded by cis-acting elements in the RNA, or localization 

elements.  Usually, these elements are located in the 3’ untranslated region (UTR), but in 

some cases can be found in the 5’UTR or in the coding sequence.  Depending on the 

nature of the factor they bind, localization elements can consist of single stranded 

stretches or double-stranded stem loops [56].  Localization elements are recognized by 

specific RNA-binding proteins (RBPs) that often function in RNA localization and 

translation regulation.  While the molecular mechanisms underlying the recognition of 

zip codes by RBPs has remained difficult to find, there has been some progress in 

identifying specific patterns or structures.  For example, the RBP ZBP1 recognizes a 54-

nucleotide (nt) sequence that contains two RNA motifs to target β-actin mRNA in 

fibroblasts [57, 58].   

There are three different mechanisms that are thought to contribute to mRNA 

localization after their transcription: (i) localized protection from degradation, (ii) 

diffusion-coupled entrapment, and (iii) directed transport along a polarized cytoskeleton 

(Figure 1.1).  Localized protection from degradation occurs when non-localized RNAs 

are degraded and the localized RNAs are protected and has been observed in Drosophila 
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[59].  The mechanisms governing protection of certain RNAs from degradation are 

unknown.  Diffusion coupled local entrapment occurs when RNAs freely diffuse and are 

entrapped at specific sites.  Diffusion coupled entrapment of mRNA transcripts plays a 

role in restricting the transcripts to the germ plasm in Drosophila and embryos [60].  

Motor-based transport along the cytoskeleton seems to be the predominant mechanism in 

animal cells.  This is because it provides a rapid method for translocation of large 

ribonucleoprotein complexes through the crowded cellular environment.  In mammalian 

oligodendricytes and neurons, mRNAs are bound to microtubule motors that switch 

between periods of motion in the plus and minus end directions [61-63].  Some RNAs 

may even associate with microtubule and actin based motors [64].  

Once RNAs are transported, they are usually ‘anchored’ at their destination to 

prevent diffusion away from the site of need.  In the case of Drosophila oocytes, xenopus 

oocytes, and dividing yeast cells, static anchoring relies on cortical actin and actin 

binding proteins [65-67].  Other mechanisms that involve anchoring have also been 

discovered.  In migrating fibroblasts, accumulation of transcripts depends on 

Adenomatous polyposis coli (APC) [8].   When no ‘anchor’ is present, localization can 

be maintained by short bursts of active transport [68].    

In order to produce proteins locally, translation suppression is needed to avoid 

mRNAs being translated before delivery to their specified site.  Translational repressors 

associate with transport RNPs by binding RNA regulatory sequences and blocking 

translation.  Phosphorylation of the repressor at the destination stage can decrease their 

affinity for the RNAs, allowing the RNAs to be translated at the localization site.  The 
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RNA binding protein, ZBP1 has been shown to exhibit this behavior [69].  Expressing a 

non-phosphorylatable form of ZBP1 reduces β-actin RNA accumulation at the cell 

periphery.   

Taken together, these mechanisms ensure tight regulation of mRNA localization 

within the cell. 
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Figure 1.1.   There are three distinct mechanisms underlying mRNA localization.  (A) 
Localized protection from degradation (B) Diffusion-coupled local entrapment (C) 
Directed transport along a polarized cytoskeleton.  In (A) localized RNAs are protected 
from degradation machinery whereas non-localized transcripts are not.  In (B) mRNAs 
diffuse to their destination and are locally entrapped.  In (C) mRNAs are recognized by 
trans-acting factors in the nucleus.  When exported to the cytoplasm, cytoplasmic factors 
recruit molecular motors to facilitate transport along the cytoskeleton.  Once at their 
destination, RNAs are anchored and their translation is activated.  Figure adapted from 
[70]. 
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1.2.6 RNA Localization during Migration 

  As cells migrate, there is the establishment of front-back cell polarity.  

Particularly, in mesenchymal-like cells, the front portion of the cell is protrusive and 

characterized by a network of actin filaments while the back end is retractile towards the 

cell body in the direction of migration.  Most of the proteins that are asymmetrically 

distributed between the front and back of the cell are associated with the actin 

cytoskeleton [71].  For example, actin is polymerized at the leading edge by formins and 

the actin nucleating factors Arp2/3.  Similarly, mRNAs are differentially distributed in 

the rear and leading edge of a migrating cell [7, 8, 72].   Through using a fractionation 

approach to separate the cell bodies from the protrusions in transwell plates, laser-capture 

dissection, or microfluidic chamber-mediated isolation, over 700 protrusion localized 

RNAs have been identified in neurons, cancer cells, astrocytes, and fibroblasts [8, 73-76].  

There are at least two main pathways that localize RNAs to protrusions in migrating 

cells: (1) ZBP1-mediated localization and  (2) APC-dependent localization pathway.     

 

 1.2.6.1 ZBP1-mediated localization   

To date, the localization of β-actin mRNA to the leading edge is one of the most 

studied pathways in migrating cells.  A crucial factor is the RNA-binding protein ZBP1 

(zip code binding protein 1 (ZBP1) (also called IMP1 in humans, or CRD/BP in mice)), 

which associates with β-actin RNA during transcription in the nucleus and accompanies it 

to the cytoplasm [77].   It is localized in the protrusions of fibroblasts and myoblasts, and 

in the growth cone of neurons [78, 79].  The localization of β-actin requires the presence 
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of serum and activation of Rho GTPase and Rho downstream effector myosin IIB [7, 77, 

78, 80, 81].  Recent evidence suggests that β-actin mRNA may rely on both actin and 

microtubules for transport, perhaps in different stages [82, 83].  The microtubule motors 

KIF11 and KIF5A have been shown to play roles in the transport of β-actin mRNA [83, 

84].  ZBP1 binds β-actin mRNA in the nucleus, suppresses translation, and mediates its 

transport [69, 72, 81, 82].  Once at the destination, β-actin mRNA is anchored at its 

destination on actin filaments through EF1α, which is a translation elongation factor and 

an actin binding protein [85].  The translation of β-actin mRNA at the leading edge is 

regulated by Src kinase that phosphorylates ZBP1/IMP1 causing the dissociation from 

the mRNA [69].  Once ZBP1/IMP1 has been dissociated from the RNA, translation 

initiates.   

 Another example of protrusion-localized mRNAs mediated by ZBP1 is the 

transcripts encoding the actin polymerization nucleator Arp2/3 complex.  The Arp2/3 

protein complex regulates the actin cytoskeleton and is localized to the leading edge in 

migrating cells [86].  All of the RNAs encoding the seven subunits of the Arp2/3 

complex are localized n primary chicken embryo fibroblasts and primary human foreskin 

fibroblasts [7].  This suggests a mechanism for facilitating protein complex assembly 

through local translation or even co-translation assembly [7].  The protrusion localization 

is dependent on serum, actin and microtubule cytoskeleton, and activation of Rho and 

myosin II [7, 87].   
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1.2.6.2 APC Localization Pathway 

 In addition to β-actin mRNA, and the Arp2/3 mRNAs, a pathway targets 

numerous RNAs to the protrusions in migrating cells and depends on the tumor 

suppressor adenomatous polyposis coli (APC) for accumulation in the protrusions [8] 

(Figure 1.2).  The APC localization pathway in migrating fibroblasts is the focus of 

this dissertation.   

Using a fractionation scheme to isolate the cell bodies from the protrusions, about 

50 transcripts were found to be enriched in the protrusions of NIH/3T3 cells using a 

genome wide approach [8].  At the tips of protrusive areas, APC associates with multiple 

RNAs, including Discoidin Domain Receptor 2 (Ddr2), which will be the main focus for 

this dissertation.  Many of the RNAs discovered were found to encode for proteins 

involved in various functions including membrane trafficking, cytoskeletal organization, 

microtubule-based transport and RNA metabolism.  When comparing the transcripts, no 

structural motifs appeared to be shared among them, suggesting that their localization 

signals are defined by a combination of primary sequences and higher order structure.   

Furthermore, it was found that these transcripts are stably anchored in the protrusions and 

do not exchange rapidly with free cytoplasmic RNA molecules.   It was also found that 

they do not associate with P-bodies, focal adhesions, or cortical actin or actin stress 

fibers.  However, it was found that they associated with microtubules.  The fact that the 

transcripts appeared to be relatively stable over time, led to the conclusion that the 

transcripts associate with stable microtubules which are post-translationally modified.  

Specifically, it was found that they associated with detyrosinated (or Glu) microtubules 
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(Figure 1.2).  At the ends of detyrosinated microtubules, APC also associates with 

proteins such as FMRP and PABP1 to form APC-containing ribonucleoprotein 

complexes (Figure 1.2) [8, 88].  The translation of APC-associated mRNAs is regulated 

by the RNA-binding protein Fus/TLS which promotes translation in the protrusions [88]. 
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Figure 1.2. APC dependent RNA localization pathway.  RNAs are stably anchored at the 
plus ends of detyrosinated microtubules.  Their anchoring requires the tumor suppressor 
protein adenomatous polyposis coli (APC) for anchoring.  APC also associates with 
proteins such as FMRP and PABP1 to form APC-containing ribonucleoprotein 
complexes at the ends of detyrosinated microtubules. 
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1.2.7 APC-associated RNAs 

 Transport of these mRNAs to the cellular leading edge is dependent on the APC 

protein, which plays a role in anchoring the mRNAs to the plus ends of detryrosinated 

MTs.  These mRNAs have previously been identified to be isolated to protrusions in 

various cell types based on genome wide screens.  The proteins that they encode are also 

implicated in processes relating to cellular migration and metastatic progression.  

Therefore, localization or not of these RNAs might have functional relevance.  

 

1.2.7.1 Rab13 

 During epithelial morphogenesis, the development and organization of cell 

symmetry requires the assembly of functional tight junctions.  Epithelial polarity also 

depends on the continuous sorting of proteins and lipids into distinct cell surface 

domains.  A family of small GTPases, Rab proteins, is involved in regulating tight 

junction dynamics.  Recent work suggests that RAB13 regulates the assembly of 

functional tight junctions and the role of Rab13 in polarized vesicular transport from the 

trans-Golgi network to the cell surface is distinct from other Rab proteins [89-91].  

Functional tight junctions play a crucial role in regulating paracellular transport across 

cells and maintenance of epithelial polarity.  Modulations of tight junction structure and 

function have been shown in epithelial tumorgenesis, mostly the loss of cellular polarity 

and paracellular permeability [92].  Furthermore, it has been shown that RAB13 is 

required for epithelial cell scattering, one of the first major steps in metastasis [92].  

RAB13 knockdown has been shown to reduce spread of cancer cells in vivo and reduces 
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cancer cell migration and invasion in vitro[93]. RAB13 mRNA has also been found in 

breast cancer protrusions [75]. 

  

1.2.7.2 Pkp4 

 PKP4, or plakophilin 4/p0071 is a member of the armadillo family of proteins.  

PKP4 is located at desmosomes and adherens junctions playing a regulatory role in the 

dynamics of intermediate filaments and actin cytoskeletal assemblies [94, 95].  PKP4 

also have been shown to localize to the cytoplasm where it acts as a regulator for the 

small GTPase RhoA [95].   The Pkp4 mRNA has been shown to be localized in 

protrusions of mouse astrocytes [76], NIH3T3 cells [8], and MDA-MB-231 metastatic 

breast cancer cells [75].  Furthermore, PKP4 is associated with different steps in 

carcinogenesis [94, 96-98].  Knockdown of PKP4 has been shown to affect the migratory 

properties of epithelial cells [94]. 

 

1.2.7.3 Ddr2  

This dissertation focuses mainly on the localization of Ddr2 RNA as 

representative APC-dependent RNA.  Discoidin domain receptor 2, or DDR2, is a 

homodimeric tyrosine-kinase collagen receptor that binds to triple-helical collagen fibers.  

When DDRs bind to collagen, it becomes activated and serves as an initiator for many 

signaling pathways [99].  One of the common outcomes after DDR activation is an 

increase in metalloproteinase secretion and collagen rearrangement [100-103].  

Therefore, DDR2 has been associated with metastasis during tumor progression [100].  It 
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has recently been investigated that DDR2 stabilizes SNAIL1 to facilitate breast cancer 

metastasis [104].  A recent study by Afonso et al. showed that DDR2 regulates neutrophil 

chemotaxis in 3D [105].  

 

1.2.8 RNA localization and disease 

During many human disease pathologies, RNA localization pathways become 

defective.  RNA localization pathways have been identified in neuromuscular and 

neurodegenerative diseases as well as in cancer.  In the genetic disorder spinal muscular 

atrophy (SMA), the mutation leading to the disease occurs in the SMN1 gene encoding 

the survival of motor neuron protein (SMN).  Several studies have demonstrated that 

SMN is localized to axonal projections and that its loss leads to impaired trafficking and 

translation, suggesting that mRNA localization defects contribute to SMA pathogenesis 

[106, 107].  Additional examples include trinucleotide repeat expansion disorders 

(TREDS), in which abnormal repeat amplifications either causes RNA gain or loss 

functions that affect normal RNA localization.  A prominent example of this is fragile X 

syndrome (FXS), a genetic disorder that represents the most common form of inherited 

mental retardation [108].  Expansion of the CGG repeats in the 5’UTR of the FMR1 gene 

leads to transcriptional silencing and loss of function of the protein FMRP [108].  FMRP 

controls synaptic plasticity in response to external stimuli.  FMRP disruption causes 

defects in mRNA trafficking and translation regulation in dendrites and these functions 

are also disrupted in FXS [108-110].   
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In addition to muscle and neurodegenerative diseases, flawed mRNA localization 

is also involved in cancer.  One of the hallmarks of cancer is the loss of normal cell 

polarity, which is thought to be a causative event leading to tissue disorganization, 

invasion and metastasis.  Taking into account that mRNA localization pathways help 

regulate and maintain normal cell polarity, disruption of these pathways could be an 

initiating event in tumorgenesis.  In one mouse study, it was shown that the loss of 

function of the translational regulatory protein, CPEB, led to a loss of cell polarity due to 

defects of targeting ZO-1, a tight junction protein [111].  CPEB plays a direct role in the 

apical localization of ZO-1 mRNA, a process that is important for proper tight-junction 

targeting of ZO-1 protein for the maintenance of epithelial cell polarity.  These findings 

are intriguing because deregulated expression and localization of ZO-1 is associated with 

poor prognosis in breast cancer patients [112].  Additionally, RNA binding proteins 

(RBPs) with known roles in mRNA localization have been shown to have clear functions 

in cancer.  Members of the IGF-II mRNA-binding Proteins (IMP) family of RBPs are 

overexpressed in multiple cancers and have been shown to have oncogenic potential 

[113-115].  In transformed cells, IMP proteins can reside within RNP granules that are 

targeted to podosomes or invadopodia (actin rich protrusions that can degrade the 

extracellular matrix and are thought to enable cancer cell invasion) [116].  In HeLa cells, 

depletion of IMP factors led to a disruption of invadopodia formation and to a reduced 

expression of mRNAs that are involved in cellular adhesion [117].  mRNA pathways 

involving APC are also disrupted during cancer progression.  Loss of function of the 

APC tumor suppressor protein is a main event in colorectal cancer progression.  APC 
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associated mRNAs have also been identified in protrusions of metastatic MDA-MB-231 

cells [75].  

