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ABSTRACT
Changes in are observed during breast tumor formation and progression, which
promote malignant phenotypes in both normal mammary epithelial cells and breast
cancer cells. In this context, understanding the molecular details of mechanotransduction
signaling may provide unique therapeutic targets. This work applied time-lapse confocal
microscopy and quantitative methods to define the rapid mechanically-stimulated
calcium signaling mechanisms that occur in breast epithelial cells. While most tumor cell
studies focus on long-term effects of mechanical stimulation (>24h), the current approach
detected an immediate initiation of cytosolic calcium signals within 2 seconds after
transient mechanical stimulation. Two novel methods were developed to describe this
response and underlying mechanisms: a) the real-time scratch assay and b) scratch on low
elastic dishes (SLED). The real-time scratch assay revealed an ATP/P2Y2/Ca2+ signaling
axis in response to scratch with implications as a path toward EMT. The second method
developed was SLED, a non-damaging application of mechanical stress to breast
epithelial cells with physiologic implications as the elasticity of the cell substrate better
matched that of the mammary gland in vivo than the typical glass or plastic experimental
dishes. New data obtained using this novel approach revealed that normal breast
epithelial cells are mechanically sensitive, responding to mechanical stimuli through a
two-part calcium signaling mechanism. An immediate, robust rise in intracellular
calcium (within seconds) was observed followed by a persistent extracellular calcium
influx (up to 30 minutes). This persistent calcium was sustained via microtubuledependent mechano-activation of NADPH oxidase 2 (NOX2)-generated reactive oxygen
species (ROS), which acted on TRPM8 channels to prolong calcium signaling.

Disruption of this conserved mechanobiology mechanism was possible through
oncogenic activation such that, among common oncogenic mutations, constitutivelyactive KRas suppressed this signaling pathway. Therefore, certain oncogenes render
cells mechanically unresponsive which could have interesting implications for the
evolution of cancer cell mechanosensing in the tumor microenvironment as cells acquire
new mutations. In addition, altered expression of the ROS generator (NOX2) and the
ROS-responsive channel (TRPM8) are indicators of reduced overall survival in ERnegative breast cancer, suggesting that this mechano-pathway identified in breast
epithelial cells may also be modified in patients in vivo.

Transient mechanical stimuli elicit rapid mechano-chemical signal transduction in nontumorigenic and malignant mammary epithelial cells
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PREFACE

The following dissertation was written with the intention to provide new data in
order to further contribute to general knowledge as well as the scientific
understanding of cancer biology. Although this work represents years of research, it
is a minor contribution to science. It is also a reflection that members of the
scientific community continue to work toward goals that will likely be achieved on a
timescale much longer than their own lifetimes. This work may also serve to inspire
scientific curiosity and critical thinking in the reader, with cancer biology as the
subject, which in many ways is the ultimate puzzle. The answers will be empirical in
nature, waiting to be observed and measured.

iii

DEDICATION

To my parents who got me to graduate school, and to my wife who got me through it.

iv

ACKNOWLEDGEMENTS

I would like to acknowledge those influences along the way which ultimately led to this
point in time and my life’s convergence into education and this doctoral dissertation
work. While there are many things and people to be grateful for in my life, especially the
many family and friends I am lucky to have, I will simply focus on what is most directly
related to education. It of course begins with my parents and their consistent love,
support, and priority in providing their children with the best education possible. We
were encouraged to do and become whatever interested us, as long as we first went to
college. I want to thank my middle school, high school, college, and post-college friends
that have kept in touch along the way, and have forgiven me for my large social absence
these past five years. Also, to those CCU professors that have inspired me. Getting
accepted to a PhD program was not easy, and I don’t think I would have been admitted
into graduate school if it weren’t for my previous research experience. This was first
possible because I got a job through a recommendation by Andrea O’neill, a long-time
family friend. Many thanks to Dr. Richard Lovering who hired me after college and took
a chance with someone with very little prior experience (I couldn’t recall what a Western
blot was for in the interview). His mentorship was paramount in fostering laboratory and
life skills. To Dr. Christopher Ward and Dr. Joseph Stains who served as additional
mentors, from my time in Dr. Lovering’s lab to now serving as thesis committee
members. They wrote me letters of recommendation, taught me new techniques, and
helped promote my future in science. To Dr. Gerald Wilson, a great program director
who also took a chance with admitting me. I hope I have lived up to his expectations. To
Dr. Erick Hernandez-Ochoa a long-time collaborator, mentor, and friend. I learned a
v

great deal about experimental know-how, as well as calcium signaling, through hours of
conversations, typically during our workouts and downtime in the sauna. In addition, he
and a family friend Dr. Jennifer Kraus, always reminded me throughout my PhD training
to be mindful and take time for myself and well-being. Finally, I would like to thank Dr.
Stuart Martin. There are many students who try and join his lab and gain his mentorship,
I am grateful that I was admitted. What has most impressed upon me is our one-on-one
intellectual exercises during discussions of data: the countless hours we’ve spent
contemplating the meaning of research data, which conclusions they allow us to draw,
and what next experiments to prioritize. Behind the fun of these conversations are
lessons in critical thinking and problem solving that are imperative of a good scientist.
This will not only serve as a fond memory of one of the most enjoyable parts of graduate
school, but as a development in skill that will most certainly be important for future
interviews, collaborations, mentorship, and scientific success. A student’s success builds
upon the capabilities of the student but also the mentor, and Dr. Martin is among the best
mentors around the university. I am not sure whether his capabilities are well calculated
or they come naturally, but let’s consider his responsibility and unparalleled approach to
highlight his efforts and my gratitude: He is available when you need him, for questions
and advice related to research or otherwise. There is also always a moment for useful
lessons in research (I am well on my way to filling a notebook with his quotes). He
strikes a perfect balance between pushing a student and fostering independence; those
that need more attention get it, and those that want more autonomy are given the
opportunities. He must continually acquire funds so that the lab can continue to exist and
those in it can maintain their careers, and he is always working in this area to ensure

vi

success. The students and employees are of all different backgrounds, and so he attends
to many individual needs, conflicts to resolve, and people commanding time. In all, his
steadfastness seems so effortless from our viewpoint, and it is good to take time to
recognize them. He is indeed devoted to his mentorship, and I have benefited greatly. I
am grateful to have had him as a mentor, one that was always willing and capable of
giving his full attention to matters at hand, a very mindful and present individual despite
the often-chaotic and complex nature of a life in research.

vii

TABLE OF CONTENTS
PREFACE .................................................................................................................. III
DEDICATION ............................................................................................................ IV
ACKNOWLEDGEMENTS ......................................................................................... V
LIST OF TABLES ...................................................................................................... XI
LIST OF FIGURES .................................................................................................. XII
LIST OF ABBREVIATIONS .................................................................................. XVI
CHAPTER 1 .................................................................................................................. 1
1. WHAT IS CANCER? ............................................................................................... 1
1.1 GENES LEAD THE WAY: A BROAD INTRODUCTION TO CANCER GENETICS ......... 4
1.2 GENES DON’T HOLD ALL THE POWER: THE TUMOR MICROENVIRONMENT AND
EXTRACELLULAR FACTORS IN CANCER ....................................................................... 9
1.3 BREAST CANCER ............................................................................................. 11
1.4 CONCLUDING REMARKS ................................................................................. 13
CHAPTER 2 ................................................................................................................ 16
2. JA KALZIUM, DAS IST ALLES .............................................................................. 16
2.1 INTRODUCTION TO CALCIUM SIGNALING........................................................ 17
2.2 AMPLITUDE, FREQUENCY, AND SPATIAL MODULATION................................... 21
2.3 CALCIUM CHANNELS, BUFFERS AND EFFECTORS........................................... 24
2.4 METHODS FOR MEASURING INTRACELLULAR CALCIUM ................................. 29
2.5 CALCIUM SIGNALING AND CANCER................................................................. 32
2.6 CONCLUSION .................................................................................................. 40
CHAPTER 3 ................................................................................................................ 43
3 INTRODUCTION TO MECHANICAL SIGNALING..................................................... 43
3.1 MECHANORESPONSIVENESS: MECHANOSENSATION AND
MECHANOTRANSDUCTION ......................................................................................... 44
3.2 MECHANORECIPROCITY ................................................................................. 53
3.3 MECHANICAL FORCES AND SIGNALING IN THE NORMAL BREAST.................... 55
3.4 MECHANICAL FORCES AND SIGNALING IN BREAST CANCER............................ 60
3.5 CONCLUSION .................................................................................................. 68
CHAPTER 4 ................................................................................................................ 71
4. ABSTRACT.......................................................................................................... 71
4.1. INTRODUCTION............................................................................................... 72
4.2. METHODS ....................................................................................................... 74
viii

4.2.1. Cell culture .............................................................................................. 74
4.2.2. Reagents and Application......................................................................... 75
4.2.3. Confocal Imaging .................................................................................... 77
4.2.4. Pipette Fabrication .................................................................................. 79
4.2.5. Mechanical Touch.................................................................................... 81
4.2.6. Real-time Scratch Assay ........................................................................... 82
4.2.7. ROI-based Analysis .................................................................................. 83
4.2.8. ROI-independent Analysis ........................................................................ 85
4.2.9. Statistics .................................................................................................. 88
4.3. RESULTS ......................................................................................................... 89
4.3.1. MCF-7 cancer cells exhibit mechanically-sensitive calcium signaling ...... 89
4.3.2. MCF Persistent calcium signaling is not resolved at the edge of a wounded
cell monolayer ....................................................................................................... 94
4.3.3. Wound edge vs. intercellular signaling events require opposing calcium
sources 96
4.3.4. Persistent calcium arises from constitutively active plasma membrane
calcium flux ......................................................................................................... 102
4.3.5. Intercellular communication is mediated by extracellular ATP and P2Y2
purinergic receptor .............................................................................................. 104
4.3.6. Signaling in response to scratch is disrupted in multiple breast cancer cell
lines
108
4.3.7. P2Y2 dependent signaling is conserved in breast cancer cells ................ 111
4.4. DISCUSSION .................................................................................................. 113
CHAPTER 5 .............................................................................................................. 120
5. ABSTRACT........................................................................................................ 120
5.1. INTRODUCTION............................................................................................. 121
5.2. METHODS ..................................................................................................... 123
5.2.1 Cell culture................................................................................................ 123
5.2.2 Collagen coating ....................................................................................... 124
5.2.3 PTEN-/- and KRas mutations..................................................................... 125
5.2.4 Reagents and Application .......................................................................... 126
5.2.5 Scratch on low elastic dishes (SLED) and dishes of increasing stiffness ..... 128
5.2.6 ROI-based Analysis: Edge and neighbor time traces, Peak ΔF/F, ΔF/F at 6
minutes ................................................................................................................ 136
5.2.7 ROI-independent Analysis: Distance from scratch and Kymographs .......... 137
5.2.8 Propidium Iodide Analysis......................................................................... 138
5.2.9 Kaplan-Meier Plotter ................................................................................ 138
5.2.10 Statistics ................................................................................................ 139
5.3. RESULTS ....................................................................................................... 140
5.3.1 SLED: Scratch on Low Elastic Dishes ....................................................... 140
ix