 

1.2.9 Microtubule Post-Translational Modifications: Microtubule 

Detyrosination (Glu-MT) 

 The focus of this dissertation is on the APC-dependent RNA localization pathway 

in migrating cells.  APC-dependent RNAs are localized to the tips of the protrusions in 

fibroblasts at the ends of detyrosinated microtubules (Glu-MT) [8].  Thus, this next 

section focuses on the post-translational modification that gives rise to detyrosinated 

microtubules and their diverse functions within the cell. 

 Tubulin and microtubules are subject to post-translation modifications (PTM).  

Many of these modifications are found concurrently, leading to a diverse population of 

microtubules.  Post-translation modifications affect not only the dynamics, but also their 

organization and interaction with cellular components.  Tubulin PTMs are found in all 

types of cells.  Tubulin may be modified as soluble dimer or in a microtubule.  There are 

many PTMs that can take place, such as detyrosination, acetylation, glutamylation, and 

phosphorylation to name a few [118]. 

 In the case of detyrosinated microtubules, the posttranslational modifications are 

associated specifically with tubulin polymerized in microtubules.  Newly-synthesized α-

tubulin contains a terminal tyrosine.  The terminal tyrosine is removed by an unknown 

cytosolic carboxypeptidase to expose a glutamate.  The tubulin tyrosine ligase (TTL) then 

tyrosinates detyrosinated tubulins released from the microtubules.  TTL rapidly and 
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exclusively adds the tyrosine back to the soluble α/β-tubulin dimers such that newly 

assembled microtubules are primarily tyrosinated MTs [119-121]. 

Detyrosinated microtubules are considered to be more stable microtubules as they 

can persist for hours before turnover.  They are much less dynamic than tyrosinated 

microtubules.  However, it is important to note that the Glu-tubulin does not confer 

stability to the MTs rather that it is the stable microtubules that accumulate Glu-tubulin 

[122-124].  Factors have been identified that regulate the selective stabilization of 

microtubules.  LPA, for one, has been shown to induce Glu-MT formation and that Rho-

GTPase is sufficient for the stabilization of MTs [124, 125]. 

The interactions of proteins with tyrosinated/detyrosinated MT define distinct 

cellular compartments and generate a platform for cellular signaling by regulating protein 

interactions with MTs [126].  For example, although the plus-end tracking protein EB1 

binds MT independent of tyrosination, other plus-end tracking proteins require both EB1 

and tyrosinated tubulin to localize to MT plus ends [127].  Tyrosination also affects the 

activity of spastin, a MT severing protein [128].  It preferentially cleaves deytrosinated 

MT, despite the association of detyrosinated MT with longevity.  The 

detyrosination/tyrosination cycle also recruits molecular motors.  Kinesin-1 preferentially 

binds to detyrosinated microtubules over tyrosinated MT, possibly enabling it to 

preferentially move various cargos along detyrosinated MT [129]. 

 Detyrosinated microtubules play a role in an array of cell functions, and this 

dissertation explores the relationship between detyrosinated microtubules and RNA 

localization. 
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1.2.10 Conclusions 

 Cancer metastasis is a complex process that requires cells to undergo a range of 

changes as they migrate away from the primary tumor, invade the blood stream, and form 

secondary tumors at distant sites.  Cancer cell transmigration through the endothelium 

plays a critical role in metastasis formation.   It is evident that this process may share 

similarities with leukocyte transmigration.  Thus, this thesis aims to dissect the 

mechanism of cancer cell transmigration through the endothelium and mechanical and 

biochemical factors that may influence transmigration.  Since protrusion formation is a 

fundamental step in cancer migration and invasion, we decided to focus on localized 

RNAs and understand how they may play a role in metastasis formation.  Specifically, as 

cancer progresses, the primary tumor becomes stiffer compared to healthy tissue.  Thus, 

we aim to understand how matrix stiffness influences RNA localization and how this 

might play a role in metastasis. 
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Chapter 2: Mechanisms of Cancer Cell Transmigration† 

2.1 Introduction 

Cancer metastasis occurs when tumor cells fragment from the primary tumor site, 

enter the blood and lymph vessels, and spread to distant bodily organs.  This process is 

one of the main contributing factors to the deadliness of cancer [130, 131].  Once 

metastatic cancer cells have entered the blood stream, they must cross the endothelial cell 

(EC) barrier before invading the tissue beneath in a step known as extravasation.  Most 

tumor cells arrest by nonspecific binding of coagulation factors and by size restriction in 

capillary beds [132].  In some cases, specific ligands on tumor cells have been correlated 

with an increased metastatic potential [15, 133, 134].  Thus far, significant research has 

been dedicated to analyzing the biochemical and molecular capabilities of cancer cells 

[135-137], but the underlying mechanism of cancer cell extravasation through the 

endothelium remains largely unknown.  Cancer cells have been observed to migrate 

through the EC cell body [138], and through endothelial cell-cell junctions without 

destroying the EC layer [139].  However, conflicting research has also shown that cancer 

cells do not leave the endothelium intact following extravasation [140-143].  It is 
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important to note that these studies used different tumor cell lines, as well of different EC 

lines and in vitro methods, so it is possible that different combinations of various types of 

tumor cells and ECs may lead to diverging mechanisms of extravasation.   

There are three proposed methods of cancer cell migration through the 

endothelium: (a) cancer cells may migrate through the EC body [138], (b) cancer cells 

may induce EC apoptosis [141, 142] and (c) cancer cells may migrate through endothelial 

cell-cell junctions without permanently destroying the EC layer [139].  In recent years, 

research has also shown that cancer cells also exert forces on ECs that push them deeper 

into the extracellular matrix during transmigration [144, 145], and that the endothelium 

enhances cancer cell migration [146].  These findings suggest that cancer migration 

through the endothelium is a complex process that requires further investigation to 

elucidate its mechanistic course. 

Leukocytes routinely transmigrate through the endothelium and underlying layers 

of the vasculature to reach tissue sites of inflammation, infection, or injury.  This is a 

well-characterized process that relies on localized biochemical signals.  In leukocyte 

trafficking, the endothelium acts as a selective barrier that greatly reduces the invasion 

rate [147].  During an immune response, the chemokine tumor necrosis factor alpha 

(TNF-α) is produced by stromal cells, and the localized exposure of ECs to TNF-α 

upregulates adhesion molecules such as intercellular adhesion molecule-1 (ICAM-1) on 

the surface of the endothelium.  Furthermore, in addition to molecular changes, TNF-α 

also significantly alters the structural properties of the endothelium, which induces 

softening, actin realignment, and an increase in overall permeability [26, 148].  An 
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additional factor that enhances leukocyte transmigration is the subendothelial matrix 

stiffness and mechanical properties of the endothelium.  These vary during vascular 

homeostasis and in pathological conditions [26].  Neutrophils are able to mechanosense 

their microenvironment [26, 36, 149-151], and neutrophil transmigration increases as 

subendothelial matrix stiffness increases due to EC myosin light chain kinase (MLCK)-

mediated contractile forces [26].  All of these changes in the EC monolayer facilitate 

leukocyte transmigration during an immune response. 

Since leukocytes routinely transmigrate through the EC layer, it is presumed that 

metastatic cancer cells may share many of the same mechanisms. However, these 

mechanisms have yet to be investigated in greater detail. For example, the involvement of 

chemokines in tumor-endothelial interactions and their effects on cancer cell migration 

are not well understood [152]. Even more, the significant molecular and structural 

changes that take place in the endothelium following TNF-α treatment may enhance 

metastatic cancer cell transmigration. It also remains to be seen how cancer cell 

extravasation varies with subendothelial matrix stiffness.  As observed with leukocytes 

[26], it is possible that cancer cell transmigration may increase with increasing substrate 

stiffness.   Cancer cells have also been observed to push ECs into the extracellular matrix 

during extravasation, indicating that the mechanical properties of the ECM may play an 

important role.  Taken together, these results indicate that both the activation status of the 

endothelium and subendothelial matrix stiffness may influence cancer cell extravasation. 
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2.2 Materials and Methods 

2.2.1 Preparation of polyacrylamide gel substrates 

Thin polyacrylamide gels were prepared on glass coverslips according to the 

method first described by Wang and Pelham [153] and described in detail in our previous 

publications [26, 36, 154-157].  Briefly, 280 kPa (15% acrylamide + 1.2% bis 

acrylamide) and 0.87 kPa (3% acrylamide + 0.1% bis acrylamide) gels were created and 

coated with 0.1mg/mL fibronectin (Sigma-Aldrich) as previously described [26].  

Characterization of the Young’s modulus of the gels was accomplished by atomic force 

microscopy and dynamic mechanical analysis, while analysis of surface-bound 

fibronectin was accomplished by immunofluorescence [36, 156].  For experiments on 

glass, 22x22 mm coverslips (Fisher Scientific) were coated with 0.1 mg/mL fibronectin 

for 2 hours at room temperature. 

 

2.2.2 Cell culture 

Human umbilical vein endothelial cells (Lifeline Cell Technology) were cultured 

as previously described [158]. MDA-MB-231 metastatic breast cancer cells (ATCC) and 

A375 melanoma cells (ATCC) were cultured in DMEM, 10% FBS and 1% penicillin 

streptomycin. SW1990 pancreatic cancer cells (ATCC) were cultured in DMEM, 10% 

FBS, and 50 ug/mL gentamicin.  HUVECs (passages 2-5, 4x105 total) were plated onto 

fibronectin-coated glass coverslips or polyacrylamide gels and grown for approximately 

48 hours, at which point a monolayer formed.  Cells were treated with control media or 

25 ng/mL tumor necrosis factor-α (TNF-α) for the final 24 hours prior to experiments.  In 
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some experiments, HUVECs were transfected with VE-cadherin-GFP (VEcadGFP) using 

an adenovirus (AdV), which was received as a generous gift from Dr. William 

Luscinskas (Harvard Medical School). Dr. Luscinskas’s lab has previously described the 

procedure for construction of the VEcadGFP plasmid and transference to an adenovirus 

expression vector [159].  HUVECs were plated onto fibronectin-coated polyacrylamide 

gels or glass coverslips and given 1-2 hours to spread, and 3 µL of AdV-VEcadGFP were 

added to the cells with 2 mL media per substrate.  HUVECs were then cultured to 

monolayer formation as described above.  Monolayers were washed with PBS prior to 

adding additional HUVECs or tumor cells (1x105 cells total) to the apical surface of the 

22x22 mm monolayer.  To distinguish between the HUVEC cells within the monolayer 

and the additional cells added to the monolayer, added HUVECs or MDA-MB-231 cells 

were stained with the lipophilic DiIC16 dye (1 µM) in suspension for 5 minutes at room 

temperature, followed by centrifugation and a PBS wash.  

 

2.2.3 Live cell imaging and analysis 

 Live cell microscopy was completed in an enclosed microscope stage incubator 

at 37°C, 5% CO2 and 55% humidity using an inverted microscope (Olympus IX71). 

Images were captured with either a QImaging Retiga-SRV charge-coupled device (CCD) 

digital camera (QImaging Corporation) using IPLab software (Becton, Dickinson and 

Company), or with a a QImaging Rolera-MGi CCD digital camera (QImaging 

Corporation) using Slidebook software (version 4.2.0.9; Intelligent Imaging Innovations).  

Phase contrast, differential interference contrast (DIC), and/or fluorescence timelapse 
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images were captured using either a 20x/0.45 NA Ph1 objective or a 60x/1.42 NA oil 

objective.  The fraction of incorporated cells (HUVECs or MDA-MB-231) was 

calculated by dividing the number of cells that became incorporated at any time during 

the timelapse sequence by the total number of phase-white cells above the monolayer in 

the initial frame of the sequence.  The time to complete incorporation was calculated 

using the difference between the time when the cell first began to spread into the 

monolayer and the time when the cell reached maximum spreading area within the 

monolayer.  

 

2.2.4 Interference reflection microscopy 

Interference reflection microscopy (IRM) was used to detect surface-to-surface 

interference between light rays reflected from the substrate/medium interface and those 

from the medium/cell interface, as described in our previous work [160-162].  In this 

technique, the intensity of the light is a measure of the proximity of the cell to the glass 

surface, such that areas of the membrane closest to the surface appear dark and those 

further away appear brighter.  Therefore, IRM is an optimal method when evaluating 

cellular attachment, adhesion, and spreading behavior [160-162].  For spreading 

experiments, 1x105 MDA-MB-231 cells were plated onto 22x22 mm fibronectin-coated 

glass coverslips in HUVEC media, resulting in observation of single cells.  For these 

experiments, an inverted microscope (Olympus IX71) with a 60x/1.42 NA oil objective 

lens and a 100 W mercury lamp (Olympus; used at wavelength 561) was used in 

combination with a CCD camera (Retiga SRV camera, QImaging) for image capture.  
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Experiments were performed in an enclosed microscope chamber which maintained 

culture conditions at 37 °C, 50% humidity, and 5% CO2.  During cell spreading, one 

frame was recorded every 5 seconds over a period of 1 hour for N=5 independent 

experiments.  For statistical evaluations of spreading areas, images were analyzed using 

ImageJ (National Institutes of Health) software.  The cell-boundaries were traced by hand 

and area was calculated using ImageJ routines.  Areas of MDA-MB-231 cells spreading 

into a HUVEC monolayer were also traced by hand and compared with single cells 

spreading onto the endothelium-free coverslip. 

 

2.2.5 Confocal Imaging  

A total of 1x105 MDA-MB-231 cells were transfected with 10uL of CellLight 

Actin-GFP (Life Technologies) according to manufacturer’s protocol and allowed to 

incubate for 24 hours.  After 24 hours, infected MDA-MB-231 cells were introduced to a 

confluent HUVEC monolayer and allowed to incorporate for 15 hours.  Following 

incorporation, cells were fixed in 4% paraformaldehyde and stained using Texas-Red 

Phalloidin (Invitrogen).  Z-stack images were collected using a Zeiss LSM 710 confocal 

microscope with a 63x oil objective.  

 

2.2.6 Statistical analysis 

Statistical analysis was completed by using a Student t-test between pairs of data, 

or by using ANOVA for groups of data, where P<0.05 indicated statistical significance. 

After ANOVA, multiple comparisons were done using Turkey’s honestly significant 
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difference criterion.  All measurements are reported here in the format mean ± standard 

error. 

2.3 Results 

2.3.1 Incorporation into the endothelium is the first step in metastatic cancer cell 

transmigration 

MDA-MB-231 metastatic breast cancer cells were introduced onto the apical 

surface of an EC monolayer and monitored as they interacted with the endothelium 

(Movie S1).  Initially, MDA-MB-231 cells were bright white and spherical in contrast to 

the underlying phase-darkened and flattened endothelium (Figure 2.1A).  Within several 

hours, the MDA-MB-231 cells began to incorporate into the endothelium, in a process 

that ranged on average from 40 to 60 minutes (Figure 2.1B) and was visually distinct 

from neutrophil transmigration through the endothelium (Figure 2.C).  Specifically, it 

appeared that the ECs adjacent to the site of incorporation were physically displaced, 

creating voids for the MDA-MB-231 cell to spread onto the underlying matrix (Figure 

2.1A), whereas neutrophils squeezed through the endothelium without disrupting the 

monolayer (Figure 2.1C).  Some ECs detached from the underlying matrix, rounded up 

and became spherical following incorporation of MDA-MB-231 cells into the monolayer 

(Figure 2.2).  However, incorporation of MDA-MB-231 cells into the endothelium 

occurred more slowly, with a smaller slope of “spreading area vs. time”, and had a lower 

final cellular area compared to MDA-MB-231 cells spreading onto an endothelium-free 

fibronectin-coated substrate (Figure 2.3D), indicating that the endothelium did not favor 

incorporation of the cancer cell, but rather limited overall spreading area.  Furthermore, 
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MDA-MB-231 cell incorporation into the endothelium occurred more slowly, with a 

smaller slope of “cumulative incorporation vs. time”, in comparison to ECs incorporating 

into a monolayer of ECs (Figure 2.3A).  Thus, it is likely that incorporation of MDA-

MB-231 cells into the endothelium occurs by a different mechanism than native ECs 

spreading into the same endothelium. A375 melanoma cells and SW1990 pancreatic cells 

were also introduced to the apical surface of the endothelium.  Similarly to MDA-MB-

231 cells, the melanoma cells and pancreatic cells began to incorporate into the 

endothelium in a process that lasted approximately 15 minutes and 50 minutes 

respectively.  A375 cancer cells incorporated into the monolayer at a much faster rate 

compared to metastatic breast cancer cells and their incorporation dynamics closely 

resembled that of native ECs spreading into the EC monolayer.  A375 melanoma cells 

had a final fraction of incorporation that resembled ECs spreading into ECs, while 

SW1990 cancer cells had a much lower fraction of incorporation compared to all groups 

(Fig 2.3C).  Furthermore, confocal images (Fig 2.4A) revealed that after 15 hours of 

incorporation, MDA-MB-231 (green) cells displaced ECs (red) by spreading between 

adjacent ECs.  Orthogonal projections show that MDA-MB-231 cells are in fact 

spreading between ECs and not migrating underneath them during incorporation (Fig 

2.4B). 
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Figure 2.1 (A) Phase contrast image of MDA-MB-231 cells (bright white) atop a human 
umbilical vein endothelial (HUVEC) monolayer. Scale bar is 20 µm. (B) MDA-MB-231 
cell (black arrows) begins to incorporate into the endothelium, as indicated by its change 
in phase contrast microscopy from bright white to darkened. Scale bar is 20 µm and 
applies to all images in panel B. Length of time after plating MDA-MB-231 cells on the 
endothelium is indicated in the upper right corner of each image in hour:minute:second 
format. The final percentage of incorporation for this experiment was 95%. (C) Phase 
contrast image sequence of a neutrophil transmigrating through a TNF-α-activated 
endothelium. Scale bar is 20 µm and applies to all images in panel C. Length of time 
after plating neutrophils on the endothelium is indicated in the upper right corner of each 
image in hour:minute:second format. 
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Figure 2.2. MDA-MB-231 incorporation causes detachment and rounding of some 
endothelial cells. Phase contrast (left) and DiIC16 fluorescence (right) images of MDA-
MB-231 cells plated onto an untreated HUVEC monolayer, at timepoints immediately 
after plating (top) and after 16 hours of interaction with the endothelium (bottom). Red 
arrows point to phase-white cells that do not emit fluorescence; these are endothelial cells 
that have been forced out of the monolayer and thus have detached and become rounded. 
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Figure 2.3. Incorporation of MDA-MB-231 does not depend on whether the endothelium 
is activated by TNF-α. (A) Cumulative fraction of ECs or MDA-MB-231 cells (231), 
SW1990 (1990), and A375 cells incorporated into the endothelium as a function of time 
after plating. Data points represent mean ± SEM for at least 3 independent experiments 
(N>20 cells for each experiment). (B) Final fraction of MDA-MB-231 cells incorporated 
into the untreated or TNF-α-treated endothelium after 15 hours. Bars represent mean, 
while error bars represent SEM of at least 3 independent experiments. P>0.05 between 
these values indicates there is no statistical difference (n.s.). (C) Final fraction of MDA-
MB-231 breast cancer cells, ECs, A375 melanoma cells, and SW1990 pancreatic cells 
incorporated into the endothelium after 15 hours.  Bars represent mean, while error bars 
represent SEM of at least 3 independent experiments. (*) indicates significance (P<.05) 
when compared to ECs. (D) Plot of spreading area versus time reveals differences in 
spreading dynamics for MDA-MB-231 cells spreading onto a fibronectin-coated 
coverslip (“single cells”) or into an untreated endothelium (“into monolayer”). 
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Figure 2.4. Confocal images reveal that MDA-MB-231 cells do not migrate underneath 
ECs during the incorporation process.  (A) A representative MDA-MB-231 (green; 
Actin-GFP) cell infected with GFP-actin is shown spreading into a HUVEC monolayer 
(red; Phalloidin).  Orthogonal projections are shown. (B) Schematic showing that a 
cancer cell (green) displaces ECs (red) by spreading between adjacent ECs during 
incorporation 
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2.3.2 Activation of the endothelium by TNF-α does not affect incorporation dynamics 

of breast cancer and melanoma cells 

 Activation of the endothelium is a key step in the leukocyte adhesion cascade, and 

our previous work has demonstrated that leukocyte transmigration depends heavily on the 

activation status of the endothelium [26, 154, 163].  Activation of the endothelium by 

TNF-α not only upregulates adhesion molecules such as ICAM-1 and vascular cell 

adhesion molecule-1 (VCAM-1), but also increases EC contractility [155] and reduces 

EC barrier function [148].  Therefore, our next goal was to determine whether 

incorporation of metastatic breast cancer cells into the endothelium required the ECs to 

be activated.  Intriguingly, we found that the cumulative fraction of incorporation versus 

time of MDA-MB-231 cells was similar, regardless of whether the ECs were treated with 

TNF-α (Figure 2.3A).  In addition, the final fraction of cells that incorporated into a TNF-

α-activated endothelium after 15 hours was not different from the fraction incorporated 

into an untreated endothelium (Figure 2.3B).  Finally, the time required to complete 

incorporation (from a rounded sphere to a flattened cell within the endothelium) was not 

dependent on whether the endothelium was treated with TNF-α (Figure 2.7C).  Similar to 

breast cancer cells, the fraction of incorporation of A375 melanoma cells into ECs was 

comparable, regardless of whether the ECs were treated with TNF-α (Figure 2.5).  These 

results suggest that some metastatic cancer cells are able to complete the early stages of 

extravasation, even in the absence of an inflammatory stimulus.  However, the fraction of 

incorporation after 15 hours for SW1990 pancreatic cells was statistically different 

between untreated ECs and those treated with TNF-α (Figure 2.6).  SW1990 cells 
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incorporated at a much faster rate and higher fraction in TNF-α treated ECs compared to 

untreated ECs. 
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Figure 2.5. (A) Cumulative incorporation of A375 melanoma cells into untreated and 
TNF-α treated endothelium after 15 hours. Data points represent mean ± SEM for at least 
3 independent experiments (N>20 cells for each experiment). (B) Final fraction of 
incorporation after 15 hours for untreated and TNF-α treated endothelium. Data is not 
significant (n.s.) (P>0.05). 
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Figure 2.6. (A) Cumulative incorporation of SW1990 cells into untreated and TNF-α 
treated endothelium after 15 hours. Data points represent mean ± SEM for at least 3 
independent experiments (N>20 cells for each experiment). (B) Final fraction of 
incorporation after 15 hours for untreated and TNF-α treated endothelium. (*) indicates 
significance when compared to untreated ECs (P<0.05). 
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2.3.3 Incorporation is independent of subendothelial matrix stiffness for breast cancer 

and melanoma cells 

 Our previous work has also demonstrated that leukocyte transmigration depends 

on the mechanical properties of the matrix below the endothelial cells [26, 154].  Stiffer 

subendothelial matrices promote myosin light chain kinase dependent EC contractility, 

leading to intercellular gaps and enhanced leukocyte transmigration [26, 154].  Therefore, 

our next goal was to establish whether metastatic breast cancer cell incorporation into the 

endothelium was dependent on subendothelial matrix stiffness.  Unlike neutrophil 

transmigration, which increases with subendothelial matrix stiffness, the dynamics of 

MDA-MB-231 cell incorporation into the endothelium were similar for soft (0.87 kPa), 

intermediate (280 kPa), and very stiff (glass; 50 GPa) subendothelial substrates (Figure 2. 

7A). In addition, the final incorporated fraction of MDA-MB-231 into the endothelium 

was independent of subendothelial substrate stiffness (Figure 2.7B). and the total time 

required to complete transmigration was independent of subendothelial substrate stiffness 

(Figure 2.7C).  A375 melanoma cells incorporated into soft, intermediate, and very stiff 

subendothelial matrices with similar incorporation dynamics and final fraction of 

incorporation to breast cancer cells (Figure 2.8).  SW1990 pancreatic cells displayed a 

different behavior from the melanoma cells and breast cancer cells.  When SW1990 cells 

were plated on soft and intermediate substrates, they displayed a similar level of 

incorporation dynamics and final fraction of incorporation after 15 hours (Figure 2.9).  

However, when allowed to incorporate on very stiff matrices (glass; 50GPa), they 

displayed a much lower fraction of incorporation and slower incorporation rate. While 
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subsequent steps of the metastatic cascade may depend on matrix stiffness, our results 

indicate that the early stages of breast cancer cell extravasation and melanoma 

extravasation occur irrespective of the mechanical properties of the matrix below the 

endothelium while pancreatic cell incorporation changes on very stiff substrates. 
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Figure 2.7. Incorporation of MDA-MB-231 does not depend on subendothelial matrix 
stiffness. (A) Cumulative fraction of MDA-MB-231 cells incorporated into endothelial 
cells on a fibronectin-coated 0.87 kPa or 280 kPa polyacrylamide gel, or glass (50 GPa). 
Data points represent mean ± SEM for at least 3 independent experiments (N>20 cells for 
each experiment). (B) Final fraction of MDA-MB-231 cells incorporated into the 
(untreated) endothelium as a function of subendothelial matrix stiffness. Bars represent 
mean, while error bars represent SEM of at least 3 independent experiments. P>0.05 
between these values indicates there is no statistical difference (n.s.). (C) Time for MDA-
MB-231 cells to complete incorporation is independent of the mechanical properties of 
the matrix below the endothelial cells. Endothelial cells on fibronectin-coated glass 
coverslips (50 GPa) or polyacrylamide gels (0.87 kPa or 280 kPa) were left untreated 
(noTNF) or treated with TNF-α (TNF). No statistical difference in incorporation time was 
measured as a function of subendothelial matrix stiffness or endothelial cell treatment 
(P>0.05).  
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Figure 2.8. (A) Cumulative fraction of A375 cells incorporated into endothelial cells on a 
fibronectin-coated 0.87 kPa or 280 kPa polyacrylamide gel, or glass (50 GPa). Data 
points represent mean ± SEM for at least 3 independent experiments (N>20 cells for each 
experiment). (B) Final fraction of A375 cells incorporated into the (untreated) 
endothelium as a function of subendothelial substrate stiffness. Bars represent mean, 
while error bars represent SEM of at least 3 independent experiments. P>0.05 between 
these values indicates there is no statistical difference (n.s.).  
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Figure 2.9 (A) Cumulative fraction of SW1990 cells incorporated into endothelial cells 
on a fibronectin-coated 0.87 kPa or 280 kPa polyacrylamide gel, or glass (50 GPa). Data 
points represent mean ± SEM for at least 3 independent experiments (N>20 cells for each 
experiment). (B) Final fraction of SW1990 cells incorporated into the (untreated) 
endothelium as a function of subendothelial substrate stiffness. Bars represent mean, 
while error bars represent SEM of at least 3 independent experiments. (*) indicates 
statistical difference between groups (P<0.05).  
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2.3.4 Endothelial cells do not express VE-cadherin along borders with incorporated 

cancer cells 

 Vascular endothelial cadherin (VE-cadherin) is one of the key homophilic 

adhesion molecules expressed by ECs at cell-cell borders in a confluent monolayer. The 

integrity of the endothelium as a vascular barrier is heavily dependent on the proper 

functioning of VE-cadherin adhesion molecules [164, 165].  As ECs incorporated into a 

healthy confluent endothelium, GFP-VE-cadherin was expressed by all ECs neighboring 

the incorporated DiIC16-labeled EC (Figure 2.10A), indicating that addition of new ECs 

onto the monolayer did not disrupt the integrity of the EC junctions.  We next sought to 

identify possible changes in VE-cadherin morphology following incorporation of MDA-

MB-231 cells into the endothelium.  Strikingly, ECs neighboring incorporated DiIC16-

labeled MDA-MB-231 cells did not express GFP-VE-cadherin at borderlines with the 

MDA-MB-231 cells, though they continued to express GFP-VE-cadherin at junctions 

with other ECs (Figure 2.10B).  These results indicate that the early stage of cancer cell 

extravasation not only affects VE-cadherin-dependent cell-cell adhesion, but may also 

provide an easily accessible route of extravasation for other circulating tumor cells.  
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Figure 2.10. Endothelial cells do not express VE-cadherin along borders with 
incorporated cancer cells. DiIC16-labeled HUVECs (A) or MDA-MB-231 (B) were 
plated onto endothelial cells expressing VE-cadherin-GFP (VE-cad-GFP). Images were 
captured following incorporation of each cell type. Scale bar is 10 µm and applies to all 
images in this figure.  
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2.3.5 Cancer cell incorporation initiates by dislocating VE-cadherin at endothelial cell 

junctions 

 Prior to the onset of MDA-MB-231 incorporation into the endothelium, we 

observed intact GFP-VE-cadherin at the EC junction directly below the MDA-MB-231 

cell (Figure 2.11A; red arrows).  This was in direct contrast to the MDA-MB-231 cells 

that incorporated into the endothelium at earlier timepoints, where GFP-VE-cadherin was 

not expressed by neighboring ECs (Figure 2.11A; yellow arrows).  The first step of 

incorporation created a disruption in GFP-VE-cadherin at the EC junction directly below 

the MDA-MB-231 cell, leading to formation of a small (~2 µm2) hole in the EC junction 

(Figure 2.11B; red arrow).  A second small hole sometimes formed (Figure 2.11B; two 

red arrows) before the void became significantly larger (~33 µm2 at T=6:35) and cleared 

the area of part of the body of the EC.  Finally, what began as a small gap in the GFP-

VE-cadherin propagated into a huge hole in the endothelium, which became occupied by 

the MDA-MB-231 cell (Figure 2.11B).  We also observed significant displacement and 

restructuring of GFP-VE-cadherin at nearby EC-EC junctions (Figure 2.11B; yellow 

arrows). 
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Figure 2.11. Cancer cell incorporation initiates by dislocating VE-cadherin at endothelial 
cell junctions. DiIC16-labeled MDA-MB-231 were plated onto endothelial cells 
expressing VE-cadherin-GFP (VE-cad-GFP). (A) Shown are differential interference 
contrast (DIC), DiIC16 (red) fluorescence, and VE-cadherin-GFP (green) fluorescence, 
and overlay images. At this timepoint, one MDA-MB-231 has already incorporated into 
the endothelium (yellow arrows), and the VE-cadherin-GFP is still intact in the location 
directly below another MDA-MB-231 cell that has not yet begun to incorporate (red 
arrows). (B) Fluorescence timelapse sequence of a DiIC16-labeled MDA-MB-231 cell 
(red) incorporating into an endothelium expressing VE-cadherin-GFP (green). Length of 
time after plating MDA-MB-231 cells on the endothelium is indicated in the upper right 
corner of each image in hour:minute format. Scale bar in panel A (DIC image) is 10 µm 
and applies to all images in this figure.  
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2.4 Discussion 

 Cancer metastasis continues to be a leading cause of death in cancer patients [130, 

131], and one of the critical steps regulating metastasis is extravasation from the 

vasculature.  While the mechanisms regulating this process are unclear, the endothelium 

is known to play an important role, acting as either a barrier to some cancer cells, or a 

promoter of invasive capability in other cancer cells including MDA-MB-231 [144, 166]. 