5.3.2. Constitutively-active KRas but not PTEN loss reduces
mechanoresponsiveness in MCF10A breast epithelial cells .................................. 149
5.3.3. Microtubule-dependent mechanically-activated NADPH oxidase 2 (NOX2)
derived reactive oxygen species (ROS) sustains calcium signaling ....................... 152
5.3.4. KRas mutants inhibit mechanoresponsiveness via reduced ROS sensing 160
5.3.5. NOX2 and TRPM8 mRNA expression predicts patient overall survival .. 162
5.4. DISCUSSION .................................................................................................. 165
CHAPTER 6 .............................................................................................................. 175
6. SUMMARY ........................................................................................................ 175
6.1 IMPLICATIONS FOR BREAST CANCER ............................................................ 177
6.1.1 Scratch assay ............................................................................................. 177
6.1.2 SLED......................................................................................................... 180
6.2 LIMITATIONS ................................................................................................ 184
6.3 FUTURE DIRECTIONS .................................................................................... 186
6.3.1 CREB ........................................................................................................ 186
6.3.2 Other proposals ......................................................................................... 192
6.4 CONCLUSION ................................................................................................ 193

x

LIST OF TABLES

Table 2.1 Overexpression of calcium-related proteins in human breast cancer patient
samples .…………………………………………………………………………………35
Table 2.2 Effect of calcium-related protein knockdown ..………………………………40
Table 4.1 Fluo-4 and propidium iodide confocal microscope settings .…………………77
Table 4.2 Sutter Instruments micropipette puller settings ………………………………80

xi

LIST OF FIGURES

Figure 1.1 Hallmarks of cancer ......……………………………………………………….2
Figure 1.2 The tumor microenvironment …..……………………………………………10
Figure 2.1 Mechanisms for cellular calcium mobilization ...……………………………20
Figure 2.2 Mechanism of Fluo-4 cellular uptake ......……………………………………30
Figure 2.3 Calcium signaling is altered in breast cancer ...……………………………...42
Figure 3.1 Models for activation of mechanically sensitive ion channels ………………46
Figure 3.2 Integrins as force-dependent mechanosensors ………………………………50
Figure 3.3 Mechanical signals in the tumor microenvironment ...………………………61
Figure 4.1 Reagents used for manipulating cellular components .………………………76
Figure 4.2 Confocal laser scanning does not activate Fluo-4 or damage cell membranes
during 50 minute scans .....………………………………………………………………78
Figure 4.3 Pipette fabrication machines …………………………………………………79
Figure 4.4 Mechanical touch on single cells .……………………………………………81
Figure 4.5 Pipette movement during real time scratch assay ……………………………83
Figure 4.6 Step-by-step kymograph synthesis ..…………………………………………86
Figure 4.7 3D kymograph rotational view ………………………………………………87
Figure 4.8 Real-time scratch assay reveals early calcium signaling in MCF-7 cells in
response to wounding ...…………………………………………………………………91
Figure 4.9 Quantification identifies cell sub-populations with distinct calcium
transients……………….………………………………………………………………...93
Figure 4.10 Manually selected ROI-based analysis. …………………………………….94

xii

Figure 4.11 Cells at wound edge show persistent intracellular calcium and remain viable
…………..……………………………………………………………………………….96
Figure 4.12 Signal propagation and persistence depend on distinct calcium
stores…….……………………………………………………………………………….97
Figure 4.13 Quantification of zero calcium and thapsigargin treated groups .…………100
Figure 4.14 Manually selected ROI-based quantification zero calcium and thapsigargin
treated groups...…………………………………………………………………………101
Figure 4.15 Automated ROI-based quantification and distance analysis of 0.01%, 0.1%,
1% DMSO controls .……………………………………………………………………102
Figure 4.16 Persistence at the wound edge is regenerated by calcium restoration..……104
Figure 4.17 Signal propagation is mediated by extracellular ATP and P2Y2.…………106
Figure 4.18 Manually selected ROI-based quantification and distance analysis of Apyrase
and P2Y2...……………………………………………………………………………...107
Figure 4.19 Signaling in response to scratch is disrupted in multiple breast cancer cell
lines ……..……………………………………………………………………………...110
Figure 4.20 P2Y2 dependent signaling is conserved in breast cancer cells ……………112
Figure 4.21 Model for scratch-induced calcium signaling ……………….……………114
Figure 5.1 Methods for manipulating cellular components ……………………………128
Figure 5.2 Pipette shape and size ………………………………………………………129
Figure 5.3 Pre-SLED pipette positioning outside of the confocal scan area ..…………131
Figure 5.4 Pipette focus for proper cell compression before initiation of SLED ...……132
Figure 5.5 Navigating areas for ideal SLED-stimulated Fluo-4 signal ..………………133
Figure 5.6 Cell density can negatively affect SLED-stimulated Fluo-4 signals ………135

xiii

Figure 5.7 DIC images of scratch on dishes of increasing stiffness …...………………142
Figure 5.8 Scratch-induced cell signaling to neighbors is dependent on environmental
stiffness ..……………………………………………………………………………….144
Figure 5.9 Cell damage is necessary for signaling to neighbors Cell damage is necessary
for signaling to neighbors ...……………………………………………………………146
Figure 5.10 Updated scratch-induced calcium signaling model ……….………………147
Figure 5.11 SLED: Scratch on Low Elastic Dishes ……………………………………148
Figure 5.12 Constitutively-active KRas but not PTEN loss reduces
mechanoresponsiveness in MCF10A breast epithelial cells ...…………………………151
Figure 5.13 Intracellular and extracellular calcium stores are necessary for mechanicallystimulated calcium signaling …………...………………………………………………153
Figure 5.14 TRPM8 is necessary for mechanically-stimulated calcium signaling .……155
Figure 5.15 Microtubule-dependent mechanically-activated NOX2 derived ROS sustains
calcium signaling ………………………………………………………………………157
Figure 5.16 ROS activates calcium signaling through TRPM8 but ROS sensitivity is
inhibited in KRas mutant cells …………………………………………………………159
Figure 5.17 Molecular mechanisms of rapid mechanical stimulation of calcium signaling
in mammary epithelial cells ……………………………………………………………161
Figure 5.18 NOX2 and TRPM8 mRNA expression effect estrogen receptor negative
patient median overall survival ……...…………………………………………………163
Figure 5.19 NOX2 and TRPM8 mRNA expression affect estrogen receptor negative
patient median OS, RFS, DMFS, and PPS …….………………………………………164

xiv

Figure 5.20 Mechanical stimulation under zero extracellular calcium conditions activates
signaling to neighbors but is blocked by Apyrase ……………..………………………170
Figure 6.1 Ionomycin and thapsigargin stimulated activation of CREB in MCF10A cells
………….…………………………………………………………………………….....188
Figure 6.2 SLED stimulated activation of CREB in MCF10A cells …..………………189

xv

LIST OF ABBREVIATIONS

ΔF/F

Relative change in fluorescence, (F-F0)/F0

0Ca2+ + EGTA

Calcium-depleted media

2-APB

2-Aminoethoxydiphenylborane

ADP

Adenosine diphosphate

AM

Amplitude modulation

AMP

Adenosine monophosphate

ATP

Adenosine triphosphate

BAPN

β-aminopropionitrile

Ca2+

Calcium ions

CAF

Cancer-associated fibroblasts

CAMKII

Calcium- and calmodulin-dependent protein kinase II

CRAC

Calcium release-activated calcium

CREB

cAMP response element-binding protein

DAG

Diacylglycerol

DCIS

Ductal carcinoma in situ

DIC

Differential interference contrast

DMSO

Dimethyl sulfoxide

DREAM

Downstream regulatory element modular

ECM

Extracellular matrix

EDTA

Ethylenediaminetetraacetic acid

xvi

EGTA

Ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid

EMT

Epithelial-to-mesenchymal transition

ER

Endoplasmic reticulum

FBS

Fetal bovine serum

FM

Frequency modulation

GPCRs

G protein-coupled receptors

H2O2

Hydrogen peroxide

HBSS

Hanks Balanced Salt Solution containing calcium

IDC

Invasive ductal carcinoma

IFP

Interstitial fluid pressure

ILC

Invasive lobular carcinoma

IP3Rs

inositol 1,4,5-trisphosphate receptors

IPN

Interpenetrating networks

JNK1

c-Jun N-terminal kinase 1

LCIS

Lobular carcinoma in situ

KRas

MCF10A constitutively-active KRas mutant cells

KRas/PTEN-/-

MCF10A combination mutant cells

MCF10A

Human breast epithelial cells

MCU

Mitochondrial calcium uniporter

MDSCs

Myeloid-derived suppressor cells

xvii

MS

Mechanically sensitive ion channel

MVP

Microvascular pressure

NAC

N-acetylcysteine

NCX

Sodium-calcium exchanger

NFκB

Nuclear factor kappa-light-chain-enhancer of activated B cells

NFAT

Nuclear factor of activated T-cells

NOX2

NADPH oxidase 2

P2Y2

Purinergic receptor Y-type isoform 2

PI

Propidium iodide

PI3K

Phosphatidylinositol 3-kinase

PIP2

Phosphatidylinositol 4,5-bisphosphate

PKC

Protein Kinase C

PLC

Phospholipase C

PMCA

Plasma membrane Ca2+-ATPase

PTM

Post-translational modification

ROI

Region of interest

ROS

Reactive oxygen species

RR

Ruthenium red

RYRs

Ryanodine receptors

SERCA

Sarco-endoplasmic calcium ATPase

SLED

Scratch on low elastic dishes

SPCA

Secretory Pathway Ca2+-ATPase

SR

Sarcoplasmic reticulum

xviii

STAT

Signal transducer and activator of transcription

STIM

Stromal interaction molecule

TRP

Transient receptor potential channel

TRPM8

Transient receptor potential cation channel subfamily M member 8

TRPV4

Transient receptor potential cation channel subfamily V member 4

UTP

Uridine triphosphate

VGCCs

Voltage gated calcium channels

XROS

Microtubule dependent mechanically activated NADPH oxidase 2
(NOX2) derived reactive oxygen species (ROS)

xix

Chapter 1
Cancer: the many pathways to malignancy and progression

1. What is cancer?
Cancer arises from normal cells through the acquisition of capabilities that permit
cancer to nearly limitlessly grow and divide, and to eventually invade into neighboring
tissue and metastasize to distant sites. These acquired traits have been famously termed
cancer “Hallmarks” by Douglas Hanahan and Robert Weinberg [1, 2]. As described, the
foundational elements for cancer to arise are sustained proliferative signaling, evasion of
growth suppressors, enabling replicative immortality, resisting cell death, inducing
angiogenesis, and activating invasion and metastasis (Figure 1.1). It is thought that these
capabilities are genetically acquired in a step-wise fashion, which underlie the evolution
and progression of normal cells to neoplastic cells, and neoplastic cells to the tumorigenic
and malignant cancer that is seen clinically [2].
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FIGURE 1.1: Hallmarks of cancer.
Source: “Hallmarks of cancer: the next generation” by Douglas Hanahan and Robert Weinberg 2011. Cell,
Mar 4;144(5):646-74. doi: 10.1016/j.cell.2011.02.013.