EC apoptosis and clearance from the basement membrane have previously been reported 

as side effects during cancer cell extravasation [141, 142].  Similarly, ovarian tumor cell 

spheroids displace mesothelial cells during intercalation into the submesothelial space 

[145].  We demonstrate that in our in vitro model, most metastatic breast cancer cells 

clear a space in and appear to become part of the endothelium (without forming VE-

cadherin dependent adherens junctions with the ECs), in a process we term 

“incorporation.”  We were able to observe this process for multiple metastatic cancer 

lines, including MDA-MB-231 breast cancer cells, A375 melanoma cells, and SW1990 

pancreatic cells.  Notably, this process occurs independently of the activation status of the 

endothelium or subendothelial matrix stiffness for some cell types, even though these are 

both important regulators of leukocyte transmigration [26, 154].  

Our data indicates that incorporation into the endothelium represents the first step 

in extravasation.  Thus, we suggest that cancer cell transmigration is a two-step process 

in which the cells must first incorporate into the endothelium before completing the 

second step of migration beneath the endothelium and into the basement membrane or 

even continuing into the basement membrane without migrating beneath the ECs.  
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Indeed, partial retraction of the ECs and incorporation of tumor cells has been observed 

in vivo [167, 168] and for mesenchymal stem cells (MSCs) [169, 170].  However, 

previous studies with MSCs have shown that this step depends heavily on the activation 

status of the endothelium and the use of VCAM-1 to facilitate transmigration [169-171]. 

In our work, which is relevant for low-flow conditions such as in the capillaries, we 

found that incorporation occurs independently of the activation status of the endothelium 

for breast cancer cells and melanoma cells.  In contrast, studies have shown that 

fibrosarcoma cells displayed increased intravasation rates into an inflamed endothelium 

[172] and our results indicate that SW1990 pancreatic cells had increased incorporation 

into the endothelium following endothelial activation.  Breast tumor cells lack β2 

integrins, which are a ligand for ICAM-1 on the endothelium [173].  Following activation 

of the endothelium, melanoma cells did not show an increase in incorporation.  It has 

been shown the co-culture of melanoma cells with ECs leads to LFA-1/ICAM-1 receptor 

couple during transmigration [174].  Therefore, it is likely that there was no difference 

between activated and untreated ECs because the melanoma cells were increasing ICAM-

1 expression even without the presence of TNF-α.  These factors may account for the 

differences observed between leukocytes, MSCs and pancreatic tumor cells. SW1990 

cells on the other hand, have been shown to increase adhesion to mesothelial cells 

following incubation with TNF-α, and that ICAM-1 an important adhesion molecule for 

pancreatic cancer cells [175].  Further study is necessary to dissect the exact mechanisms 

of pancreatic cell incorporation.  Additionally, tumor cells are capable of attaching to 

leukocytes by expressing ICAM-1.  The leukocytes then act as a linker, connecting the 
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tumor cells to the endothelium, and enabling firm adhesion and subsequent 

transmigration [21].  In vivo, cancer cells may use this mechanism to localize to sites of 

inflammation or infection.    

Although all the metastatic tumor cells observed in this study incorporated into 

the endothelium, there was a significant difference between the fractions of 

incorporation.  A375 melanoma cells incorporated into the endothelium significantly 

more than MDA-MB-231 cells and SW1990 cells and their incorporation dynamics 

closely resembled that of native ECs spreading into a monolayer.  SW1990 tumor cells 

on the other hand, incorporated at a significantly lower rate.  There are multiple factors 

that can account for these differences.  It is likely that the tumor cells each use their own 

distinct set of adhesion molecules and signaling pathways.  Indeed, it has been shown 

that co-culture of melanoma cells with ECs induces LFA-1/ICAM-1 receptor couple 

during transmigration [174].  

Additionally, we observed that tumor cell incorporation does not depend on the 

subendothelial matrix stiffness.  Subendothelial matrix stiffness varies between 

homeostasis and pathological disease and likely also depends on vasculature location. 

When plated on stiffer substrates in vitro, the endothelium has a hyper-contractile 

phenotype that leads to intercellular gap formation [26, 27].  Thus, it would be expected 

that cancer cells would transmigrate more on stiffer substrates.  However, despite these 

observations, the cumulative fraction of tumor cells that incorporates remains 

approximately the same independently of subendothelial matrix stiffness and the 

subsequent hyper-contractility of the EC monolayer for the melanoma cells and breast 
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cancer cell lines.  This indicates that the tumor cells do not take advantage of the hyper-

permeability of the endothelium.  However, as they migrate beyond the vasculature and 

into tissues, matrix stiffness may become an important modulator of metastasis; indeed, 

previous reports have indicated that the matrix stiffness governs 3D cancer cell migration 

[176].  The pancreatic cells displayed a different behavior when they incorporated in EC 

monolayers with varied subendothelial matrix stiffness.  On soft and intermediate 

matrices, they displayed similar rates and fraction incorporations.  On very stiff 50GPa 

matrices, incorporation was reduced.  Most stiffness’ that cells feel are between 10Pa-

10000Pa [28].  50GPa is well outside the physiological range, so it is possible that the 

cells altered their incorporation behavior based on the very stiff substrate.  To dissect the 

mechanism of why pancreatic cells displayed a decrease of incorporation fraction on very 

stiff subendothelial matrices would require further study. 

Stephan Paget’s ‘seed and soil hypothesis’ has been used to explain the non-

random patterns of metastasis formation to visceral organs.  Certain tumor cells (the 

seed) have a propensity to metastasize to particular organs (the soil) in the body.  Based 

on our results, subendothelial matrix stiffness does not play a role in determining where 

cancer cells initially exit the blood stream.  Furthermore, our work suggests that ligands 

that are upregulated during inflammation do not play a role in determining where cancer 

cells exit the blood stream, at least in vasculature with low shear stress rates. 

During incorporation, ECs do not express VE-cadherin along borders with cancer 

cells, but continue to express VE-cadherin with neighboring ECs.  VE-cadherin was 

significantly restructured during the incorporation process, indicating that the addition of 
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tumor cells disrupted the integrity of the monolayer.  Additionally, this disruption may 

provide an easily accessible route for other incorporating cancer cells.  Incorporation 

initiated by creating a small hole in the VE-cadherin between ECs.  As incorporation 

progressed, the hole became much larger, creating a void for the cancer cell to spread 

onto the underlying fibronectin-coated matrix beneath.  These results are consistent with 

others that have shown that during leukocyte transendothelial migration, a transient gap 

forms between the ECs, allowing the leukocyte to migrate through, before closing the 

VE-cadherin junctions [177, 178].  It remains to be seen whether the endothelium would 

reform junctions as the cancer cell completes extravasation.  From our work, it is evident 

that the incorporation process damages the endothelium since tumor cells physically 

displace and/or detach ECs during incorporation. Thus, tumor cells damage the 

endothelium during incorporation, whereas leukocytes and even MSCs appear to leave 

the endothelium intact in most cases. 

Elucidating the mechanistic underpinning for cancer cell diapedesis will be 

critical in order to understand cancer metastasis and its progression.  Significantly, our 

results show that cancer cell transmigration includes an additional step, incorporation into 

the endothelium, and that this process occurs independently of inflammation and 

subendothelial matrix stiffness for some cancer types.  Out of the cell lines tested, 

pancreatic cells displayed differences upon endothelium activation and showed a 

decreased fraction of incorporation on very stiff substrates. While here we specifically 

designed our in vitro model to focus on the early stages of cancer cell extravasation, 

future studies could be aimed at investigating subsequent stages of extravasation by 
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characterizing cancer cell incorporation into an EC monolayer on a 3D matrix through 

which the tumor cells can penetrate.  

 

2.5 Conclusions 

 In this Chapter, we explored mechanisms of cancer cell transmigration through 

the endothelium.  This process is intrinsically different from leukocyte transmigration.  

During leukocyte transmigration, cells squeeze between or through the endothelium and 

this process is dependent on subendothelial matrix stiffness and activation of the 

endothelium with TNF-α.  During cancer cell extravasation, however, it appears to 

include an additional step, which we term ‘incorporation’ into the endothelium.  This data 

suggests that cancer cell transmigration is a two-step process in which cancer cells first 

incorporate into the monolayer and then migrate under.   We also found that cancer cell 

incorporation occurs independently of matrix stiffness and endothelial activation for 

melanoma cells and breast cancer cells.  However, we found pancreatic cells are sensitive 

to subendothelial matrix stiffness and endothelial activation.  This indicates that homing 

mechanisms may be cell specific based on adhesion molecules they use and their 

sensitivity to matrix stiffness.  In conclusion, we found that cancer cell extravasation 

occurs by a very different mechanism from immune cells, and this result could have a 

significant impact on the cancer field. 

A fundamental step during cancer cell extravasation and invasion is the ability to 

form protrusive processes.  There are many proteins and RNAs that localize to 

protrusions in migrating cells.  Localization of RNAs in lamellipodial regions has been 
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proposed to play an important role during metastatic progression [179], however, the 

identity and functional significance of these localized mRNAs has been investigated only 

in few cases [8, 11].  Due to the fact that there is vast heterogeneity in cancer cells, we 

chose to do the next portion of the work in NIH 3T3 cells as a model system.  In the 

next two Chapters, we focus on the localization of RNAs at cellular protrusions and 

their potential significance during cancer metastasis. 
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Chapter 3: Effect of Substrate Stiffness and Contractility on 

APC-dependent mRNA Localization 

3.1 Introduction 

 RNA localization pathways direct RNAs to specific subcellular sites where they 

can produce proteins locally and affect many physiological functions.  Localized RNAs 

impact many processes such as cellular polarity [180, 181] and migration [11] .  Defects 

in localization have been associated with neurodegenerative disorders and cancer 

metastasis [108, 179].  Particularly in migrating cells there are at least two pathways that 

direct RNA localization to the leading edge (reviewed in Chapter 1).  In the APC-

dependent pathway, numerous RNAs are targeted to cellular protrusions in migrating 

fibroblasts and their anchoring depends on the tumor suppressor protein Adenomatous 

Polyposis Coli (APC) [8].  In cellular protrusions, specifically at the plus-ends of 

detyrosinated microtubules, APC associates with several RNAs such as Ddr2, Pkp4, and 

Rab13. 

Cellular protrusion extension has been proposed to be a critical step in directional 

migration [182].  As cells migrate, there are many signaling and cytoskeletal proteins that 

localize to the leading edge where they play important roles in the regulation of 

protrusion dynamics [182].  Additionally, at cellular protrusions, RNAs become 

localized.  At the same time, cells sense the extracellular matrix environment as they 

anchor and pull on their surroundings during migration.  Within tissues, cells encounter 

microenvironments that may range in rigidity from tens of pascals in soft tissue such as 

the brain, to gigapascals in the stiffest tissues such as bone [30].  When cells encounter 
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these differences in extracellular matrix stiffness, they alter their behavior, including their 

modes of migration and forces they exert on the matrix.  For example, NIH 3T3 

fibroblast cells alter their spreading behavior, exertion of traction forces, as well as their 

motility on soft flexible polyacrylamide gels compared to stiffer substrates [31, 183].  

However, it is currently unknown whether cells alter the localization of RNAs based on 

the extracellular matrix stiffness.  Since APC-dependent RNAs are localized to the 

protrusions of migrating fibroblasts, and some of the proteins they encode are involved 

migration, it is likely that their localization is sensitive to substrate stiffness. 

Microenvironmental stiffness has also been implicated in breast cancer cell 

invasion in vitro and metastasis in vivo, both of which may involve defective RNA 

localization [179].  In fact, in Chapter 1 we found that the effects of 

microenvironmental stiffness on cancer transmigration are cell-specific [184].  

Furthermore, mechanical tension has been shown to influence RNA localization at 

adhesion sites, which is adjusted by cells based on the mechanical properties of the 

microenvironment [5].  Additionally, traction force data has indicated that migrating 

fibroblasts have strong stresses at the leading edge, lateral protrusions and trailing edge 

[185, 186].  These areas, specifically at the lateral protrusions, are typically where APC-

dependent RNAs are localized [8].  Rho/ROCK pseudopodial activation has also been 

associated with RNA dynamics in tumor cells and Rho regulates β-actin localization 

through actomyosin interactions [6, 74].  Thus, it is possible that APC-dependent RNA 

localization can be affected by Rho actomyosin contractility and substrate stiffness.  This 

may have important implications in the context of cancer metastasis. 
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 Our study sought to investigate whether and how substrate stiffness affects APC-

dependent RNA localization.  We used polyacrylamide gels of physiologically relevant 

stiffness and combined it with fluorescent in-situ hybridization to visualize RNA 

distribution.  We analyzed RNA distributions from populations of cells and analyzed the 

effects of substrate stiffness and actomyosin contractility on RNA localization.  Our 

results indicate that stiffness enhances localization and loss of contractility reduces 

localization.  Overall, our analysis of APC-dependent RNA localization under various 

mechanical and molecular conditions offers new insights into how the mechanical 

environment and cellular contractility regulates RNA localization. 