To better understand how normal cells can evolve into aggressively tumorigenic and
metastatic cancer, the following example of a step-wise acquisition of cancer hallmarks is
set forth. Cancer begins with a single cell that either resists death or grows and divides
uncontrollably. The cell that resists death persists in the body, and all that is needed is to
acquire the ability to grow and divide uncontrollably. In contrast, for the cell that grows
and divides uncontrollably, the second hallmark acquired is to resist death such that more
cells live on to divide than cells within the population die. Eventually through the
2

acquisition of an ideal combination of resisting death and growing/dividing, the
population of abnormal cells become noticeable, palpable growths and/or reach the
threshold for detection with clinical imaging such as MRI (about 1mm or 10 million
cells) [3]. Some growths, or neoplasms, are benign; they do not progress from this stage.
For example, growths may reach some size limit whereby individual cell death and
growth/division are equal, or rather the cell population has become dormant. Importantly
though, the benign tumors do not invade into surrounding tissue or metastasize to distant
organs. If this were the end of the evolutionary track for cancer cells, surgical resection
of the localized tumor mass would cure the individual of cancer. However, some growths
do reach the critical stage in progression, tumor cell dissemination away from the primary
site [4]. Tumor cells can either locally migrate and invade into the surrounding tissue or
intravasate into the blood stream or lymphatics. Tumors utilize both in situ and actively
recruited vasculature for blood supply [5] and can shed cells into the blood at a rate of 3.2
x 106 cells per 24 hours per gram of tumor mass [6]. Dissemination can even precede
clinical detection of the primary tumor, and these cancer cells that leave the primary
tumor have begun to acquire what is known as metastatic potential, the ability to leave
the primary site and colonize distant sites [7]. However, they are likely to die on their
way to distant sites [8] such as in the blood stream [9] which can be a very hostile
environment for a cancer cell. For example, this free-floating environment is especially
lethal for a cancer cell derived from an epithelial tissue (e.g. the breast) which normally
requires cell to cell and cell to extracellular matrix contacts for survival [10].
Fortunately, metastasis is a very inefficient process [11]. At the final stages of the
metastatic pathway though, cells evolve to acquire the ability to not only survive the
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journey to distant site (e.g. through blood stream), but also the ability to survive and grow
in a distant site for which they are not acclimated [11, 12]. The eventual burden of
metastatic tumors throughout the body is the main killer of cancer patients [13].

1.1 Genes lead the way: a broad introduction to cancer genetics
How do cells “acquire” abilities to resist death, grow and divide uncontrollably, or
achieve metastatic potential? One answer is in the cell’s genome. Thanks to the great
work from the 1980’s (research from Varmus, Bishop, Weinberg, Baltimore) [14] we
now know that the very root of cancer lies in our genes. Genes regulate expression of
cell proteins, which participate in cell signals that ultimately regulate cell functions such
as those intimately related to cancer: dormancy, growth, survival, division, death,
migration, or invasion. These can all be normal things a cell does in specific contexts;
however, genetic abnormalities can give cells a greater ability to grow, survive, divide,
resist death, migrate, invade, or colonize other organs. This process of the accumulation
of spontaneous mutations in somatic cells throughout the course of a lifetime, that push
normal cells toward cancer cells is known as the somatic evolution [15-17]. These
mutation-based cancer abilities aren’t de novo functions, but rather physiologic cell
functions underlain by normal genes and gene activation, that have instead become
unrestricted via acquired genetic mutations, genetic amplification, or greater access to
otherwise suppressed regions of the genome (e.g. an epithelial cancer cell that begins to
express neuron proteins). This highlights the notion that malignancy comes from within
and that cancer can theoretically achieve access to the entire genome.
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The genetic mutations that give rise to cancer cells can be from regular mishaps in
DNA replication that occur as our cells divide to produce new cells throughout the course
of our lifetimes [18, 19]. The function of DNA is to ultimately create proteins so that the
cell can perform various functions (i.e. growth, survival, division, death, migration,
invasion). Translating from DNA to protein can only work well if the RNA transcription
proteins can recognize and copy the correct code, however the code can change due to
mistakes known as genetic mutations. For example, a G nucleotide could have been
added in a place where a C should have been, known as a point mutation. Eukaryotic
DNA replication proteins, called DNA polymerases α, β, δ, ε, γ, can copy DNA at a rate
of about 50 nucleotides per second and have a certain fidelity in their copying functions.
However they aren’t perfect and introduce mutations about 10-5 times per base replicated
(or one mutation for every 10,000 correct base copied) [20]. As more cells in the body
copy DNA to divide, the more mutations are introduced, and the longer we live the more
mutations are accumulated [17-19]. In this context, cancer can not only be thought of as
a genetic disease but also a disease of aging [21]. Indeed, the probability for developing
cancer below age 50 is about 3.4%, while risk increases to 32.2% over the age of 70 [13].
On a reassuring note, there are repair mechanisms in place to help correct errors, and they
ultimately double the fidelity of DNA replication from 10-5 to 10-10 [22]. For example,
some DNA polymerases have ‘proofreading’ capabilities and can recognize and repair
mistakes as the polymerase is copying DNA [23]. Other repair mechanisms are also in
place independent of the DNA polymerase, and these come in behind DNA polymerase
to make the correction of a replication error such as ‘mismatch repair’ (correct for
mismatched bases such as A:G that should be C:G or an T:C that should be an G:C).
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Mutations are not entirely products of mistakes in DNA replication throughout your
lifetime. Mutations can also be introduced independent of DNA replication errors
through direct damage to the DNA. These include regularly occurring cell derived
products such as superoxides or extracellular carcinogens such as solar radiation. This
type of damage requires different repair mechanisms [24]. For example, base excision
repair is needed to replace oxidized, methylated, deaminated bases or repair single strand
breaks in DNA backbone, which can occur via x-rays, oxygen radicals, alkylating agents,
or spontaneous reactions [25]. Nucleotide excision repair replaces bulky adducts created
via UV damage or aromatic hydrocarbons [26]. Finally, recombinational repair corrects
double strand breaks in the DNA backbone from x-ray damage [27]. It is important to
also note that in addition to these one or few nucleotide mutations in the genetic code
outlined, there are other means of changing the genome through chromosomal
rearrangements such as gene amplification [28], deletions [29], inversions, and
translocations [30, 31].
The outcome of mutations can vary from zero functional consequence at all, to
changes to the function or production of proteins. When the random DNA mutations
occur in sections of a cell’s genome in such a way that results in the dysregulation of
growth, survival, division, death, migration, invasion, or dormancy, there is a risk for
malignant transformation of an otherwise normal cell. In some ways the disease can be
viewed as a probability issue, what are the chances that any given mutation will occur in
these parts of the genome? The first chance mutation may confer to a cell the ability to
resist death or grow and divide uncontrollably and transform it to a cancer cell. The
subsequent mutations may confer to cancer cells the ability to disseminate from the
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primary tumor and colonize distant sizes in the body. The randomness can be unsettling.
Moreover, the mutation probability can be increased in some well-known mutagenetic
contexts: radiation [32], sun damage [33], smoking [34]. In addition once cancer has
formed, unstable cancer cell genomes, termed genomic instability, further increase the
rate of mutations [2, 35]. Thankfully the random accumulation of mutations in noncancerous cells is not guaranteed to translate to cancer, but how exactly do mutations lead
to cancer?
With respect to the evolution of cancer progression, the beginning of the process is
thought to arise from DNA mutations in areas of the genome that contain either tumor
suppressors or proto-oncogenes, and result in cancer promoting mutated products such as
non-functional tumor suppressors or dominant-acting oncogenes [36]. Indeed, mutations
in these so-called driver genes may precede diagnosis of cancer by many years [37].
Tumor suppressors are genes that effectively guard against the formation of malignant
cells, thus a loss of function or inactivation mutation is oncogenic. Tumor suppressors
regulate different cell functions such as cell cycle regulation (Rb, p53, p16, p21, p27,
lats1), apoptosis (p53, PTEN, APC, PML, lats1), DNA repair (p53, MSH2, Brca1,
Brca2), and cell adhesion (APC, E-cadherin) [38]. Thus, loss of function mutations can
lead to an inability to stop the cell cycle, initiate cell death, or reduce further gene
mutations. Not only are there different tumor suppressors that can be mutated, but also
different ways of mutating these genes to achieve an inactive protein product. For
example, a very frequently mutated tumor suppressor TP53 can be inactivated through
missense point mutations (results in amino acid switch) or nonsense point mutations
(results in truncated or incomplete protein sequence), and represent ~73% and ~7% of
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TP53 mutations respectively for all cancers) [39]. In contrast, mutations in protooncogenes (normal genes), which therefore become oncogenes (abnormal genes), can
yield gain of function protein products such as a constitutively active protein or an
overabundance of protein products [36]. Alternatively, oncogenes can arise through gene
amplification or other chromosomal rearrangements (i.e. where genes swap chromosomal
positions that might be more actively transcribed, thus resulting in overexpression of the
gene, or a chromosomal rearrangement could instead lead to fused hybrid genes that have
abnormal activity such as Bcr-Abl [40]). Examples of oncogenes include signaling
pathway oncogenes (Src, EGFR. HER2, Myc, Ras), cell cycle oncogenes (Cyclin D/E,
Cdk 2/4), and apoptosis inhibiting oncogenes (Bcl-2) [38]. Through genetic mutations in
tumor suppressors and oncogenes, and resulting overexpressed, underexpressed or
abnormal protein products, cells become cancerous by acquiring the ability to increase
growth, survival, division and decrease death. As cancer progresses, cells further acquire
the ability to migrate/invade into surrounding tissue, to enter and survive in the blood
stream, and to exit the blood stream and colonize in other organs. All of these are
possible through genes and the dysregulation of cell signaling pathways that regulate
these capabilities. However, there are also other factors outside of the cell’s genome that
support and promote cancer. These extracellular factors come in the form of direct cellcell interactions and soluble signals in the local environment of cancer cells and tumors,
known as the tumor microenvironment.
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1.2 Genes don’t hold all the power: the tumor microenvironment and
extracellular factors in cancer
Tumors are not simply a ball of homogenous cancer cells, but rather more closely
resemble an orchestrated organ, in which there is a heterogenous composition of different
interacting cell types including cancer cells, cancer stem cells, non-cancer stem cells,
endothelial cells and pericytes, immune inflammatory cells, and cancer-associated
fibroblasts (CAFs) (Figure 1.2) [2]. Furthermore, these non-cancerous cells often support
cancer cells and tumors in specific ways. For example, tumors stimulate angiogenesis
(generation of vasculature) via secretion of pro-angiogenic factors (e.g. VEGF) that
activate endothelial cells, which helps mitigate hypoxic regions of the tumor (such as in
the center) and facilitate nutrient/waste exchange [41]. Other non-cancerous cells such as
CAFs secrete growth factors and cytokines that promote cancer cell proliferation and
induction of angiogenesis [42]. Through a bi-directional activation mechanism, cancer
cell activation of CAFs can in turn stimulate CAFs (via TGF-b) to reciprocally aid in
cancer cell invasion [43]. Even the immune system can (non-intuitively) support tumors:
M2-like macrophages (known as tumor associated macrophages, TAMs) help recruit
vasculature into the tumor microenvironment, but can also secrete growth factors that
promote breast cancer cell proliferation [44] or cytokines (i.e. TNF-a) to enhance tumor
cell migration [45]. Moreover, myeloid-derived suppressor cells (MDSCs) recruited to
tumors actively suppress the immune system so that tumor cells evade the immune
destruction [46]. Interestingly the body’s bone marrow stem cells are recruited to the
tumor and are thought to help populate the tumor microenvironment with many of these
cancer-supporting cells [47]. These example studies of cancer and non-cancer cell
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interactions in the tumor microenvironment show the cyclical interplay between these
cells where the recruitment of non-cancer cells promotes feed-forward interactions to the
benefit of the tumor. This can even be extended beyond the tumor, as cross talk between
breast cancer cells and fibroblasts in microenvironments of metastatic sites promotes
metastatic colonization [48]. The tumor promoting microenvironment also illustrates
how cancer progression is not entirely genome-centric and that extracellular factors must
also be considered in understanding cancer biology.