 

3.2 Materials and Methods 

3.2.1 Polyacrylamide gel preparation 

Thin polyacrylamide gels were prepared on glass coverslips according to the 

method first described by Wang and Pelham [153] and described in detail in previous 

publications [26, 36, 154-157]. Briefly, 280 kPa (15% acrylamide + 1.2% bis 

acrylamide), 5 kPa (5% acrylamide + 0.05% bis acrylamide) and 1 kPa (3% acrylamide +  

0.2% bis acrylamide) gels were created and coated with 0.1mg/mL fibronectin (Sigma-

Aldrich) as previously described [26].  Characterization of the Young’s modulus of the 

gels was accomplished by atomic force microscopy and dynamic mechanical analysis, 

while analysis of surface-bound fibronectin was accomplished by immunofluorescence 

[36, 156]. 
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3.2.2 Cell Culture and Fluorescent In Situ Hybridization (FISH) 

NIH/3T3 cells were grown in DMEM supplemented with 10% calf serum, and 

penicillin, and streptomycin (Invitrogen), and sodium pyruvate.  Cells were plated on 

fibronectin-coated polyacrylamide gels for two hours and subsequently fixed in 4% 

paraformaldehyde for ten minutes.  Fluorescence in situ hybridizations (FISH) was 

performed using the Affymetrix QuantiGene ViewRNA assay according to 

manufacturer’s instructions.  

mRNA in situ hybridization allows for fluorescent detection of localized RNAs in 

cells.  The Affymetrix assay, in particular, is a non-radioactive method that allows for 

single molecule sensitivity.  A specific probe set, containing 40 oligo probes, hybridizes 

to the target mRNA as 20 oligo pairs.  Each oligo pair forms a platform for the formation 

of a signal amplification tree through a series of sequential hybridization steps.  Once the 

structure is assembled, it has the capacity to generate 400-fold signal amplification. 

Three RNAs were simultaneously visualized in these experiments: localized 

mRNA, non-localized mRNA, and 18S rRNA.  18S ribosomal RNA is the structural 

RNA for the small subunit of the eukaryotic cytoplasmic ribosomes, and thus is abundant 

throughout the cell.  Because of its abundance, the 18S probe is used to obtain the cell 

mask.  The non-localized mRNA probe acts as an internal control, and is a disperse RNA 

that is found throughout the cells.  In 3T3 cells, a probe against PolyA was used to detect 

poly-adenylated RNAs.  In this way, the general population of RNA distribution can be 

observed.  The ‘localized’ RNA probe used was against the APC-dependent Ddr2 RNA. 

In some cases, the cell masks obtained through the 18S RNA fluorescent staining 
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were used to measure cell areas using Imagej.   

3.2.3 Image Acquisition 

FISH images were obtained using a Leica SP8 confocal microscope (equipped 

with a HC PL APO 63x oil CS2 objective).  Maximum-intensity projections of Z-stacks 

were obtained; background subtracted, and analyzed using Image J.  In the case of PolyA 

staining, the nuclear mask was subtracted from the images because it has a high 

background signal in the nucleus.  In the case of soft substrates (1 kPa), the nuclear signal 

was subtracted from the PolyA channel and the RNA channel to take into account the 

rounded morphology of the cells.  When comparing soft (1 kPa) versus stiff substrates (5 

kPa, 280 kPa), the nuclear signal was also subtracted from the RNA channel and PolyA 

channel.   

The channel detecting the 18S probe was used to obtain a binary cell mask of the 

whole cell area.  Similarly, the channel detecting the nuclei was used to obtain a binary 

mask of the nuclear area.  The quantification was performed using a method developed 

called the Peripheral Distribution Index (PDI) that we adapted from Park et al.  [187].  

Using the PDI, the distance is calculated from the centroid of the nucleus to each RNA 

pixel, weighted for intensity, and divided by a hypothetical uniform distribution to 

normalize for cell morphology.  The second moment (𝜇!) of RNA pixels is calculated 

using the formula below where 𝑟! is the distance from centroid of the nucleus to each 

RNA pixel (i,j) and 𝐼!" is the intensity value of the pixel.   

𝜇! = Σ!"𝑟!
𝐼!"
Σ!"𝐼!"

 



www.manaraa.com

	
   65 

 

 

To generate the hypothetical uniform distribution (𝜇!′), a binary cell mask image is 

generated and the second moment is calculated from each pixels coordinated within the 

mask.  The PDI is then calculated: 

𝑃𝐷𝐼 =
𝜇!
  𝜇!′  

 

Values of 1 mean that the RNAs are uniformly distributed; values less than 1 mean the 

RNAs are more centrally located, and values greater than 1 mean the RNAs are more 

peripherally distributed (see Figure 3.1).  
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Figure 3.1 The peripheral distribution index (PDI) is a way to quantify mRNA 
localization from a population of cells.  The distance is measured from the centroid of the 
nucleus to the RNA molecules (depicted in red) and divided by a hypothetical uniform 
distribution.  Values <1 have a central distribution; values =1 have a uniform distribution; 
and values >1 have a peripheral distribution. 
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3.2.4 Drug Treatments 

 Cells were treated with 50uM Blebbistatin (Sigma) for two hours or 10uM 

Y27632 (Sigma).  Control cells were treated with vehicle (DMSO).  In the case of LPA, 

cells were serum starved overnight and allowed to attach to gels for two hours before 

10uM lysophosphatidic acid (LPA) was added for two hours. 

 

3.2.5 siRNA Transfection 

NIH/3T3 cells were transfected with siRNA to a 40pmol final concentration with 

Lipofectamine RNAiMAX (Thermo Fisher Scientific, cat# 13778-150) according to the 

manufacturer’s instructions.  Cells were incubated for three days before being analyzed 

siRNAs used were as follows (Qiagen): 

siRNA Target Sequence Catalog Number 

Myh9a#1 
 

5’-CAGGGCTTATCTACACCTATT-3’ SI01321411 

Negative 
Control 

Proprietary 1027281 

Table 3.1. siRNAs used to perform knock-down experiments. 

 

3.2.6 Traction Force Microscopy 

Cell traction forces were measured by embedding 0.2um fluorescent beads in the 

upper surface of polyacrylamide gels.  Images were taken in the ‘stressed’ state with the 

cell attached to the substrate.  The cell was subsequently detached using trypsin and 

another image was taken in the ‘null’ state.  To correct for experimental drift, the imagej 
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plugin “align slices in stack” was used.  The displacement field was subsequently 

calculated using the particle image velicometry as previously described (PIV) [188].  

With the displacement field obtained through the PIV analysis, the traction force field 

was reconstructed by Fourier traction cytometry (FITC).  The PIV and traction force 

microscopy macros are available online and can be implemented in imagej.   

 

3.2.7 Statistical Analysis 

To establish significance between the internal control mRNA and the 

localized/experimental mRNA, the Wilcoxon signed-rank test was used with a p value < 

0.05.  To compare values between two groups, the Student’s t-test was performed with a 

p value < 0.05. 

 

3.3 Results 

3.3.1 Substrate stiffness enhances Ddr2 mRNA localization 

When NIH 3T3 mouse fibroblasts are plated on soft, fibronectin-coated 1 kPa 

gels, the cells remain round and not well spread out (Figure 3.2A).  On stiffer 5 kPa and 

280 kPa substrates, cells spread out more and form long protrusions (Figure 3.2A).  

These observations are consistent with previous results that observed cell spreading is 

increased on stiffer substrates [31, 183].  Using traction force microscopy, we measured 

cell traction forces on the substrates of varying stiffness.  Cells on stiffer substrates (5 

kPa and 280 kPa) had increased traction forces compared to soft 1 kPa gels.  To observe 
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RNA localization, FISH was performed.  Ddr2 was used as a representative APC-

dependent RNA.  On soft, 1 kPa gels, Ddr2 mRNA is diffuse throughout the cytoplasm.  

On 5 kPa gels, Ddr2 mRNA becomes more peripherally localized (Figure 3.2A; white 

arrows).  On stiff 280 kPa substrates, Ddr2 RNA is also localized to the periphery.  PDI 

analysis showed that on 1 kPa gels, there was no significant difference between PolyA 

and Ddr2 RNA distribution (Figure 3.2B).  On 5 kPa and 280 kPa gels, Ddr2 RNA is 

localized compared to the internal control.  These results indicate that Ddr2 RNA 

localization is mechanosensitive.   We hypothesized that the effects of RNA localization 

on stiffer substrates was due to increased cell contractility.  mRNA localization at 

adhesion sites is influenced by mechanical tension [5], which is adjusted by cells as a 

function of the mechanical properties of the cell environment.  Furthermore, several 

studies have shown that cytoskeletal tension is influenced by ECM stiffness [189-191].  

Thus it is possible that actomyosin contractility could account for the increased 

localization on stiffer substrates.   
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Figure 3.2.  (A) Representative images depicting FISH staining on polyacrylamide gels.  
Arrows point to areas where Ddr2 mRNAs (cyan) are peripherally localized on 5 kPa and 
280 kPa gels compared to PolyA staining (magenta). (B) Peripheral distribution index 
analysis shows that on 5 kPa and 280kpa Ddr2 mRNA is more localized compared to 
control PolyA staining (P<0.0001).  Error bars represent the mean with 95% confidence 
interval.  (C) Traction stress measurements indicate that cells exert more traction stress 
on stiffer substrates.  Error bars represent SEM.   
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3.3.2 Myosin II inhibition reduces Ddr2 RNA localization on stiff substrates 

  To test our hypothesis that increased contractility accounts for increased 

localization on stiff substrates, we wanted to see if we could reduce RNA localization by 

inhibiting actomyosin contractility.  One of the main regulators of cytoskeletal tension is 

the Rho family of GTPases.  Rho functions via Rho kinase (ROCK) to regulate myosin-II 

light chain phosphorylation through inhibitory phosphorylation of myosin phosphatase.   

Contractile tension within the actin cytoskeleton is generated by myosin II.  We used 

Y27632 and blebbistatin to reduce cell contractility.  Blebbistatin inhibits myosin II by 

blocking myosin in the actin-detached state and prevents rigid actomyosin cross-linking, 

thus reducing cell contractility [192].  Y27632 is a specific ROCK inhibitor that 

competes with ATP for binding to the catalytic site [193]. Traction force measurements 

indicated that Y27632 and blebbistatin reduced traction stresses, verifying the treatments 

reduced cell contractility (Figure 3.3C).  When FISH was performed, it was observed that 

both Y27632 and blebbistatin reduced Ddr2 RNA localization compared to vehicle 

(DMSO) treated cells on 5 kPa gels (Figure 3.3B).  Most of the Ddr2 RNAs were located 

towards the center of the cell and many cellular protrusions were devoid of Ddr2 staining 

(Figure 3.3A) that was observed in control (DMSO-treated) cells (Figure 3.3A).  

However, inhibiting actomyosin contractility did not completely abolish RNA 

localization when compared to PolyA RNA.   

To further confirm the effects of contractility on RNA localization, we knocked 

down myosin II using siRNA against myh9a (non-muscle myosin heavy chain) (Figure 

3.4B).  In si-control cells, RNAs were localized to the periphery.  In myosin II 
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knockdown cells, RNAs were more diffuse throughout the cytoplasm. PDI analysis 

showed that Ddr2 localization was reduced in knockdown cells compared to control 

siRNA (Figure 3.4C).  To confirm that this knockdown also reduced cellular contractility, 

traction force measurements were performed on 5 kPa gels.  Indeed, traction forces were 

reduced in myosin II knockdown cells compared to si-control cells.  These results 

indicate that actomyosin contractility plays a role in regulating Ddr2 RNA localization to 

cellular protrusions.   
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Figure 3.3.  (A) Representative images showing control treated cells show Ddr2 
localization at protrusions (white arrows) in control cells.  Blebbistatin and Y27632 
treated cells show more Ddr2 staining in the perinuclear regions and many protrusions 
are absent of Ddr2 RNAs (white arrows).  (B)  PDI analysis shows blebbistatin treatment 
reduces Ddr2 localization (P<0.001) and Y27632 also reduces localization (P<0.01) (C)  
Traction force measurements indicate blebbistatin and Y27632 lower cellular 
contractility compared to vehicle (control) treated cells (P<0.01).  Error bars represent 
SEM. 
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Figure 3.4. (A) Representative images of control siRNA and myh9a siRNA treated cells. 
White arrows point to peripheral Ddr2 mRNAs. (B) Western blot shows reduction in 
myosin II with myh9a siRNA.  Tubulin content remains the same in control and myosin 
knockdown cells. (C) Myh9a siRNA treated cell show a reduction in Ddr2 RNA 
localization (P<0.01). (D) Cell average traction force measurements show that myosin II 
knockdown cells have reduced traction forces (P<.01, N=8)  Error bars are SEM . 
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3.3.3 LPA increases contractility and induces RNA localization on soft substrates 

 To further test the role of contractility in Ddr2 RNA localization, we treated cells 

on soft 1 kPa substrates with lysophosphatidic acid (LPA).  LPA is known to activate 

Rho and stimulates contraction of the actomyosin skeleton [37].  When cells were treated 

with LPA, they became more elongated (Figure 3.5A) and increased their spreading area 

(Figure 3.5D).  Traction force measurements also indicated that cells treated with LPA 

exerted more traction stress on average (70 Pa) compared to control (30 Pa) (Figure 3.5 

C).  To test the role of actomyosin contractility on Ddr2 RNA localization, we performed 

FISH on LPA treated cells.  Indeed, LPA treated cells showed peripheral distribution of 

RNAs compared to PolyA staining (Figure 3.5B).  Control cells showed diffuse staining 

and no localization.  These results indicate that it is possible to promote localization on 

soft substrates by increasing cellular contractility with LPA stimulation. 
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Figure 3.5 (A) Representative images showing cells on 1 kPa gels in control and LPA  
treated groups.  LPA treated cells become larger and more elongated with peripheral 
Ddr2 localization.  White arrows point to peripheral Ddr2 RNA localization. (B) PDI 
analysis shows Ddr2 RNA is localized compared to PolyA control (P<0.0001).  Bars 
represent the mean with 95% confidence interval. (C) Traction force measurements show 
that cells exert higher traction on 1 kPa substrates when treated with LPA (P<0.01, 
N=20).  Error bars represent SEM (D) Cell area measurements indicate that LPA-treated 
cells have a higher spreading area compared to control cells on 1 kPa substrates 
(P<0.0001, N=30).  Error bars are standard deviation. 
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3.4 Discussion 

 RNA localization is a tightly regulated event that is critical for many cellular 

functions.  A subset of RNAs, including Ddr2, is localized to the protrusions in migrating 

fibroblasts and is dependent on APC for anchoring at the ends of detyrosinated 

microtubules [8].  During migration, cells sense and respond to the mechanical properties 

of their environment and modulate their contractility accordingly.   The stiffness that 

cells feel in vivo situations, however, is much less than glass substrates.  However, little 

is known how mRNAs respond to substrate stiffness and cellular contractility.  In the 

current work, we hypothesized that increasing substrate stiffness and enhanced cellular 

contractility would play a role in Ddr2 RNA localization.  

 We chose to use polyacrylamide gels of different stiffness to see how cells alter 

RNA localization in response to the mechanical environment.  The use of this system 

offers many advantages including the ability to tailor the stiffness easily by changing the 

concentration of cross-linker, control the stiffness of gel independent of extracellular 

protein amount, and create gels of physiologically relevant stiffness.  In this work, we 

chose to vary the range of stiffness from 1-280 kPa in order to mimic the changes of 

tissue stiffness that occur throughout the body and during disease pathologies such as 

cancer.  For example, the stiffness of brain (0.1-1 kPa) is much less than that of bone (~2-

4 GPa) [194].  Furthermore, the stiffness of the primary tumor has been shown in many 

cases to be stiffer than normal tissue [189].   