FIGURE 1.2: The tumor microenvironment.
Source: “Hallmarks of cancer: the next generation” by Douglas Hanahan and Robert Weinberg 2011. Cell,
Mar 4;144(5):646-74. doi: 10.1016/j.cell.2011.02.013.
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1.3 Breast cancer
Breasts are predominantly composed of stroma (connective and adipose tissue) and
parenchyma (glandular tissue or mammary gland) supported by Cooper’s ligaments [49].
The mammary gland consists of ducts that branch out from the nipple and terminate into
lobes (which are themselves made of lobules that contain about 10-100 alveoli) [49]. A
bilayer of cells line the ducts and lobules of the mammary gland and is comprised of an
outer layer of basal myoepithelial and stem cells and an inner layer of luminal epithelial
cells [50, 51]. During lactation, myoepithelial cells contract to aid milk secretion by
alveolar luminal epithelial cells in the acini/alveoli of the lobules, thereafter milk travels
through the highly branched ductal tracks that converge at the nipple [49]. Although
cancer can develop in the breast from non-epithelial cell types, called sarcoma, they only
represent <1% of breast cancer [52]. Breast cancer typically arises from ductal or lobular
epithelial cells and these malignancies are called carcinomas (epithelial in origin) or
adenocarcinomas (having origin or characteristics of epithelial glandular tissue).
Furthermore, epithelial cells that give rise to all carcinoma types (including breast cancer)
are responsible for more than 90% of human solid tumors [53]. Therefore, basic science
research in breast cancer is almost exclusively focused on breast epithelial cell and tumor
models.
Breast cancer accounts for about 30% of the total number of annual cancer diagnoses
in women, and is estimated to cause 14% of all cancer deaths (estimated for 2018) [13].
The common types of breast cancer are ductal carcinoma in situ (DCIS) and invasive
carcinomas of duct (invasive ductal carcinoma, IDC) and lobules (invasive lobular
carcinoma, ILC) [54]. DCIS, and the uncommon lobular carcinoma in situ (LCIS), are
11

not life threatening but increase the risk of developing invasive cancer, therefore
treatments such as observation (LCIS) or breast conserving surgery/mastectomy (DCIS)
are still recommended. Invasive breast cancers are the most serious since they are
composed of luminal cells of the duct or lobule that have broken through the cell
basement membrane (e.g. wall of duct or lobule) and invaded into the surrounding tissue.
About 10% of invasive breast cancers are ILC and 80% IDC [54]. These invasive
cancers have begun the path to metastasis, which is the biggest threat to life. Treatment
for invasive cancers varies depending on how advanced the cancer is (i.e. degree of
invasiveness and whether it has spread to lymph nodes or distant sites) but may include a
combination of surgery, radiation, and chemotherapy [54].
Breast cancer can also be described by molecular characteristics of the cancer cells
that also have implications for patient outcome. Molecular characteristics such as
whether or not the cell expresses hormone receptors are of interest because they not only
describe the aggressiveness of the cell type but which targeted treatment options are
available. The least aggressive breast cancer cell type is one expressing one or both types
of hormone receptors (i.e. estrogen-receptor and/or progesterone-receptor positive) but
also has low levels of the Ki-67 protein and no HER2 protein. A cell type with these
characteristics are termed Luminal A, grow slowly and patients with Luminal A breast
cancer have the best prognosis [54]. Luminal B breast cancer has a slightly worse
prognosis and these cells are estrogen-receptor and/or progesterone-receptor positive,
with high levels of Ki-67, and can be either HER2 positive or HER2 negative [54]. The
next breast cancer grows faster than the Luminal cancers and patients tend to have worse
prognosis and is called HER2-enriched because these cells are positive for HER2 and are
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negative for estrogen-receptors and progesterone-receptors [54]. Finally, the most
aggressive type is called triple-negative breast cancer because it lacks expression
estrogen-receptors and progesterone-receptors, does not have
overexpression/amplification of HER2, and it is therefore negative on all 3 of these
markers. Moreover, it grows fast and is likely to spread beyond the primary tumor site
[54]. In addition to the aggressive nature of these breast cancer types affecting the
prognosis of the patient, the availability of targeted drugs also plays a role. For example,
Luminal A/B cell types use hormone receptors to grow, thus drugs like tamoxifen and
aromatase inhibitors were designed to inhibit the function of those hormone receptors and
block the growth of the cancer [55]. Similarly, HER2 targeted drugs like
Herceptin/trastuzumab can successfully treat these types of breast cancers [56]. In
contrast, there are no targeted therapies for triple negative cell types and the only options
for treatment are surgery, radiation, and chemotherapy.

1.4 Concluding remarks
Now that underlying principles of cancer have been discussed, it should be apparent
that cancer cells achieve abilities to resist death, grow and divide uncontrollably, or
achieve metastatic potential through genetic mutations, genetic instability, as well as
extracellular mechanisms in the tumor microenvironment, and that these collectively lead
to aberrant cell signaling and malignant cell functions. What is currently known for
breast cancer specifically, both the genetic characteristics (i.e. Luminal A/B, HER2, triple
negative) and the phenotypic status (i.e. in situ vs invasive) predict overall survival for
patients and guide therapeutic intervention. For example, the genetic dysregulation of
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hormone-receptor dependent growth is one such ability for cancer progression (i.e.
Luminal A/B cell types) and these patients have a better survival prognosis, but cancer
can also progress independent of these mechanisms (e.g. HER2 or triple-negative cell
types) and these patients can have a very poor prognosis. Through basic science research
there has been great progress in the understanding of dysregulated cell signaling
pathways in breast cancer, which has also led to the development of new therapeutic
drugs (e.g. hormonal and HER2 therapy) and resulted in prolonging patient survival,
however there is still an unmet need for new and effective drugs for many cancers (i.e.
for triple negative breast cancer). One approach for the discovery of new therapeutic
drugs begins with the identification of novel signaling pathways and mechanisms by
which cancer survives, progresses and metastasizes.
Accordingly, two specific categories of potentially targetable cell signaling pathways
are the focus of this dissertation: mechanical and calcium signaling. The rationale for
studying mechanical and calcium signals in breast cancer is that abundant evidence
suggests that each of these are modifiers of the disease. However, the experimental
evidence still has not led to effective new therapeutic avenues. Therefore, more work in
these areas and new approaches to these themes are warranted. The dissertation work
presented sets out to experimentally determine the novel intersection between mechanical
and calcium signaling in breast cancer cells, elucidate underlying signaling pathways, and
ascertain functional differences between normal and cancer cells. Using this approach,
new research may shed light on novel signaling pathways utilized by cancer cells as a
selective advantage for survival. The ultimate goal would be to design new therapeutic
drugs targeting these pathways in order to reduce tumor and/or metastatic burden. The
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next two chapters first introduce each topic in physiologic and disease contexts: a)
calcium signaling and breast cancer, and b) mechanobiology and breast cancer. The
following chapters then describe experimental investigations of the mechanisms of
mechanically-stimulated calcium signaling and implications for breast cancer.
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Chapter 2
Calcium signaling and breast cancer

2. Ja Kalzium, das ist alles
When calcium ions (Ca2+) flood into a cell, they can bind to calcium-binding proteins
to ultimately initiate cell functions. Paradoxically however, this versatile single element
universally participates in almost every single cell process: death [57, 58], cell cycle [59,
60], division [61], migration [62-65], invasion [66, 67], metabolism [68], differentiation
[69-71], autophagy [68, 72], and transcription [73, 74], as well as participating in many
specialized cell functions: angiogenesis [75], fertilization [76-78], insulin secretion [79,
80], synaptic transmission [81, 82], muscle contraction [83, 84], and immune response
[85]. This is perhaps why scientists quote the Nobel prize winning Otto Loewi’s
proclamation, “Ja Kalzium, das ist alles” [86], which literally translates to “Yes calcium,
that’s all”, but instead is often interpreted as “calcium is everything” or “calcium is
universal” [87, 88].
The paradox of calcium in biology is that the divalent cation remains unchanged yet
can still achieve specificity in initiating various cell processes. In other words when
calcium enters a cell, it isn’t bringing forth cell death, cell cycle, division, migration,
invasion, metabolism, differentiation, autophagy and transcription all at once, rather each
process can be individually initiated by calcium while the other calcium-sensitive
functions remain at rest. Before we discuss how calcium can discriminate between these
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various cell functions, let’s begin with a simple binary (ON/OFF) introduction to calcium
signaling.