On stiffer substrates, we saw an increase in Ddr2 RNA localization to the 

periphery.  We hypothesized that the increased actomyosin contractility on the stiff 
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substrates could account for this.  To verify this, we performed traction force microscopy 

to measure cellular traction forces on the different substrates.  Indeed, we observed 

higher traction forces on 5 kPa and 280 kPa substrates compared to the soft, 1 kPa 

substrates.  These findings and the values we obtained are in accordance with previous 

studies done with fibroblasts [183, 186].  It would be interesting in future studies to 

observe the distribution of traction forces with the localization of RNAs concurrently. 

Furthermore, it would also be interesting to see whether Ddr2 RNAs localize to the front 

or trailing edge of the cell during migration.  In migrating fibroblasts, the leading edge 

and sometimes the trailing edge have the highest localization of traction forces [183, 

186].  Additionally, since APC-dependent RNAs associate with Glu-MT that tend to 

orient themselves toward the leading edge of the cell, it is likely that APC-dependent 

RNAs localize to the leading edge during migration [195].  

In this work, we addressed the role of contractility and substrate stiffness in 

migrating cells.  However, this system may be relevant to other systems such as 

collective migration and tissue formation.  On stiff substrates, cells migrate away from 

one another whereas on soft substrates they merge together to form tissue-like structures 

[196].  While in this dissertation, we have mainly focused on the localization of Ddr2 

RNA that is involved in cell-substrate adhesion and migration; there are other APC-

dependent RNAs that may play a role in cell-cell junctions.  Pkp4 mRNA which encodes 

for the protein Plakophilin 4 is thought to be a component of desmosomes and adherens  

junctions [94].  Furthermore, myosin II contractility plays a role in tissue-like cell 

compaction.  It is likely to be responsible for the contraction of cell-processes during 



www.manaraa.com

	
   79 

tissue-like cell compaction and the formation of cell-cell adhesions [196].  In breast 

cancer cells, ZBP1/IMP1 targets RNAs not only to the leading edge, but also to cell-cell 

junctions (E-cadherin and β-actin) [197].  Taken together, it is possible that the same 

factors can target RNAs to different places depending on specific conditions or cell type. 

To address our hypothesis and evaluate the role of contractility in RNA 

localization, we performed a series of assays in which cells were plated on substrates of 

varying stiffness and treated with pharmacological drugs to target specific biophysical 

machinery.  On 1 kPa gels, LPA was used to activate RhoA.  However, LPA has multiple 

downstream effectors and it is possible that it could have other non-specific effects.  To 

further test the role of RhoA in the localization of RNAs a Rho activator could be used.    

It is interesting to note that inhibiting actomyosin contractility with blebbistatin, 

Y27632 and myosin knockdown did not completely abolish RNA localization.  Thus it is 

likely that RNA localization is mediated through interplay between the actin and 

microtubule cytoskeleton. Microtubules have been shown to regulate cell spreading 

based on substrate stiffness and cell contractility.  On soft matrices, microtubules are 

necessary to form dendritic extensions and on stiff substrates microtubules are 

necessary for polarization but not spreading [198].  Ddr2 RNA is known to associate 

specifically with detyrosinated microtubules and not with the actin cytoskeleton [8].  The 

actin and microtubule cytoskeleton coordinate in various physiological events and a 

dynamic balance between them is necessary for cell contractility, polarization and 

migration.  Cells in culture normally maintain high contractility and exert forces on rigid 

substrates using myosin II to contract actin fibers.  F-actin, myosin II, microtubules and 
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focal adhesions interact to mediate efficient cell migration [71, 199].  During migration 

the microtubule cytoskeleton becomes polarized with many of them detyrosinated with 

their plus ends preferentially facing the leading edge [195].  RhoA has also been shown 

to regulate microtubule activity.  In fibroblasts, the formation of stable, non-dynamic 

detyrosinated microtubules is induced by activation of RhoA and is mediated by its 

downstream effector mDia [200].  Thus it is likely that detyrosinated microtubules are 

involved in the localization of RNAs on stiffer substrates and their disruption might 

account for a reduction in localization upon actomyosin inhibition.  This might be a 

reason why inhibiting actomyosin contractility did not completely abolish RNA 

localization.  To completely abolish localization, it might be necessary to more directly 

reduce the amount of detyrosinated microtubules in the cell.  Based on this, we 

hypothesized that contractility influences RNA localization by affecting the detyrosinated 

microtubule network. 

Previous research has indicated that integrin binding and mechanical tension 

induce movement of RNAs and ribosomes to focal adhesions, but the identity of these 

RNAs was unknown.  It was also unknown how the microenvironment might influence 

RNA localization.  We show here for the first time that Ddr2 RNA localization is 

mechanosensensitive, and that substrate stiffness and contractility play a role in its 

localization to cellular protrusions.   
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3.5 Conclusions 

 In this Chapter, we focused on the localization of Ddr2 mRNA to cellular 

protrusions in fibroblasts.  We were interested in how RNA localization changes in 

response to the stiffness of the mechanical environment.   We saw that on stiffer 

substrates, Ddr2 RNA is localized to the protrusions and is diffuse in the cytoplasm on 

soft substrates.   We hypothesized the increased localization on stiffer substrates was due 

to the increased actomyosin contractility.  We saw that contractility plays a role in RNA 

localization, but inhibiting contractility does not completely abolish localization.  In the 

next Chapter, we specifically explore the effects of substrate stiffness on 

microtubule detyrosination, as well as the effects of contractility on detyrosinated 

microtubule structure.  Furthermore, we explore the connection between 

contractility and detyrosinated microtubule structure and molecular players that 

might be involved.   
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Chapter 4:  Role of Microtubule Detyrosination on mRNA 

Localization and Effect of Contractility on Microtubule 

Detyrosination 

4.1 Introduction 

 Microtubules contribute to the font-back polarity that is essential for directional 

migration in a variety of environments.  One way this is achieved is through the selective 

stabilization of microtubules towards the leading edge [195].  Because of their longevity, 

this subset of microtubules can be post-translationally modified by detyrosination or 

acetylation of tubulin.  These subsets of microtubules are longer-lived than their dynamic 

counterparts [201].   Specifically, APC-dependent RNAs associate with detyrosinated 

microtubules (Glu-microtubules (Glu-MT)) [8].  In Chapter 3, it was shown that substrate 

stiffness enhances Ddr2 localization and that modulating contractility through LPA or 

blebbistatin/Y27632 can enhance/reduce localization respectively.  It was hypothesized 

that contractility through the modulation of the detyrosinated microtubule network affects 

Ddr2 RNA localization.  Furthermore, another question we had was whether 

detyrosinated microtubules were sufficient themselves to induce localization.   

Detyrosinated microtubules occur when they are post-translationally modified by 

a tubulin carboxypeptidase (TCP) that removes the terminal tyrosine and exposes a 

glutamate (Figure 4.5).  The tyrosine is then replaced by tubulin tyrosine ligase (TTL).  

By knocking down TTL levels within the cell, the amount of detyrosinated microtubules 
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can be increased.  While the specific TCP is unknown for the removal of the terminal 

tyrosine, a chemical compound called parthenolide inhibits TCP and prevents formation 

of detyrosinated microtubules in cells [202]. 

Factors have been identified that contribute to the detyrosination of microtubules.  

Rho GTPase and its downstream effector the formin mDia are key factors in a 

microtubule stabilization pathway [200].  However, Rho only stimulates mDia in the 

presence of integrin and FAK signaling [203].  Extracellular matrix rigidity positively 

regulates Rho activity and FAK autophosphorylation [189].  It is likely that microtubule 

detyrosination may change with substrate stiffness and that this may affect RNA 

localization. Thus, this may lead to increased microtubule stabilization on stiff substrates 

and relate to increased RNA localization.   

This Chapter explores the changes of the detyrosinated microtubule network 

in response to substrate stiffness and contractility.  It also explores whether directly 

modulating the detyrosinated microtubule content is sufficient to affect localization. 

 

4.2 Methods 

4.2.1 Immunostaining 

For immunofluorescence, cells were plated onto gels and were fixed with 4%PFA 

in PBS for 15 minutes, permeabilized with 0.2% Triton X-100 in PBS for 5 minutes, 

blocked with 3% BSA for 1 hour and incubated with primary antibodies (anti-Glu 

tubulin) overnight at 4˚C.  Coverslips were incubated with anti-α-tubulin for 1 hour.  

Primary antibodies used were anti-Glu-tubulin (Abcam, cat# ab48389; 1/250 dilution for 
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IF) and anti-α-tubulin (Sigma-Aldrich, cat# T6199; 1/1000 dilution). Secondary 

antibodies were conjugated with Alexa 488, 546 or 647 (Alexa Fluora series from 

Thermo Fisher Scientific, 1/200 dilution each).  Nuclei or whole cell area were stained 

with DAPI or cell mask blue stain, respectively. 

 

4.2.2 Western Blot 

To analyze drug treatment effects on microtubule detyrosination, cells were plated 

on cell culture plates and treated with 50uM blebbistatin, 10uM Y27632 or 5uM 

parthenolide before being lysed in 0.5% triton-x in RSB buffer and measured for protein 

concentration using the BCA assay.   The primary antibodies uses were anti-Glu-tubulin 

(Abcam, cat# ab48389, 1:2000 dilution) and anti-acetylated tubulin (Sigma, cat #T7451, 

1:20,000 dilution).  For western blot, the following secondary antibodies were used: anti-

rabbit (conjugated with IRDye 800CW, Li-cor, cat# 926-32213, 1/15000 dilution), anti-

mouse (conjugated with IRDye 680RD, Li-cor, cat# 926-68072, 1/15000 dilution). 

Western blot membranes were scanned with Odyssey (Li-Cor) and signal intensity was 

measured on image studio lite software. 

 

4.2.3 Drug Treatments 

Cells were allowed to spread for two hours before being treated with 5 uM 

parthenolide for two hours (Sigma-Aldrich, cat# P0667-5MG).   Cells were treated with 

LPA, Blebbistatin and Y27632 as described in Chapter 3. 
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4.2.4 siRNA transfection 

NIH/3T3 cells were transfected with siRNA to a 40 pmol final concentration with 

Lipofectamine RNAiMAX (Thermo Fisher Scientific, cat# 13778-150) according to the 

manufacturer’s instructions.  Cells were incubated for three days before being analyzed 

siRNAs used are listed in Table 4.1: 

siRNA Target Sequence Catalog 
Number 

TTL #3 
 

5’ CACCGCAAGTTTGACATTCGA-
3’ 
 

SI01458331 

Negative Control 
 

Proprietary 1027281 

Table 4.1. siRNAs used to perform knock-down experiments. 

4.2.5 Statistical Analysis 

To establish significance between the internal control mRNA and the 

localized/experimental mRNA, the Wilcoxon signed-rank test was used with a p value < 

0.05.  To compare values between two groups, the Student’s t-test was performed with a 

p value < 0.05. 

4.3 Results 

4.3.1 Substrate Stiffness Enhances microtubule detyrosination 

Our first question was to understand how substrate stiffness affects the Glu-MT 

network because APC-dependent RNAs are anchored at the plus-ends of detyrosinated 

microtubules [8].  Therefore, we examined the Glu-MT network on polyacrylamide gels 

of different stiffness.  Cells on soft, 1 kPA gels showed no defined detyrosinated 

microtubule network and mostly had diffuse staining present (Figure 4.1A).  However, on 
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1 kPa gels, the overall microtubule network appeared intact as stained with α-tubulin 

antibody.  On intermediate 5 kPa, and 280 kPa, about 70-80% of the cells showed a well-

defined Glu-MT network with several fibers immunostained with Glu-MT antibody 

(Figure 4.1B).  On soft substrates, Ddr2 mRNA is diffuse throughout the cytoplasm and 

this is accompanied by an absence of detyrosinated microtubules.  Similarly, on stiffer 

substrates, the higher percentage of cells showing an intact Glu-MT network is 

accompanied by Ddr2 localization.  These results indicate the substrate stiffness affects 

the microtubule network by increasing the amount of stable microtubules, specifically 

Glu-MTs. 
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Figure 4.1. (A) On soft 1 kPa substrates, Glu-MT staining is diffuse and there are no 
Glu-MT fibers stained with antibody while the overall tubulin network looks intact. On 5 
kPa and 280 kPa substrates, there are an increasing number of fibers stained with Glu-
MT antibody and they appear to have a ‘meshwork’ structure. (B)  On 1 kPa gels, no 
cells observed appeared to have a Glu-MT meshwork structure.  On 5 kPa and 280 kPa 
there was an increase in the number of cells (60-80%) that had a Glu-MT structure.  The 
number of cells is indicated by ‘N=’ above the bars. 
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4.3.2 Cell Contractility is required for the formation of a detyrosinated microtubule 

network 

Our next objective was to measure the effects of contractility on Glu-MT 

structure.  We showed that on soft 1 kPa substrates, cells increased peripheral 

localization of RNAs and tension upon treatment with LPA, thus we stained Glu-MT to 

examine the effect of LPA on the microtubules.  In control cells, none of the cells 

observed showed a defined meshwork structure, but in LPA treated cells approximately 

30% of cells showed defined Glu-MT fibers.  

We also showed that treatment with myosin II inhibitor blebbistatin or ROCK 

inhibitor Y27632 led to a decrease in RNA localization.  When detyrosinated 

microtubules were immunostained, we observed a decrease in the number of cells that 

showed a fibrous meshwork structure when treated with blebbistatin or Y27632.  Less 

than 30-40% of cells on 5 kPa and 280 kPa substrates showed stained Glu-MT fibers 

when treated with blebbistatin or Y27632 (Figure 4.3B).  Most of the stained Glu-MT in 

blebbistatin treated cells appeared to be localized in very thin protrusions far from the 

center of the cell (Figure 4.3A).  Blebbistatin treated cells showed an absence of Glu-MT 

in the perinuclear region whereas control cells had detyrosinated microtubules located in 

areas throughout the cell.  However, in blebbistatin treated cells the overall α-tubulin 

structure appeared intact, especially in the perinuclear region where there was Glu-MT 

staining absent (Figure 4.3A).  Similarly, Y27632 cells showed disruptions in Glu-MT 

structure.  There were many cells where there were very few (<5) fibers stained (Figure 

4.3A).   These results indicate that contractility is necessary for formation of a 
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detyrosinated microtubule meshwork. 