2.1 Introduction to calcium signaling
The plasma membrane is a lipid bilayer barrier that separates the outside and inside of
the cell. However, contained within the cell are separate lipid barriers that serve to
further compartmentalize cell contents. These intracellular membrane-bound areas,
known as organelles, perform different cell functions and include the nucleus, Golgi
apparatus, endoplasmic reticulum (ER), mitochondria and various vesicles. The general
non-membrane bound areas within the cell are collectively known as the cytoplasm.
Calcium ions are differentially concentrated across these cell membranes between the
outside of the cell, the cytoplasm, and within organelles. This separation of calcium is
key to calcium signaling.
Calcium is a metallic element and fifth in abundance in the earth’s crust [89]. In the
human body, most of the calcium exists in both a bound-form (bones, teeth or bound to
extra- and intracellular proteins) and ionized free form. When considering cells at rest,
free calcium is present in relatively high concentrations outside the cell (~1.3mM), and
with respect to mammary glands, there is ~10mM total calcium [90] and ~2-4mM free
calcium in human milk [91]. In contrast, free calcium is at very low concentrations in
cytoplasm (~50-150nM [92, 93]). While resting free calcium concentrations within the
cellular organelles vary [nucleus (~30-200nM, [94-98]), Golgi apparatus (~0.3mM [99]),
ER (~0.5-0.7mM [100]), mitochondria ~200nM [101]), lysosomes (~0.4mM [102]) (note
that these are approximations)], there is still a concentration gradient between the
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cytoplasm and Golgi/ER/lysosomes, similar to that between the cytoplasm and
extracellular space. The low vs. high concentrations are actively maintained by the cell
using different transport mechanisms such as adenosine triphosphate (ATP) driven
calcium pumps that drive calcium within the ER (via sarco/endoplasmic reticulum Ca2+ATPase, SERCA) or Golgi apparatus (via Secretory Pathway Ca2+-ATPase, SPCA), or
drive calcium outside of the cell (via plasma membrane Ca2+-ATPase, PMCA and
sodium-calcium exchanger, NCX). This isn’t useless work for the cell since the stored
energy that is present in concentration gradients, known as the ion’s driving force, can be
utilized. If permitted across cell membranes, ions will passively move (or flux) down a
concentration gradient (from high to low) until equilibrium is achieved. Thus, calcium
will flux from the outside of the cell or flux from within internally membrane-bound
compartments (the ER is the major store), to the cytoplasm or even into the nucleus and
mitochondria. However, with ATP pumps continually driving calcium against its
concentration gradient (to areas of high calcium concentrations) equilibrium can’t
practically be achieved.
Calcium signaling refers to the mobilization of calcium ions down these
concentration gradients and this can be initiated in various ways (for in depth reviews on
calcium signaling see [86, 103-106], and see mitochondrial [107] and nuclear [108]
calcium signaling focused reviews). There are two major classes of membrane bound
proteins that permit calcium mobilization, ion channels and G-protein coupled receptors
(GPCRs), which can be present on the cell’s plasma membrane and on organelle
membranes (Figure 2.1). Ion channels, once activated, open their central pore regions
allowing calcium ions to mobilize through the channel. In contrast, activated GPCRs
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typically release ER calcium using lipid signal transduction to target ER ion channels.
The resulting flux of calcium ions to the cytoplasm increases the calcium concentration
and the positively charged ions are free to bind to oppositely charged counterparts (see
review on calcium binding domains and motifs [106]), known as buffers and effectors
(further reviews on buffers [109] and effectors [103] are available). Most of this
cytosolic calcium is bound by buffers, which can limit or tune the cytoplasmic calcium
signal and thus limit/tune the calcium bound by effectors, depending on the amount,
localization, and type of buffer (i.e., fixed vs. mobile) present within the cell. In contrast,
calcium-bound effectors play a more direct role in cell function by initiating downstream
signaling (i.e. cell death, cell cycle, division, migration, invasion, metabolism,
differentiation, autophagy or transcription). Calcium signaling is eventually finalized as
calcium ion channels deactivate and close, thus no longer permitting calcium flux into the
cytoplasm. The calcium pumps simultaneously restore low cytoplasmic calcium
concentrations and high ER/Golgi calcium concentrations by pumping calcium outside of
the cell and into the organelle stores respectively. Buffers and effectors then become
unbound by calcium as the concentration of cytoplasmic calcium continues to fall to
resting concentrations, and thus effectors inactivate and effector-mediated downstream
signaling ceases.
This binary initiation/termination of calcium signaling explanation is the basis of
understanding calcium signaling. However, the complex versatility of calcium ions in the
wide variety of cell functions, as outlined above, is not possible in a binary world.
Otherwise increases in cytosolic calcium would simultaneously trigger all cell functions.
Rather, the versatility of calcium ions is possible on a spectrum of calcium signals, which
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is the topic of the next section. Calcium signals can be big or small, fast or long lasting,
and be global or local. These amplitude, frequency, and spatial spectra ultimately
regulate the discrimination between different cell functions and give the cell the tools to
appropriately ‘choose’ its fate.
GPCR
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FIGURE 2.1: Mechanisms for cellular calcium mobilization.
Calcium ions are differentially concentrated across cell membranes between the outside of the cell, the
cytoplasm, and within organelles. This separation of calcium is key to calcium signaling. In a resting cell,
high free calcium concentrations are maintained outside the cell (~1.3mM), while free calcium is at very
low concentrations in cytoplasm (~100nM), establishing an ~10:000:1 gradient across the plasma
membrane. Resting free calcium concentrations within the cellular organelles vary [nucleus (~30-200nM),
Golgi apparatus (~0.3mM), ER (~0.5-0.7mM), mitochondria ~200nM), lysosomes (~0.4mM) (note that
these are approximations)]. Calcium can enter the cell into the cytoplasm through plasma membrane ion
channels (VGCCs, P2X, TRPs, ORAI) or ER membrane channels (IP3Rs and RyRs). Alternatively,
cytosolic calcium can be depleted through mitochondrial calcium uptake (via MCU channels), ATP driven
pumps (PMCA, SERCA, SPCA), or the sodium calcium exchanger (NCX).
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2.2 Amplitude, frequency, and spatial modulation
One question when considering calcium ion flux into the cytoplasm is, how many
ions enter? The amplitude of the calcium signal measured yields the answer (through the
integral of the curve). The higher the amplitude, the more calcium occupies the
cytoplasm, the lower the amplitude, less calcium. In a process known as amplitude
modulation (AM) [110], these different amplitudes, or amounts of global cytosolic
calcium, trigger different downstream signaling responses. For example, in B
lymphocytes, ~200-400nM of calcium results in activation of the transcription factor
nuclear factor of activated T-cells (NFAT) (i.e. nuclear translocation) without activating
the nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) or c-Jun Nterminal kinase 1 (JNK1) (i.e. IκBα degradation and JNK1 phosphorylation), whereas
~400-600nM of calcium is required to activate NFκB/JNK1 [111]. In this way, different
downstream signaling pathways can be activated based on the amount of calcium
permitted into the cell. This can be possible through an affinity-based mechanism
whereby higher affinity calcium-binding proteins are activated with lower calcium
concentrations and lower affinity calcium-binding proteins are activated with higher
calcium concentrations, and/or possible via fractional occupancy-based mechanisms
whereby proteins with one calcium binding site are activated with lower calcium
concentrations and proteins with up to four calcium binding sites are activated with
higher calcium concentrations [112]. However, the limitation is that an increasing
calcium signal will not activate proteins of differing affinities in a completely
independently manner but will rather simply activate them sequentially. In other words,
600nM of calcium will activate both NFAT and NFκB/JNK.
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Calcium can also differentially activate downstream signaling pathways based on the
temporal characteristics of the calcium signal. In a process known as frequency
modulation (FM) [110], rapid subsequent elevations in cytosolic calcium, known as
oscillating calcium signals, can determine different protein activation [113]. For
example, the calcium-binding Protein Kinase C (PKC) can be partially activated with
low-frequency spikes of calcium ion flux, whereas maximal activation of PKC occurs
during high-frequency calcium spikes [114]. Similarly, calcium- and calmodulindependent protein kinase II (CAMKII) [115] or calcium sensitive mitochondrial
dehydrogenases (CSMDHs) [116] can show greater activity with increasing frequency of
calcium exposure. Oscillations can even discriminate between proteins within the same
cell, low frequency oscillations activate NFκB while high frequencies activate NFAT
[73]. At least for NFAT, these oscillation-dependent mechanisms intriguingly seem to be
entirely independent of total average calcium in the cell (i.e. amplitude), and rather
specifically sensitive to a certain frequency of oscillations [73, 117].
Calcium-dependent activation of proteins can be further distinguished via spatial
restriction of calcium signals (for more in depth reviews see [112, 113]), which is in
contrast to the global cytosolic calcium elevations discussed up until now, where the total
cytosolic space is theoretically occupied with a flux of calcium ions. When considering
ion flux through a single channel into the cytoplasm from the plasma membrane, free
calcium concentrations indeed degrade with increasing distance from the channel [118,
119], which is largely due to the presence of buffers that limit the range of calcium. For
example during ion flux, differences in calcium concentrations between the closest region
to the inner leaflet of the plasma membrane, called the subplasma membrane, and the
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cytoplasm ranges from ~440-800nM [120, 121]. Even at rest, there seems to be some
graded calcium concentrations between the subplasma membrane and the cytoplasm (80
vs 30nM, respectively) [120]. Importantly, these microdomains of larger calcium
concentrations relative to the cytoplasm have functional consequences. For example,
cAMP response element-binding protein (CREB) phosphorylation via CAMK relies on
calcium concentrations spanning 1-2µm from the subplasma membrane [122]. Similarly,
local signals can specifically trigger activation of transcription factors c-fos [123], signal
transducer and activator of transcription (STAT) 5 [124], and NFAT [125, 126]. These
domain-dependent signaling pathways rely on the localization of effectors near calcium
channels, therefore re-localization of effectors away from the subplasma membrane
would inhibit these pathways. Moreover, removal of cell buffering capacity may activate
effectors not tethered near subplasma regions. Finally, spatial restriction of calcium
signals independent of buffers are possible through elementary calcium events localized
near calcium channels. The elementary calcium events are either derived from single ion
channels, known as blips from inositol 1,4,5-trisphosphate receptors (IP3Rs) and quarks
from ryanodine receptors (RYRs), or when groups of 10-20 channels collectively release
calcium, called puffs (IP3R) and sparks (RYR) [110]. Puffs and sparks release up to
~600nM of calcium within a spatial spread of up to ~7µm which can ultimately lead to
larger calcium waves in the cell [127, 128].
These three means of calcium modulation are ‘clever’ ways of getting around the
calcium signaling paradox. The versatile calcium ion can be used for activating the
diversity of cell functions without changing the ion itself, but rather changing the
characteristics (amplitude/frequency modulation) or location (spatial modulation) of the
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signal. It is important to note, now that the characteristics of calcium signaling have been
introduced, that these three modulation mechanisms are not necessarily mutually
exclusive. For example, consider a low-affinity effector which requires a high
concentration of ions for activation, but only a concentration of ions below the threshold
for activation have entered a cell. Simply changing the effector’s location to near a
channel where local calcium concentrations relative to the global cytosolic calcium is
high enough would ensure activation, or vice-versa. Thus, two or more means of
modulation can be utilized in sync to add additional regulation of downstream signaling.
Further considering all three, and that each sits on a spectrum of magnitude, gives the cell
exponential combinations of tuning intracellular calcium signaling. These are the
possibilities needed for an investigator to recognize when experimenting with calcium
signaling and determining how calcium will affect the cell.

2.3 Calcium Channels, Buffers and Effectors
Now that the versatility of the calcium ion has been explained through spatial,
amplitude and frequency modulation, how calcium enters the cell and what it can do once
inside the cell will now be discussed. There are many calcium channels, GPCRs, buffers,
effectors, pumps and calcium sensitive enzymes that contribute to the initiation of
calcium signaling, the cell response, and the decay of the calcium signal. Berridge,
Bootman, and Roderick have termed these elements as a cell’s “calcium signaling
toolkit” [103]. As mentioned above, there are two major protein families that control the
initiation of calcium signaling inside the cell: G-protein coupled receptors (GPCRs) and
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ion channels. GPCRs and ion channels are briefly introduced in this section, but there are
extensive reviews available for the reader [103, 129].
Ion channels are membrane bound proteins that form a central pore that can pass (i.e.
conduct) ions when activated and open, or block ion flux when inactivated or deactivated
and closed (inactivation describes a channel that has stopped conducting ions but has not
fully closed, while deactivation describes a channel that has full closed). Ion flux through
an open channel is possible when there is a driving force created by differential ion
concentration across cell membranes, as discussed above. Some ion channels specifically
permit only one type of ion, such as potassium, sodium, calcium, or chloride, however
others can be more non-selective and can permit multiple ions. For example, transient
receptor potential (TRP) channels can be permeable to multiple ions (reviewed in [130]).
The specificity in permeability is achieved through the charge of the residues lining the
central pore region and its compatibility with an oppositely charged ion, but is also
governed by the geometry of the pore and its compatibility with ions of a specific size
[131]. These specific structures of ion channels have evolved not only for specificity in
ion selection [132], but also for optimal rapid conductance of ions when the channels are
open [133]. Ions are stabilized and dissolved in solution through hydration by water
molecules, however ions and water molecules must pass through channels in single file,
therefore ions must shed their water molecules as they move through the pore [132]. Ions
are then stabilized by the charged central pore as the ion passes through and water on the
opposite side of the channel then re-hydrates the ion. While this may seem like a timeconsuming process, ion flux is rather quite rapid because it minimizes energy constraints
[133] when compared with other forms of ion transport such as pumps.
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Ion channel activation can occur through a large variety of mechanisms (Figure 2.1).
Voltage gated calcium channels (VGCCs) open their central pore regions (i.e. are gated)
in response to changes in membrane voltage and specifically flux calcium ions. VGCCs
are typically present in excitable cells such as neurons and muscle and play roles in
synaptic transmission and muscle contraction. Purinergic receptor ion channels, known
as P2X channels, bind nucleotides (AMP, ADP, ATP) and flux calcium [134]. Inositol
1,4,5-trisphosphate receptors (IP3Rs) are present on the endoplasmic reticulum (ER) and
flux calcium upon the binding of the lipid from inositol 1,4,5-trisphosphate (IP3).
Ryanodine receptors (RYR) are present in muscle on the sarcoplasmic reticulum (SR)
and in non-excitable cells on the endoplasmic reticulum (ER) and are activated by
calcium in a process known as calcium-induced calcium release. In a process known as
store-operated calcium entry (SOCE) (but has in the past been referred to as capacitative
calcium entry), stromal interaction molecule (STIM)/ORAI complexes serve to replenish
intracellular calcium stores after calcium release, from location such as the ER, since
some of the calcium gets pumped to the extracellular space instead of entirely back into
internal stores. While both STIM/ORAI form what is known as the calcium releaseactivated calcium (CRAC) channel, ORAI is the pore-forming subunit that resides in the
plasma membrane, while STIM is an ER calcium sensing and ORAI activating protein in
the ER membrane. Finally, there are the transient receptor potential (TRP) family of ion
channels that range in selectivity but generally permit calcium and magnesium ions to
pass through their central pore regions. TRP channels are composed of seven
subfamilies: TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), TRPP
(polycystin), TRPML (mucolipin), TRPA (ankyrin) and TRPN (NOMPC-like) (reviewed
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in [135]). A very interesting family of channels, TRP channels can be activated in
response to cold/menthol, stretch-activation, pH, calcium and voltage (reviewed in [135,
136]).
In contrast to ion channels, GPCRs do not facilitate ion flux through a central pore,
but rather indirectly activate calcium signaling. GPCRs are membrane bound proteins
that are typically activated by ligands such as hormones, peptides and neurotransmitters,
but there are other activation mechanisms such as pH or mechanical stimuli. GPCRs are
coupled to the G-proteins Gα, Gβ, and Gγ on the cytoplasmic side (Gα and Gγ are
tethered to the plasma membrane by lipid anchors). This complex represents the
inactivated state of GPCRs. Once activated, the exchange of GTP with GDP on the Gα
subunit occurs and the GTP-bound Gα and Gβ/Gγ dimer decouple from the receptor and
each other. The GTP-bound Gα and Gβ/Gγ dimer move on separately to activate
downstream signaling. For calcium, it is the Gα subunit that activates phospholipase C
(PLC) which in turn converts the membrane lipid phosphatidylinositol 4,5-bisphosphate
(PIP2) to diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). IP3 in turn diffuses
from the plasma membrane and binds to and opens IP3R channels located on the ER
resulting in calcium flux from the ER to the cytoplasm. Then Gα unbinds GTP and rebinds GDP, and Gα and Gβ/Gγ reassociate with each other as well as with the GPCR.
Once calcium has entered the cell, it quickly associates with calcium binding
proteins, which contain negatively charged and geometrically compatible protein
domains or motifs (i.e. structures) that are capable of binding calcium (reviewed in
[106]). For example, the EF-hand motifs bind two calcium ions per molecule. EF-hand
motif containing calcium binding proteins include calmodulin and the S100 protein
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family. There are also non-EF-hand calcium binding proteins such as annexins, gelsolin,
calreticulin, and those with C2-domains (protein kinase C is a very common enzyme with
a C2-domain). Calcium binding proteins can be generally categorized into two broad
categories: buffers and effectors/sensors. While buffers/effectors are briefly introduced
in the next paragraph, there are extensive reviews on buffers [109, 137] and effectors
[103, 106, 137] available for the reader.
Buffers quickly chelate calcium ions that enter the cell and ultimately can change the
amplitude, frequency, and spatial characteristics of the free cytosolic calcium available to
bind to effector proteins. The role of buffers in spatial modulation has already been
outlined, and one can imagine how buffers can similarly affect the amplitude and
frequency of calcium signaling. Therefore, buffers limit the amount of calcium freely
available to a cell to activate functions (i.e. cell death, cell cycle, division, migration,
invasion, metabolism, differentiation, autophagy or transcription). Major buffers include
parvalbumins, calbindin-D9k, calbindin-D28k, calretinin, calreticulin, calnexin,
calsequestrin, and GRP78/94. In contrast, effectors/sensors serve to initiate downstream
cell signaling pathways which ultimately lead to turning on cell functions. Several
effectors have already been introduced with respect to activation under amplitude,
frequency, and spatial modulation. Major effectors include the calmodulin and S100
protein families, but there are also troponin C, synaptotagmin, the annexin protein family,
myosin light chain kinase, protein kinase C family, calcineurin, calmodulin-dependent
protein kinases (CAMKs), calpain proteases, nitric oxide synthases, nuclear factor of
activated T cells (NFAT) transcription factor family, cyclic AMP response element
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binding protein (CREB) transcription factor, and downstream regulatory element modular
(DREAM) transcription factor.

2.4 Methods for measuring intracellular calcium
The most common method for measuring calcium, and especially calcium inside
cells, is through microscopy-based visualization of calcium using calcium-binding
fluorescent indicators. Fluorescent indicators, and fluorescence in general, work through
absorption and emission of light photons. Fluorescent molecules are excited by, or
absorb, particular wavelengths of light and subsequently emit the absorbed light, but the
light emitted will be of a longer wavelength. This occurs because the
absorption/emission process changes the higher energy of the shorter wavelength light to
a lower energy, longer wavelength light. In other words, some fluorescent molecules
excited by blue-shifted light will emit green light, or some are excited by green-shifted
light and will emit red light.
These indicators can be either exogenous (artificially introduced within the cell) or
endogenous (genetically introduced within the cell) [138-140]. Exogenous indicators are
commonly referred to as dyes and include green fluorescing Fluo-4, red fluorescing
Rhod-2, and UV-excited Fura-2 and Indo-1. These dyes are introduced into the cell by
diluting them into the extracellular media for an incubation time. By way of ester groups,
they remain as uncharged molecules that can therefore freely diffuse across the cell
plasma membrane. However once inside the cell, intracellular esterases cleave these
groups from the molecule, they become charged, are thus impermeable to the cell
membrane and become trapped inside (Figure 2.2). Moreover, the charged molecules
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become sensitive to binding calcium and will become brightly fluorescent only in the
calcium-bound state.
Fluo-4

Fluo-4 AM

Intracellular
de-esterification by
endogenous cell esterases

uncharged, membrane permeable,
carboxyl groups esterified (dashed circles),
calcium insensitive

charged, membrane impermeable,
carboxyl groups de-esterified,
calcium sensitive

FIGURE 2.2: Mechanism of Fluo-4 cellular uptake.
The most common method for measuring intracellular calcium is through microscopy-based visualization
of calcium using calcium-binding fluorescent indicators such as Fluo-4. Dye structures for Fluo-4 AM and
Fluo-4 were derived from https://pubchem.ncbi.nlm.nih.gov/. The Fluo-4 AM molecule contains ester
groups that renders the molecule uncharged and can thus freely diffuse across the cell plasma membrane
into the cell (left). Once inside the cell, intracellular esterases cleave these groups from the molecule, the
molecule becomes charged, and is thus impermeable to the cell membrane (right). The trapped intracellular
charged Fluo-4 is also sensitive to binding calcium and will become brightly fluorescent only in the
calcium-bound state.

Exogenous dyes fall into two general categories, ratiometric and non-ratiometric
dyes. Non-ratiometric dyes fluoresce in one color when bound by calcium. As calcium
concentrations increase in the cytoplasm during calcium mobilization, calcium binds to
the dye, the calcium-bound dye can then fluoresce, and the fluorescent light can be
captured by a light-detecting device (photodiode, photomultiplier tube or camera such as
CCD) attached to a microscope during this process. Therefore, the changes in calcium
signaling (i.e. increasing calcium, decreasing calcium, or calcium oscillations) can be
visualized because changes in fluorescent light correlate with changes in calcium
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concentration. Calcium signaling can be qualitatively measured (i.e., relative amplitude,
time course) using calculations for ΔF/F = (F-F0)/F0, where F = the fluorescence of the
calcium dye when calcium signaling is occurring, and F0 = baseline fluorescence of the
calcium dye before the initiation of calcium signaling. Non-rationmetric dyes are easy to
use and don’t require very special equipment. However, there are limitations to consider.
When comparing sample to sample in an experiment, a user can’t precisely control the
amount of calcium dye that gets into a single cell or on a cell to cell basis. This is a
problem, because more dye will result in more fluorescence, which artificially reflects
more calcium signaling. Therefore, one might be artificially recording differences in
calcium signaling between samples based on dye uptake. Yet, calculations for ΔF/F
generally allow one to compare relative changes in calcium signaling between samples,
since the ΔF/F = (F-F0)/F0 equation normalizes for sample to sample differences in dye
concentration. The other major limitation is that users can not measure exact calcium
concentrations within a cell, or calcium concentrations between sample to sample, they
can only measure relative changes in calcium during calcium signaling (because of
normalization steps). However, semi-quantitative approaches are available for nonratiometric dyes [141]. Ratiometric dyes on the other hand can allow for one to directly
compare calcium concentrations within a cell and between samples. This is because
these dyes change color as calcium is bound to the dye. Therefore, users can compare the
ratio of background fluorescence of the dye in one color, and changes in calcium
concentration in another color, within the same sample. In this way, differences in dye
concentration can be normalized within a sample. Furthermore, the calcium

31

concentration can then be extrapolated after the dyes are calibrated to known calcium
concentrations.
Finally, there are endogenous calcium indicators that come from genetically encoded
proteins. These have been engineered and are artificially introduced into cells, but once
the DNA encoding the calcium indicator has been introduced, the protein-based
indicators are produced by the cell from DNA and can remain intracellular. For example,
GCaMP6 is a combination of green-fluorescent protein and calmodulin, which makes it a
calcium-sensitive protein-based indicator that can be used to measure intracellular
calcium signaling much like that of Fluo-4 [142].

2.5 Calcium signaling and cancer
So far, the detailed complexities of calcium signaling have been explained under
normal contexts. However, as with many other cell signaling pathways, cancer cells can
disfigure what is considered ‘normal’ and change the prevailing choreography of calcium
channel/receptor activation, intracellular calcium signaling, and downstream calciumsensitive signaling. Moreover, overall calcium signaling modifications can be the result
of adjusting any step of the calcium signaling pathway; it is possible for cancer cells to
change upstream channel/receptor activation signals, cytoplasmic/organellar calcium
concentrations available for calcium release, or the state or number of calcium channels,
GPCRs, buffers and effectors. Through these mechanisms a cancer cell may over
activate, inhibit or otherwise adjust its intracellular calcium signaling, which might serve
as a survival advantage to the cell. The literature and current knowledge on how calcium
signaling pathways are altered in breast cancer will be reviewed and the outcome of these
changes with respect to cell function and survival will be discussed.
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Altered calcium handling has indeed been implicated in cancer and there are many
reviews available [58, 143-185], including some excellent breast cancer focused reviews
[145, 152, 161, 162, 186]. The data from the literature can be generally categorized into
three groups. First, there are quantified cancer-mediated changes in the components of
the calcium signaling toolkit: expression differences of calcium channels, pumps,
GPCRs, and calcium-sensitive proteins from patient samples and cancer cell lines are
measured against normal tissue or non-tumorigenic cell lines. Measured expression
changes are often correlated with tumor grade, patient outcome or tumorigenic capacity
of cancer cells. Second, overexpression or knockout of components of the calcium
signaling toolkit are used to enhance or inhibit the tumorigenic behavior of cells, which
help determine how observed expression changes seen in patients and cancer cell lines
affect cancer in a more mechanistic way. Third, there are direct measurements of
intracellular calcium signals under different contexts, (i.e. in relation to normal vs. cancer
cells or overexpression/knockout cells). It is useful to organize the data in this way as an
attempt to more comprehensively understand the detailed mechanisms underlying cancermediated changes in calcium signaling (from receptor/channel to calcium flux to cell
function), the advantages these alterations confer to cancer, and the best approaches for
designing new calcium-focused therapies.
High expression levels of calcium channels, calcium pumps and GPCRs (Table 2.1,
protein or mRNA measurements) have been reported in patient breast cancer tissues over
normal tissue (STIM1/2 [187], ORAI3 [188], SPCA2 pumps [189], P2X7 Channels
[190], TRPA1/TRPC1/TRPC3/TRPC6/TRPC7/TRPV6/TRPM7/TRPM8 channels [191200], IP3Rs2/3 [201], S100 proteins [202]) and high expression is correlated with breast
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tumor grade (RYRs [203], TRPV6 channels [198, 204], TRPM8 channels [205], TRPV4
channels [206], SPCA1 pumps [207], ORAI1 [208], P2Y6 GPCRs [209], PMCA2 pumps
[210, 211], mitochondrial calcium uniporter (MCU) [212], S100 proteins [213]). Cancer
patient samples over normal samples have also shown increased expression of CREB1/2
[214-216], PKCζ [217, 218], and CAMKII [219], increased nuclear localization of
NFAT2 [220], and increased phosphorylation of PKCζ [217], CAMKII [219] and CREB2
[216]. High expression was also associated with poor survival for S100 [213], CAMKII
[219], CREB1 [214], PKCα [221], PMCA2 pumps [211], STIM1 [208], P2Y6 [209] and
TRPV6/TRPM7 channels [204, 222]. In contrast, other reports find low expression in
breast cancer tissues over normal tissue for VGCCs [223] and SERCA3 [224] or low
expression correlated with breast tumor grade for VGCCs [225]. Other evidence shows
that high expression in breast cancer over normal tissue [226] and poor survival for
VGCC gene alterations [227], highlighting conflicting data for VGCCs.
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Table 1: Overexpression of calcium-related proteins in human breast cancer patient samples
Comparison