To test whether there was a decrease in detyrosinated microtubule protein levels, 

western blot was performed.  Previous reports have shown an increase in microtubule 

stability, specifically with acetylated microtubules (AC-MT), following actomyosin 

inhibition [204].  Acetylated microtubules are generated through post-translational 

modifications of a-tubulin and are also found on a more stable population of 

microtubules.   We examined both AC-MT levels and Glu-MT protein levels.  There was 

a decrease in the ratio of Glu-MT:tubulin levels in blebbistatin and Y27632 treated cells, 

even though its small magnitude did not reach statistical significance compared to control 

(Figure 4.4B).  Consistent with prior reports, there was also a small increase in AC 

tubulin:tubulin ratio, again though without reaching statistical significance against the 

control (Figure 4.4C).   Taken together, these results indicate that an intact Glu-MT 

network is necessary for RNA localization and that when it becomes disrupted (i.e. by 

reducing cell tension) RNA localization becomes disturbed.  
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Figure 4.2. (A) Representative images showing Glu-MT staining of LPA treated cells on 
soft substrates.  Control cells do not show a meshwork structure and LPA treated cells 
show several fibers stained with Glu-MT antibody.  (B)  LPA increases the percent of 
cells that have a meshwork structure on 1 kPa substrates. 
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Figure 4.3. (A) Representative images showing Glu-MT staining of control, blebbistatin 
and Y27632 treated cells on 280 kPa substrates. Control cells show several fibers stained 
with Glu-MT and blebbistatin and Y27632 show very few fibers stained.  (B) 
Blebbistatin and Y27632 treatments reduce the percent of cells that show a Glu-MT 
meshwork structure on 5 kPa and 280 kPa substrates. 
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Figure 4.4. (A) Representative western blots showing acetylated tubulin and 
detyrosinated tubulin concentrations with drug treatments.  Loading half of the control 
amount served as a loading control.  Cells were plated for 4 hours to serve as a control 
for parthenolide treated cells or two hours as a control for blebbistatin and Y27632 
treated cells.  (B) The ratio of detyrosinated/tubulin signal intensity.  Parthenolide 
(Parth.) treated cells showed a decrease in the ration and blebbistatin (Bleb) and Y27632 
(Y27) also showed a slight decrease (N=4).  Data was normalized to control. (C) The 
ratio of acetylated (AC) tubulin/tubulin signal intensity.  Blebbistatin and Y27632 treated 
cells showed a slight increase.  Data was normalized to control.  (N=4 western blots). 
 
  

A	
  

CB

0.0

0.5

1.0

1.5

G
lu

-M
T/

Tu
bu

lin

0.5 Ctrl Ctrl Parth. Bleb Y27
0.0

0.5

1.0

1.5

AC
 tu

bu
lin

/T
ub

ul
in

.5 Ctrl Ctrl Parth. Bleb Y27



www.manaraa.com

	
   93 

4.3.3 Detyrosinated microtubules are required for RNA localization at cell protrusions 

 We have showed that contractility reduces RNA localization, and that changes in 

contractility correlate with changes in the Glu-MT structure.  Another question we 

wanted to address was whether Glu-MTs were sufficient themselves to affect RNA 

localization or if contractility was also necessary to drive localization.  To do this, we 

modulated the Glu-MT amount within the cells  

 Since Ddr2 RNA localization is mislocalized on soft substrates, a question we had 

was whether increasing the amount of detyrosinated microtubules was sufficient to 

recover RNA localization.   TTL was knocked down using siRNA, thus increasing the 

amount of Glu-MTs within the cell (Figure 4.5).  PDI analysis was then used to assess the 

effect of Glu-tubulin levels on APC-dependent RNA localization.  Even though the cells 

retained similar morphology between control siRNA and TTL siRNA treated cells, PDI 

analysis showed an increase in peripheral RNA amounts (Figure 4.6A).  These results 

show that by increasing Glu-MT levels in cells, it is sufficient to recover RNA 

localization on soft substrates. 

Our next question was whether reduction of detyrosinated microtubules on stiff 

substrates was sufficient to mislocalize RNAs.  To test this, parthenolide was used to 

block TCP and reduce Glu-MTs within the cell (Figure 4.5).  In cells that were treated 

with parthenolide, the Ddr2 RNA distribution became more centralized compared to 

control cells (Figure 4.7).  Indeed, PDI analysis showed a reduction in peripheral RNA 

localization on both 5 kPa and 280 kPa substrates with parthenolide treatment. These 

results indicate that detyrosinated microtubules are required and sufficient for localization 
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of APC-dependent RNAs to cellular protrusions. 
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Figure 4.5. (A) An unknown tubulin carboxy peptidase (TCP) removes the terminal 
tyrosine from the alpha subunit to form stable detyrosinated microtubules.  TCP activity 
can be blocked with a drug called parthenolide.  Tubulin tyrosine ligase (TTL) adds the 
tyrosine back onto alpha subunit to create zmore dynamic, tyrosinated microtubules.  
TTL levels can be reduced using siRNA.  (B) Western blot showing how parthenolide 
and si-TTL modulate the detyrosinated microtubule levels.  Parthenolide decreases the 
amount of Glu-MTs and si-TTL knocks down TTL levels and increases the amount of 
Glu-MTs.  These treatments do not affect the overall amount of microtubules. 
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Figure 4.6 (A) Representative images showing si-control and si-TTL treated cells on soft 
1 kPa substrates.  Cells retained a round morphology, but si-TTL cells showed peripheral 
distribution of Ddr2 RNA.  (B) PDI analysis indicates that si-TTL cells have Ddr2 
localization compared to PolyA RNA (P<0.01).  Error bars represent mean with 95% 
confidence interval. 
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Figure 4.7. (A) Representative images showing Ddr2 RNA localization in control and 
parthenolide treated cells on 280 kPa gels.  Parthenolide treated cells have many 
protrusions that are absent of Ddr2 RNAs (white arrows) while control cells show Ddr2 
RNAs localized to the protrusions (white arrows).  (B) and (C) Parthenolide treatment 
reduces Ddr2 RNA localization compared to control (P<0.0001) on 5 kPa (B) and 280 
kPa substrates (C).  Error bars represent mean and 95% confidence interval. 
  

0.0

0.5

1.0

1.5

2.0

2.5

P
D

I PolyA RNA
Ddr2 RNA

Control 5uM
Parthenolide

****

280 kPa 

0.0

0.5

1.0

1.5

2.0

P
D

I

Control 5uM 
Parthenolide

PolyA RNA
Ddr2 RNA

**

5 kPa 

A 

B 

C 



www.manaraa.com

	
   98 

4.3.4 The effect of contractility on localization is mediated through microtubule 

detyrosination 

Our next question was to address the relationship between contractility and 

microtubule detyrosination on RNA localization.  In Chapter 3, we showed contractility 

can both enhance and reduce RNA localization, but not does completely abolish 

localization.    In an effort to understand this relationship, we pre-treated cells with LPA 

and then blocked detyrosinated microtubules with parthenolide on soft substrates. When 

cells were pre-treated with LPA and then parthenolide (Figure 4.8A), they maintained a 

similar morphology to LPA treated cells.  However, the RNAs were located towards the 

perinuclear region in the center of the cell.  PDI analysis showed that there was no longer 

a significant difference between PolyA control RNA and Ddr2 RNA in 

LPA+parthenolide treated cells.  In control cells, RNAs were non-localized, and LPA 

induced localization.   

In order to further test the relationship between actomysoin contractility and 

detyrosinated microtubule structure, we knocked down TTL and treated cells with 

blebbistatin.  In si-TTL cells treated with blebbistatin, we observed less long and thin 

protrusions compared to blebbistatin treated cells alone (Figure 4.9A).  In si-control 

blebbistatin treated cells, many of the protrusions were devoid of RNAs compared to the 

control siRNA cells as observed in Chapter 3.  However, the si-TTL cells that were 

treated with blebbistatin still had Ddr2 RNA present in the protrusions (Figure 4.9A).  

They also showed a recovery in localization.  There was no significant difference 

between si-control and si-TTL cells treated with blebbistatin on 5 kPa and 280 kPa 
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substrates (Figure 4.9B,C).  This indicates that by increasing the amount of Glu-MT 

within the cell, the effects of reduced actomyosin contractility on RNA localization were 

recovered.  Thus, actoymosin contractility through modulation of the detyrosinated 

microtubule network regulates Ddr2 RNA localization to protrusions.   

To observe changes in the cytoskeletal network, detyrosinated microtubules were 

immunostained on 5 kPa and 280 kPa substrates.  In si-control cells, cells showed a 

meshwork structure of detyrosinated microtubules with several fibers stained with the 

antibody.  When si-control cells were treated with blebbistatin, there were many fibers 

that were absent from the perinuclear region and the overall meshwork structure appeared 

disrupted.  In Figure 4.10A, the zoom panel shows an area where the meshwork structure 

is absent when si-control cells are treated with blebbistatin.  The same area shows that the 

meshwork structure is still intact for the overall α-tubulin structure indicating that 

blebbistatin disrupted the Glu-MT network and not the overall microtubule network.  In 

si-TTL cells, there appeared to be more fibers stained with antibody compared to si-

control cells.  When si-TTL cells were treated with blebbistatin, there appeared to be a 

recovery in meshwork structure, with a higher percentage of cells (~70-80%) having a 

meshwork structure.  In Figure 4.10A, the zoom panel shows that si-TTL cells treated 

with blebbistatin still had a meshwork structure present in the perinuclear region unlike 

si-control cells treated with blebbistatin.  By increasing the amount of detyrosinated 

microtubules within the cell, the effect of blebbistatin on Glu-MT disruption was 

eliminated. 
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Figure 4.8. (A) Representative images show Ddr2 RNA FISH staining on 1 kPa gels.  
White arrows point to where RNAs are peripherally localized in LPA treated cells.  (B) 
PDI analysis of RNA localization shows that LPA induces localization (P<0.0001) and 
that LPA+parthenolide treatment showed no localization compared to PolyA control.    
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Figure 4.9.  (A) Representative FISH images showing Ddr2 RNA staining in control 
siRNA, control siRNA + blebbistatin, TTL siRNA, and TTL siRNA + blebbistatin 
treated cells on 280 kPa gels.  In si-control and si-TTL treated cells, white arrows point to 
peripheral Ddr2 localization.  In si-control + blebbistatin treated cells, most of the RNA 
staining is located in the perinuclear region.  (B) On 5 kPa gels, si-control + blebbistatin 
treated cells show a reduction in RNA localization (P<0.001).  Si-TTL cells treated with 
blebbistatin did not show a reduction in RNA localization. (C) On 280 kPa gels, si-
control + blebbistatin treated cells show a reduction in RNA localization (P<0.05).  Si-
TTL cells treated with blebbistatin did not show a reduction in RNA localization.  Error 
bars represent mean with 95% confidence interval. 
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Figure 4.10.  (A) Representative images of Glu-MT and α-tubulin and in si-control, si-
control+blebbistatin, si-TTL and si-TTL+blebbistatin on 280 kPa gels.  The ‘Zoom’ 
panel in si-control+blebbistatin and si-TTL+blebbistatin represents a perinuclear area 
stained with Glu-MT or tubulin.  Si-control cells treated with blebbistatin showed an 
absence of a Glu-MT network in the perinuclear region, while the overall tubulin 
structure appeared intact.  Si-TTL cells treated with blebbistatin displayed a Glu-MT 
meshwork structure in the perinuclear region.  (B)  The graph depicts the percent of cells 
with a Glu-MT network for si-control (ctrl), si-control+blebbistatin (ctrl+bleb), si-TTL 
(TTL) and si-TTL+blebbistatin (TTL+bleb) for 5 kPa and 280 kPa substrates.  The N at 
the top of the graph represents the total number of cells analyzed for each sample.   
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4.4 Discussion 

 In this work, we investigated the connections between cell tension, substrate 

stiffness and the microtubule network and how these factors might regulate RNA 

localization.  Our results indicate that the effects of contractility on RNA localization are 

mediated through the detyrosinated microtubule network.  On stiff substrates, cells have 

increased actomyosin contractility and this is regulated through the Rho/ROCK pathway.  

The increase in tension leads to the formation of a Glu-MT network that results in RNA 

localization to the protrusions.  It has been shown that Rho-GTPase is necessary for 

selective stabilization of microtubules, but that it does not bind directly to the 

microtubules [124].  Palazzo et al. showed that mDia is a downstream Rho effector 

implicated in regulating the microtubule stability in cells [200].  mDia interacts with 

three MT +TIP proteins, EB1, APC, and CLIP170, and EB1 and APC have been 

implicated in microtubule stability [203, 205, 206].  Thus, we suggest a working model 

for RNA localization in which RhoA activates the Rho/ROCK pathway and the formation 

of stable microtubules through mDia (Figure 4.11).  Based on this, future studies could 

focus on expressing a constitutively active form of mDia in cells and seeing if a recovery 

of RNA localization is observed after inhibiting contractility.  Additionally, experiments 

could see if on soft substrates, expressing an active form of mDia induces RNA 

localization. 

A negative feedback loop also exists between cytoskeletal tension and Rho. 

Inhibition of cell contraction has also been shown to lead to down regulated Rho levels 

[207]. We had shown that inhibiting actomyosin contractility on stiff substrates led to a 
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decrease in RNA localization.  This feedback signaling could account for the decrease in 

Glu-MT meshwork structure that was seen in blebbistatin and Y27632 treated cells and 

also for the decrease in RNA localization we saw in Chapter 3.  By reducing cell tension 

with blebbistatin or ROCK inhibitor, it led to a down regulation of Rho signaling and 

potentially mDia, thus affect detyrosinated microtubules and RNA localization.  

These results are interesting because previous reports have shown an increase in 

stable microtubule formation upon blebbistatin treatment [204].  However, they 

specifically showed an increase in acetylated tubulin, another post-translational 

modification of tubulin that exhibits stability [204].  Our western blots showed small 

decreases in Glu-MT levels within the cells and small increases in acetylated tubulin 

upon blebbistatin and Y27632 treatment.  However, our western blots were performed on 

rigid plastic cell culture plates.  It is possible that on softer substrates, we would observe 

a larger decrease in Glu-MT protein levels upon blebbistatin treatment.  Another 

possibility for the different results observed could be that we used a different 

concentration and treatment time of blebbistatin than in previous studies.   

Our work also has relevance in cancer metastasis.  During cancer progression, the 

tumor microenvironment becomes stiffer.  This biomechanical property is due to the 

largely cross-linked and oriented collagenous matrix [1].  The increased stiffness 

promotes invadapodia formation and enhances tumor cell invasion by driving focal 

adhesion assembly [208].  Increased tumor cell migration is highly driven by Rho-

GTPase activity that stimulates actin assembly and actomyosin contractility [209].  It is 
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possible that the localization of RNAs in the stiff microenvironment could be a promoter 

in metastatic cancer cell invasion.   

The regulation of Ddr2 RNA at cellular protrusions could also be a promoter in 

metastatic cancer cell invasion.  Ddr2 is a collagen receptor tyrosine kinase receptor that 

has been implicated in several cancer cell behaviors.  It has been observed to play a role 

in tumor angiogenesis, invasion and metastasis [104, 210, 211]. Additionally, it has been 

reported that Ddr2 is a critical regulator of the cancer cell epithelial to mesenchymal 

transition [212].    

In this work, we showed that matrix stiffness increases microtubule 

detyrosination.  Glu-MTs are also involved in cancer progression.  For instance, loss of 

TTL induces mesenchymal transition of breast cancer cells, which may contribute to 

metastatic potential and altered cell response [213].  Additionally, Glu-MTs have been 

found to be associated with dynamic membrane protrusions (termed microtentacles) that 

occur in detached metastatic cell lines and facilitate tumor cell reattachment and cell-cell 

adhesion [213, 214]. It is possible that there are localized RNAs at the ends of the 

microtentacles to help facilitate attachment and adhesion during processes such as 

transmigration.   