Method

Reference

Malignant > Adjacent
High expression predicts poor survival

IHC
mRNA

[187]
[208]

ORAI1
ORAI3

Correlated with basal subtype
Malignant > Normal

mRNA
mRNA

[208]
[188]

RyR

Correlated with tumor grade

IHC

[203]

IP3R2/3

Malignant > Normal

IHC / mRNA

[201]

MCU

Correlated with basal subtype

mRNA

[212]

Malignant > Normal

Western Blot

[190]

Malignant > Normal

IHC / mRNA

[200]

TRPC1/C6
TRPC3/C6
TRPC6
TRPC7

Malignant > Normal
Malignant > Normal
Malignant > Normal
Malignant > Adjacent

IHC / mRNA
mRNA
IHC / mRNA
mRNA

[198]
[192]
[195]
[191]

TRPM7

Malignant > Normal
Malignant > Normal
High expression predicts poor survival
Malignant > Normal

IHC / mRNA
mRNA
mRNA
IHC / mRNA

[194]
[199]
[222]
[198]

TRPM8

Malignant > Normal
Malignant > Adjacent
Correlated with basal subtype
Malignant > Normal

IHC
Western Blot / mRNA
mRNA
IHC / mRNA

[196]
[197]
[205]
[198]

TRPV4

Correlated with basal subtype

mRNA

[206]

TRPV6

Malignant > Normal
Correlated with basal subtype
High expression predicts poor survival
Malignant > Normal

mRNA
mRNA
mRNA
IHC / mRNA

[193]
[198] / [204]
[204]
[198]

GPCRs

P2Y6

Correlated with basal subtype
High expression predicts poor survival

mRNA
mRNA

[209]
[209]

PMCA2

Correlated with basal subtype
High expression predicts poor survival

mRNA
mRNA

[210] / [211]
[211]

SPCA2

Malignant > Adjacent
Correlated with basal subtype

mRNA
mRNA

[189]
[207]

CREB
CREB1
CREB1
CREB2

Malignant > Adjacent
Malignant > Normal
High expression predicts poor survival
Malignant > Normal

mRNA
IHC / mRNA
mRNA
IHC / Western Blot

[215]
[214]
[214]
[216]

CAMKII

Malignant > Adjacent
High expression predicts poor survival

IHC
mRNA

[219]
[219]

NFAT2

Malignant > Normal

IHC

[220]

PKCα

High expression predicts poor survival

mRNA

[221]

PKCζ

Malignant > Normal
Malignant > Normal

IHC
IHC / Western Blot

[217]
[218]

S100A6/A9/A11
S100A8/A9/A10/A11/A14
S100A11/A14

Malignant > Normal
Correlated with tumor grade
High expression predicts poor survival

IHC
mRNA
mRNA

[202]
[213]
[213]

Calcium Effectors and Enzymes

Calcium Channels

P2X7
TRPA1

Calcium
Pumps

Protein
STIM1/2
STIM1

Table 2.1: Overexpression of calcium-related proteins in human breast cancer patient samples.
Increased expression of various calcium-related proteins is measured in breast cancer patient tissue at the
protein or transcript level and are categorized as calcium channels, GPCR, calcium pumps, and calcium
effectors and enzymes.
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Similarly, human breast cancer cell lines were tested for expression differences.
High expression (protein or mRNA measurements) has been reported in breast cancer cell
lines compared with normal breast cell lines for SPCA2 pumps [189], PMCA1/2 pumps
[228, 229], ORAI1/3 channels [188, 208], TRPC3/TRPC6/TRPM8/TRPV6 channels
[192, 197, 204], P2X4/5/7 channels [230, 231], P2Y2/P2Y6 GPCRs [232, 233], as well
as increased phosphorylation of CAMKII [219] and CREB2 [216]. Furthermore,
NFATc2 [234], CREB [235] and calreticulin [236] showed higher expression in highly
metastatic and tumorigenic cells over mildly tumorigenic cells. Expression differences
are less clear for IP3Rs due to conflicting reports [237, 238], for RYRs and STIM due to
lack of data, and for VGCCs due to variable expression patterns [227].
In general, the patient and cell line data suggest that breast cancer elevates
intracellular calcium concentration and signaling based on the overexpression of various
plasma membrane calcium channels (P2X, TRP), intracellular release mechanisms (P2Y,
RYR, IP3R), intracellular calcium store re-fill proteins (STIM/ORAI) and decreased
expression of intracellular calcium store pumps (SPCA, SERCA). This notion of
overactive calcium signaling is further supported by over expression and activation of
calcium effectors (NFAT, CREB, CAMK, PKC). Of note, overexpression of PMCA may
either conflict with these ideas (since it pumps cytoplasmic calcium outside of the cell) or
it may serve to protect cancer cells from calcium overload. However, such broad
conclusions would need to be supported by actual measurements of intracellular calcium
concentrations or signaling. More detailed information such as spatial and frequency
characteristics of the calcium signal may also be needed. In addition, whether these
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associations between increased expression and breast cancer are mere correlations or
whether they have functional impact on breast cancer is necessary to test.
Indeed, some studies have investigated the functional impact of expression
differences by targeting expression experimentally in breast cancer cells (Table 2.2).
Increased expression of ORAI3 proteins found in cancer cells over normal cells was
observed, and experimentally reducing the expression of ORAI3 inhibited cell
proliferation and cell viability in cancer cells but not normal cells [188]. Moreover,
knockdown of ORAI1 or STIM1 in breast cancer cells led to reductions in in vitro
migration and invasion and in vivo metastasis [239]. Highly metastatic and tumorigenic
cells show greater expression of IP3R3s over mildly tumorigenic cells, and knockdown of
IP3R3s inhibited migration to a much greater extent in the aggressively tumorigenic and
metastatic cells [237]. Similarly, IP3Rs expression differences between cancer cells and
normal cells was observed, but effects of downregulation of IP3R2/3s was only tested in
cancer cells which reduced cancer cell viability [238]. Observations that cancer cells
show increased phospho-CAMKII over normal cells guided investigators to test further
overexpression of WT or phosphomimic CAMKII in cancer cells which enhanced colony
formation, migration, and invasion [219]. The increased expression of SPCA2 measured
in cancer cells over normal cells was targeted for knockdown resulting in reduced cancer
cell proliferation and colony formation [189]. Likewise, high expression of TRPM8
channels in cancer cells over normal cells was targeted for knockdown to show
reductions in cancer cell migration [197].
Experimental reductions in many other different calcium signaling related proteins
can inhibit the tumorigenic and invasive capacity for breast cancer cells (Table 2.2). The
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knock down of: P2Y2 GPCRs was able to reduce in vivo primary tumor growth and
metastatic lesions [232, 233] and in vitro invasion and migration [233], STIM1 could
inhibit tumor growth and metastasis [187], PKCζ reduced in vitro migration and invasion
and in vivo metastasis [217, 218], TRPM7 channels led to decreased in vitro migration
and in vivo metastasis [222], NFAT was able to reduce in vitro invasion [234] and in vivo
tumor growth [220], TRPV6 [193] or TRPM7 [194] reduced cell viability, VGCCs
reduced cell invasion [227], TRPV6 reduced migration/invasion [198], ORAI3 inhibited
in vivo tumor growth [240], MCU decreased in vivo tumor growth and metastasis [241],
and proliferation of breast cancer cells was reduced when VGCCs [242] or PMCA2 [210]
were targeted for knockdown. These data show that many calcium channels, pumps,
GPCRs, and effectors are necessary for the migratory, invasive, proliferative, tumorigenic
or metastatic capacity of cancer cells. These data also bolster the expression data
previously outlined for breast cancer patients and cells, which suggests that high
expression of calcium channels, pumps, GPCRs, and effectors is utilized by breast cancer
for survival advantages.
Finally, some experiments set out to determine differences in breast cancer calcium
signaling by directly measuring intracellular calcium (Table 2.2). Basal intracellular
calcium concentrations are higher in breast cancer cells over normal cells [243]. Cancer
cells over normal cells also exhibit a reduced capacity to release calcium from
intracellular stores but a more robust calcium entry during SOCE [244, 245].
Experimental reductions in expression of ORAI1/3 not only reduced cell proliferation
and viability, but also inhibited SOCE in cancer cells [188, 208]. Similarly, SOCE could
be reduced with knockdown of ORAI1 or STIM1 in breast cancer cells, but which also
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led to reductions in in vitro migration and invasion and in vivo metastasis [239]. Breast
cancer cell viability could be reduced by targeting TRPM7, which was linked to
reductions in resting intracellular calcium concentrations [194]. SPCA2 knockdown
resulted in reduced resting calcium concentrations as well as reduced cancer cell
proliferation and colony formation [189]. Knockdown of MCU channels led to decreases
in cancer cell migration and SOCE [246]. Reductions in cell viability and calcium flux
occurred after TRPV6 knockdown [204]. IP3R3s knockdown led to decreased cancer cell
migration that was also associated with a switch from an ATP-stimulated global
intracellular calcium signal to an oscillating one [237]. P2Y2 GPCR knockdown was
able to reduce ATP-stimulated cytosolic calcium signaling, as well as in vivo primary
tumor growth and metastatic lesions, and in vitro invasion and migration [233].
Reductions in cancer cell MCU expression was able to reduce ATP-stimulated
mitochondrial calcium uptake and decreased in vivo tumor growth and metastasis [241].
Overexpression of PMCA2 was able to protect cancer cells from ionomycin-stimulated
calcium overload and apoptosis [211]. In contrast to the many examples cited above,
reductions in cancer cell proliferation via PMCA2 knockdown could not be attributed to
any changes in cytosolic calcium signaling [210]. In general, these data suggest that
breast cancer cells not only rely on these calcium-related proteins for migratory, invasive,
proliferative, tumorigenic or metastatic behaviors, but they also rely on the associated
intracellular calcium signals.
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Table 2: Effect of calcium-related protein knockdown
Protein
Knockdown

Functional Outcome

Associated Calcium Signaling Alteration

Reference

ORAI3
ORAI3
ORAI1

Inhibited in vitro proliferation and viability in MCF-7
Inhibited in vivo tumor growth in MCF-7
Reduced in vitro proliferation and viability in MCF-7 and MDA-MB-231

Reduced SOCE
--Reduced SOCE

[188]
[240]
[208]

ORAI1 or STIM1

Reduced in vitro migration and invasion, and in vivo metastasis in MDA-MB-231

Reduced SOCE

[239]

STIM1

Inhibited in vivo tumor growth and metastasis in MDA-MB-231

---

[187]

Inhibited in vitro migration in MDA-MB-231

Switched from ATP-stimulated global intracellular
calcium signal to an oscillating one

[237]

IP3R2/3

Reduced in vitro viability in MCF-7

---

[238]

TRPM7

Reduced in vitro migration and in vivo metastasis in MDA-MB-231
Reduced in vitro viability in MCF-7

--Reduced resting calcium concentrations

[222]
[194]

TRPM8

Reduced in vitro migration in MDA-MB-231

---

[197]

TRPV6

Reduced in vitro viability in T47D
Reduced in vitro migration and invasion in MDA-MB-231
Reduced in vitro viability in T47D