Before this work, the effects of the mechanical environment on RNA localization 

and microtubule stability were unknown.  It was also unknown how contractility and 

detyrosinated microtubules coordinate in regulating RNA localization to protrusions.  We 

show here that cell tension promotes a detyrosinated microtubule network which then 

results in peripheral RNA localization.  While we used fibroblasts as a model system to 

study the effects of the microenvironment on RNA localization, this work has 
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significance in cancer metastasis.  We envision a scenario where as tumor stiffness 

increases; it increases cell contractility and microtubule detyrosination and ultimately 

drives the localization of Ddr2 RNA to cellular protrusions where it then promotes a 

more metastatic phenotype.   

 

4.5 Conclusions 

 In summary, contractility influences RNA localization through modulation of the 

detyrosinated microtubule network.  In cells plated on increasingly rigid substrates, we 

observe an increase in the percentage of cells with an intact Glu-MT meshwork.  Further 

we see that increasing contractility through LPA induces Glu-MT meshwork formation 

and inhibiting contractility reduces the percent of cells with a Glu-MT network.  When 

we inhibit the formation Glu-MT through the use of parthenolide that blocks the TCP, we 

observe a decrease in RNA localization on stiff substrates.  By increasing the amount of 

detyrosinated microtubules on soft substrates by using TTL siRNA, we observe an 

increase in RNA localization.  These results indicate that detyrosinated microtubules are 

necessary and sufficient for Ddr2 RNA localization.  Our results together suggest that 

cell-substrate interactions play an important role in the localization of Ddr2 RNA to 

cellular protrusions.  These biophysical interactions may play an important role during 

disease pathologies such as cancer metastasis where the tissue microenvironment 

becomes stiffer during disease progression.   
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Figure 4.11. (A).  On stiff substrates, cells exhibit high contractility as depicted with 
actin stress fibers (red).  This leads to the formation of polarized, stable, detyrosinated 
microtubules (green arrows) and localization of APC-dependent RNAs (magenta) at 
cell protrusions.  (B) On soft substrates, cells exhibit low contractility and have 
dynamic microtubules (green) causing RNAs to be diffuse. (C) Proposed signaling 
cascade showing RhoA and its downstream effectors and their effects on localization.  
RhoA activates both ROCK and mDia leading to cell tension (through myosin light chain 
phosphorylation (MLC-P) and myosin movement along actin cytoskeleton) and 
detyrosinated microtubule formation respectively.  This in turn leads to RNA 
localization.  A feedback loop exists between cell tension and Rho such that a decrease in 
contractility causes Rho down regulation and subsequent disruption in detyrosinated 
microtubules and RNA localization.  

A B 

C 
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Chapter 5: Summary and Future Directions 

5.1 Summary 

 Overall, in the work generated from this thesis project we have examined 

biophysical properties of cancer cell transmigration and mRNA localization.  We believe 

that these results can translate to further understanding cancer progression and cancer 

metastasis.  The main principles learned from this work are the following: 

 

Chapter 2: Mechanisms of Cancer Cell Transmigration 

1. Cancer cell transmigration may be a two-step process in which cancer cells first 

‘incorporate’ into the endothelium before subsequent invasion into the 

subendothelial matrix. 

2. Incorporation occurs independently of matrix stiffness and endothelial activation 

for melanoma cells and breast cancer cells.  Pancreatic cells transmigrate more 

with endothelial activation and on softer substrates.  Likely, the biophysical 

principles (i.e. subendothelial matrix stiffness) governing incorporation are cell-

specific.  

3. Incorporation initiates by dislocating VE-Cadherin at endothelial cell-cell 

junctions and disrupts it during incorporation. 

4. The endothelial monolayer becomes damaged during cancer cell incorporation.   
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Chapter 3: Effect of Substrate Stiffness and Contractility on APC-dependent mRNA 

Localization 

1. Matrix stiffness enhances APC-dependent RNA localization. 

2. Inhibiting actomyosin contractility reduces RNA localization on stiff substrates. 

3. Enhancing actomyosin contractility increases RNA localization on soft substrates. 

 

Chapter 4: Role of Microtubule Detyrosination on mRNA Localization and Effect of 

Contractility on Microtubule Detyrosination 

1. Detyrosinated microtubules are required and sufficient for RNA localization at 

cell protrusions. 

2. Substrate stiffness increases microtubule detyrosination. 

3. Contractility increases microtubule detyrosination. 

4. The effect of contractility on localization is mediated through microtubule 

detyrosination. 

 

In the first part of this work we examined mechanisms of cancer cell transmigration 

through the endothelium.  Leukocytes routinely transmigrate through the endothelium to 

sites of inflammation or injury.  However, we found that cancer cell transmigration is 

very different from this process.  In our previous work we found that this process was 

dependent on subendothelial matrix stiffness and endothelial activation with TNF-α and 

that leukocytes directly transmigrate through the endothelium [26, 27].  Cancer cells 

appear to have an additional step, namely incorporation into the endothelium.  Metastatic 
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cells may first incorporate into the endothelial monolayer and then migrate under the 

monolayer.  Additionally, this step occurs independent of matrix stiffness and endothelial 

activation for melanoma and breast cancer cells.  However, pancreatic cells incorporated 

more into softer subendothelial matrices and incorporated more under endothelial 

activation.  These data suggest that the incorporation into the endothelium is cell-specific.  

The mechanism of cancer cell extravasation is quite different from immune cells, and this 

result could have impact on the cancer field.   

In the next part of our work, we wanted to examine molecular mechanisms that might 

be involved in cancer metastasis.  We decided to focus on the localization of RNAs.  

Deregulation of localization pathways has been proposed to play an important part in 

cancer metastasis.  Furthermore, matrix stiffness increases as tumors progress and 

promotes a more metastatic phenotype.  Thus, we focused on the localization of RNAs on 

substrates of varying stiffness.  We focused on APC-dependent localization pathway in 

which RNAs are localized to protrusions in migrating fibroblasts at the ends of 

detyrosinated microtubules [8].  Since the APC-dependent pathway is well characterized 

in fibroblasts, we looked at RNA localization in this cell type.  Interestingly, we found 

that on soft 1 kPa substrates, Ddr2 RNA is diffuse throughout the cytoplasm and is 

localized to the periphery on stiffer 5 kPa and 280 kPa substrates.  Since the localization 

of these RNAs to the cell periphery corresponds with areas of higher traction forces in 

cells, we hypothesized that cellular contractility influences RNA localization.  To test this 

hypothesis, we used inhibitors of the Rho/ROCK pathway, one of the main regulators of 

cytoskeletal tension.  We found that inhibiting contractility reduced RNA localization 
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and enhancing contractility induced RNA localization.  These results indicate that 

actomyosin contractility through the Rho GTPase may regulate Ddr2 RNA localization. 

To further understand the mechanism of Ddr2 RNA localization to cellular 

protrusions, we investigated the relationship between contractility and detyrosinated 

microtubules.  Ddr2 RNA is likely associated with detyrosinated microtubules in 

protrusions [8].  We found that microtubule detyrosination increases with substrate 

stiffness.  Additionally, we found that inhibiting contractility reduces microtubule 

detyrosination and enhancing contractility induces microtubule detyrosination.  

Furthermore, we found that detyrosinated microtubules are required and sufficient for 

Ddr2 RNA localization.  We also found that when enhancing contractility with LPA and 

inhibiting Glu-MTs with parthenolide, that RNAs became mislocalized on soft substrates.  

When contractility was inhibited using blebbistatin, and cells were treated with TTL 

siRNA, we observed a recovery in RNA localization.  These results indicated that 

contractility through modulation of the detyrosinated microtubule network affect RNA 

localization.  Cell-substrate interactions are an important parameter to take into 

consideration.  We saw here that it influences microtubule detyrosination and RNA 

localization, which may ultimately impact cell behavior.  This work has relevance during 

disease pathologies such as cancer metastasis.  As the microenvironment becomes stiffer, 

it may induce localization of these RNAs to cellular protrusions and promote a more 

metastatic phenotype.   
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5.2 Future Directions 

 In the scope of this work we have investigated two aspects of cancer metastasis: 

cancer cell incorporation/transmigration and localization of RNAs to cellular protrusions.  

There are many future studies that could be done to further understand the role of 

localized RNAs in cancer metastasis as well as the mechanisms of cancer cell 

transmigration.  Below we have outlined some areas of future work that could build upon 

the data presented in this dissertation.   

 

5.2.1 RNA localization in metastatic cells 

 In this dissertation, we have studied the role of RNA localization in NIH 3T3 cells 

as a model system to see how matrix stiffness influences localization.  Future studies 

could use a breast cancer progression model to study RNA localization as a function of 

metastasis.  The MCF10A cell series is a breast cancer progression model composed of 

four different cell lines representing different stages of pre-malignant to invasive 

transformation [215-217].  The series was established from the immortalized mammary 

epithelial cell line MCF10A, which were derived from a patient with fibrocystic disease 

[218].  The MCF10A cells were transformed with Ras to generate the pre-malignant 

MCF10At.1k that forms benign hyperplastic lesions after introduction into immune 

compromised mice.  Passage of the MCF10At.1k through mice led to the isolation of the 

tumorigenic MCF10CA1h cells and the invasive, lung-colony forming MCF10CA1a 

cells.  Both of these cell lines give rise to tumors within days of introduction into mice 

[217, 219, 220].  These two tumorigenic cell lines, CA1a and CA1h have an activating 
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mutation in PIK3CA, which is mutated in approximately 30% of human breast cancer 

cases [221, 222].  Thus, the MCF10A series represents an advantageous model for 

assessing how intrinsic mutations associated with breast cancer progression alter RNA 

localization in cells with a similar genetic background.  Similarly, this model would 

allow for identification of RNA altercations during metastatic progression from normal 

breast epithelium (MCF10A) to invasive, lung colony forming MCF10CA1.   

 

5.2.2 Mechanical stretching to induce localization 

 In this dissertation we have tested the role of actomyosin contractility on the 

localization of RNAs to cellular protrusions by using siRNA, pharmacological 

treatments, and by plating cells on substrates of varying stiffness.  To more directly test 

the role of contractility and mechanical tension on RNA localization, cells could be 

mechanically stretched.  For example, on soft substrates where RNAs are mislocalized, it 

would be interesting to see if mechanical tension is sufficient to induce localization.  

Likely, this would be accompanied by an increase in detyrosinated microtubules as well.  

When randomly oriented cells become exposed to cyclic uniaxial stretch, they respond by 

aligning with their long axis in the direction of minimum strain [223, 224].  The 

microtubule and actin cytoskeleton also both realign significantly during stretch.  More 

specifically, detyrosinated microtubules form on the onset of cell polarization and are 

aligned with the axis of polarity in many cells types [225].  Thus, it is a reasonable 

hypothesis that mechanical stretching could induce localization on soft substrates through 

the formation of a polarized detyrosinated microtubule network. 
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5.2.3 RNA localization during transmigration and invasion 

During transmigration, cells adhere to the endothelium, and protrusion formation 

through the endothelium and into the basement membrane drives cellular migration from 

the blood stream into the underlying tissue.  Since protrusion formation is a fundamental 

step in transmigration, we believe localized mRNAs may be playing an intrinsic role in 

this process.  There have been genome wide screens that have identified protrusion 

localized RNAs in metastatic cancer cells [75].  It would be interesting to test whether 

these localized RNAs change when migrating through the endothelium or through 

different types of endothelium.  Additionally, it would also be interesting to observe 

RNAs during processes such as invadapodia formation and subsequent migration through 

the extracellular matrix.  Furthermore, studies have shown that cancer cells are able to 

switch between forms of migration depending on their environmental conditions [226].  

Mesenchymal type movement is characterized by elongated cellular morphology and 

requires extracellular proteolysis.  In amoeboid movement, the cells undergo active 

blebbing driven by actomyosin contractility consistent with a mechanism of cells 

squeezing through voids to deform the matrix.  Future studies could also investigate 

under which forms of migration RNAs localize and dissect their function. 

 

5.2.4 Cancer cell migration below the endothelium 

 In Chapter 2, we showed that cancer cells incorporate into the endothelium.  We 

hypothesize that this is a two-step process in which cancer cells first incorporate into the 
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endothelial monolayer before subsequent migration underneath the endothelium and into 

the basement membrane.  These assays were performed on rigid glass substrates or on 

polyacrylamide gels to allow manipulation of the mechanical properties of the 

microenvironment.  By using a collagen gel, it would allow subsequent migration 

underneath the monolayer.  By doing this, it would allow us to observe if cancer cell do 

in fact incorporate into the monolayer first before transmigration.  Another aspect that 

this might allow us to observe is whether the endothelium still becomes damaged during 

this process.  We observed that cancer cell incorporation appeared to damage the 

endothelial monolayer, probably due to loss of cell-cell contacts.  Perhaps because the 

tumor cells may rely more on proteases to break down the collagen gel during the 

incorporation process on a collagen gel, this would present less damage to the endothelial 

monolayer. 

 

5.4 Significance and Conclusion 

  In most cases, the primary tumor is not dangerous unless it is localized in a 

compromising site, such as the brain.  The major problem of cancer is its capability to 

spread to other sites.  In fact, the vast majority of cancer mortality is due to cancer 

metastasis. A mechanistic understanding of the different stages of metastasis is necessary 

to improve current therapies or create new ones.  In this dissertation we have studied 

mechanisms of cancer metastasis: transmigration and RNA localization.  We found that 

cancer cell transmigration is inherently different from immune cell transmigration.  It 

includes an additional step, which we call ‘incorporation’ into the endothelium.  This step 
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in the transmigration process has not been observed before and is a novel finding that 

could have a significant impact on the cancer field.  By finding out the specific 

mechanisms of cancer incorporation and transmigration, it may be possible to develop 

treatments to prevent these steps and inhibit the formation of secondary tumors. 

On a more molecular level, we focused on the localization of RNAs to cellular 

protrusions and their potential implications during the early stages of metastatic 

transformation using fibroblasts as a model.  Identifying factors that associate with 

either promoting cancer aggressiveness or suppressing it have the potential to serve as 

novel molecular targets for cancer therapy.  RNA binding proteins and their 

subsequent RNA localization targets have been implicated in metastasis.   In this 

dissertation we discovered important links between substrate stiffness, detyrosinated 

microtubules and RNA localization.  The effect of the mechanical properties of the 

matrix on the localization of RNAs is an aspect that had not been studied.  We found that 

matrix stiffness promotes the localization of RNAs.  It is possible that by identifying 

RNAs and RNA binding proteins that correlate with cancer aggressiveness, that they can 

serve as new targets for cancer therapy.  The field will benefit from further exploration on 

the mechanical properties of the matrix and how it affects RNA localization and it’s 

relationship to cellular behavior and its relevance to cancer metastasis. 

 

5.5 Author Contributions to Work 
	
  
Chapter 2: Conceived and designed the experiments: Kimberly Strokam Susan Hamilla, 

and Helim Aranda-Espinioza. Performed the experiments: Kimberly Stroka and Susan 



www.manaraa.com

	
   119 

Hamilla Analyzed the data: Kimberly Stroka and Susan Hamilla. Contributed 
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