----Reduced TRPV6 calcium flux

[193]
[198]
[204]

MCU

Reduced in vivo tumor growth and metastasis in MDA-MB-231
Reduced in vitro migration in MDA-MB-231

Reduced ATP-stimulated mitochondrial calcium uptake
Reduced SOCE

[241]
[246]

VGCC

Reduced in vitro invasion in MDA-MB-231
Reduced in vitro proliferation in MCF-7

-----

[227]
[242]

Calcium Channels

IP3R3

PMCA2

Reduced in vitro proliferation in MDA-MB-231

---

[210]

SPCA2

Reduced in vitro proliferation and colony formation in MCF-7

Reduced resting calcium concentrations

[189]

---

[232]

P2Y2

Reduced in vivo primary tumor growth and metastasis in MDA-MB-231
Reduced in vivo primary tumor growth and metastasis, and in vitro migration and
invasion in MDA-MB-231

Reduced ATP-stimulated cytosolic calcium signaling

[233]

PKCζ

Reduced in vitro migration and invasion and in vivo metastasis in MDA-MB-231

---

[217], [218]

NFAT

Reduced in vitro invasion in MDA-MB-231
Reduced in vitro migration and invasion, and in vivo tumor growth in 4T1

-----

[234]
[220]

---

---

MCF-7 vs MCF10A

Increased resting calcium concentrations

[243]

---

---

HBL100 vs SKBR3
MCF10A vs MDA-MB-231

Reduced capacity to release calcium from intracellular
stores but a more robust calcium entry during SOCE

[244]
[245]

Calcium
Pumps

GPCRs

Calcium
Effectors and
Enzymes

Table 2.2: Effect of calcium-related protein knockdown
Based on the overexpression of calcium channels, GPCR, calcium pumps, and calcium effectors and
enzymes seen in patient tissue, researchers often test the effects of calcium-related protein knockdown on
cancer cell function. While some studies appropriately directly test in parallel the effects of knockdown on
calcium signaling, other studies cannot firmly attribute changes in cell function to alterations in calcium
signaling.

2.6 Conclusion
The collective data reviewed here highlights the potential significance for cancerdependent calcium signaling alterations in the progression of cancer. In conjunction, the
patient and cell line data support an idea that breast cancer overexpresses calcium
channels, pumps, GPCRs, and effectors, which are altering intracellular calcium signaling
and ultimately aiding in migratory, invasive, proliferative, tumorigenic or metastatic
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behaviors. The data suggest that breast cancer tumors and cells have high concentrations
of intracellular calcium and/or an elevated capacity to mobilize calcium (Figure 2.3).
Still, more questions remain. While numerous components of the calcium signaling
pathway are disrupted in cancer cells, the specific targets that will improve cancer
treatment have not yet been fully clarified. It is also worth remembering that preclinical
studies in mice do not always translate to success in the treatment of human disease.
Clinical trials using therapies targeting calcium signaling or calcium-related proteins will
be the clearest tests. Furthermore, there may an opportunity to repurpose existing drugs,
as combination therapy of simvastatin and doxorubicin show promising results in
preclinical work, which additionally establishes a calcium-based therapeutic mechanism
[247]. Still, it is unclear which therapeutic approach in targeting calcium signaling for
treating human breast cancer patients will be effective, since there are many potential
targets as outlined above. Finally, the measured changes in calcium signaling with
genetic ablation of calcium-related proteins are still somewhat correlative. More direct
approaches are needed for modulating intracellular calcium, and establish whether it can
affect cancer cell behavior or tumor growth, in order to fully comprehend how breast
cancer is altering intracellular calcium signaling as a selective advantage for survival and
progression.
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Cancer cells

Intracellular [Ca2+]
High

Healthy cells
Low

Increased expression in breast cancer patients:
Channels: STIM1/2, ORAI1/3, P2X7, TRPA1, TRPC1/3/6/7, TRPV4/6, TRPM7/8, IP3Rs2/3, RyR, MCU
GPCRs: P2Y6
Pumps: PMCA2 and SPCA1/2
Effectors and Enzymes: S100, CREB1/2, PKCζ, PKCα, and CAMKII

FIGURE 2.3: Calcium signaling is altered in breast cancer.
In general, human patient and cell line data suggest that breast cancer tumors and cells have high
concentrations of intracellular calcium and/or an elevated capacity to mobilize calcium. This is based on
the overexpression of various plasma membrane calcium channels (P2X, TRP), intracellular release
mechanisms (P2Y, RYR, IP3R), intracellular calcium store re-fill proteins (STIM/ORAI) and decreased
expression of intracellular calcium store pumps (SPCA, SERCA). This is further supported by over
expression and activation of calcium effectors (NFAT, CREB, CAMK, PKC). Moreover, experimental
data using overexpression or knockdown of many calcium channels, pumps, GPCRs, and effectors in cells
show that they are necessary for the migratory, invasive, proliferative, tumorigenic or metastatic capacity of
breast cancer cells. Finally, some data measuring intracellular calcium signaling directly suggest that
breast cancer cells not only rely on the calcium-related proteins but also the associated intracellular calcium
signals.
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Chapter 3
Mechanical signaling and breast cancer

3

Introduction to mechanical signaling
Biophysics is a field of research that endeavors to understand biology from the

standpoint of physics, by using physics-based theories and methods, which includes the
physical/mechanical properties of cells and surrounding tissue (e.g. whether they are rigid
or pliable). Mechanobiology is the study of the interaction between physical forces and
cells, or even single biomolecules (e.g. proteins), and how mechanical cues alter cellular
responses. Forces acting externally on cells (i.e. mechanical stimuli) include stretch,
compression, tension, shear stress, and substrate rigidity or deflection. Through
mechanosensation, cells sense changes in the prevailing intracellular and/or extracellular
mechanical homeostasis on a molecular level which ultimately initiates intracellular
signaling. This translation of physical signals acting on cells to a cellular response via
intracellular signaling is known as mechanotransduction.
This review on mechanobiology and mechanical signaling will begin at the junction
between mechanical stimulus and cellular force-sensing mechanisms (i.e.
mechanosensation) including the role of individual proteins and protein complexes. The
resulting conversion of mechanical stimuli into electrical and chemical signals (i.e.
mechanotransduction) that initiate a cell’s ultimate response will also be outlined.
Furthermore, the bidirectional interaction between cells and their mechanical
microenvironment, known as mechanoreciprocity, is considered. Finally, these ideas
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converge on the notion that the cell’s mechanical microenvironment and
mechanotransduction signaling are dysregulated in breast cancer which promotes cancer
cell malignant phenotypes and tumor growth.

3.1 Mechanoresponsiveness: mechanosensation and mechanotransduction
One classic example to introduce mechanosensation and mechanotransduction is
hearing (reviewed in [248]). As sound waves enter the ear, they eventually reach the
inner hair cells. Sound wave vibrations interact with clusters of hair cell stereocilia
(actin-based protrusions from the cell into the extracellular space) and deflects them.
About 1µm of deflection is needed for the maximal mechanical opening of transduction
channels at the tip of the stereocilia [249]. This force transmission from vibration to
stereocilia deflection allows calcium ions to enter, which electrically depolarizes the hair
cell, and initiates neurotransmitter release and activation of neurons connected to the hair
cells by synapses. Therefore, sound wave mechanical stimuli were translated into brain
signals that process hearing. The mechanism for mechanosensation is the stereocilia
deflection followed by ion channel activation, while mechanotransduction is mediated by
ion flux, electrical depolarization of the cell, and neurotransmitter release. Many other
cell types are also sensitive to a variety of mechanical stimuli such as osteocytes to
laminar fluid flow [250], cardiomyocytes to stretch [251], kidney epithelial cells to flow
[252, 253] or cilia bending [254], platelets to substrate stiffness [255], endothelial cells to
disturbed fluid flow [256], hepatocytes to stiffness [257], T cells to antigen catch bond
binding [258, 259], adipocytes to stretch [260], and chondrocytes to osmotic stress [261].
Furthermore, many cell processes are sensitive to mechanical stimuli such as glycolysis

44

to substrate rigidity [262], epithelial-to-mesenchymal transition to matrix stiffness [263],
cell division to stretch [264], cell invasion to matrix deflection [265], and gene activation
to fluid flow [266]. The variety of mechanically-stimulated biological responses in
different cell types and the conservation across organisms (reviewed in [267]) suggests
that evolution continued to incorporate the prevailing physical aspects of our world over
time.
The first major mechanosensors discussed are mechanically activated ion channels,
also called mechanically sensitive (MS) ion channels, which are found in bacteria, plants,
and mammals. Ion channels are membrane bound proteins that form a central pore that
can pass (i.e. conduct) ions when activated and open, or block ion flux when inactivated
or deactivated and closed. Ion channels are gated (opened/closed) by a variety of
mechanisms such as voltage, ligands, and temperature, however, MS channels are also
gated by forces such as tension. It should be noted that while in vitro studies have
yielded important information on force driven gating mechanisms, it is still unclear
exactly how macroscopic forces acting on cells in vivo (e.g. stretch, compression, tension,
shear stress, and ECM rigidity) are transmitted to MS channels. With that in mind, two
prevailing mechanisms for transmission of forces to channels for gating are tension in the
lipid membrane and tension in the cytoskeleton (Figure 3.1).
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FIGURE 3.1: Models for activation of mechanically sensitive ion channels.
Two prevailing mechanisms for transmission of forces to mechanosensitive ion channels (MSC) for gating
are (A) tension in the lipid membrane and (B) tension in the cytoskeleton. A: Force transmission from
exogenous mechanical stimuli create tension in the cell membrane that is transmitted to ion channels
resulting in channel gating and ion flux. The bacterial MscL, MscS, MscM channels and mammalian Piezo
channels are gated directly by membrane tension. B: Alternatively, for ion channels directly linked to the
cytoskeleton, gating and ion flux can result from transmission of tension in the cytoskeleton to MSCs, such
as the drosophila TRP channel NOMPC.

Structure and modeling studies on bacterial MS channels (MscL, MscS, MscM)
suggest these channels are gated by ~10mN/m of tension in the lipid membrane [268270] which tilts the channel’s transmembrane a-helicies by ~25o-30o [271-273] resulting
in an increase in pore region diameter of ~16 angstroms [274] allowing ions to flow
(Figure 3.1A). Another major group of MS channels are mammalian Piezo proteins and
are also thought to be gated via tension in cell membranes. Structure studies of Piezo 1
[275, 276] and Piezo 2 [277] reveal that these MS channels are made of a 3-blade
propeller-like structure which is embedded in the cell membrane. Tension in the
membrane is thought to move these blades in a downward fashion, thus transferring
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conformational changes to the inner pore regions and opening the pore to allow ion flux.
The cap region, which is involved in channel inactivation [278], may also function as part
of the gate or serve as one of a dual gating mechanism [277]. Electrophysiological
studies of Piezo channels show that they can be truly gated by membrane tension [279]
without any contribution from the underlying cytoskeleton [270], however, unlike
bacterial MS channels, these seem to be gated by a lower tension threshold (~5mN/m)
[270]. Furthermore, it is possible that Piezo channels can be activated by either
membrane or cytoskeletal tension and more studies are needed to determine the complete
functional mechanism. Of additional note is that voltage may also play a role in addition
to tension, as Piezo 1 displays a voltage-dependent inactivation [278]. Piezo channels are
selective for cations over anions via a negatively charged DEEED protein sequence in the
pore region [275], but they are relatively non-selective between cations. Piezo channel
pore regions are permeable to both monovalent ions (K+, Na+, Cs+, Li+) and most divalent
ions (Ba2+, Ca2+, Mg2+) [280]. Despite the non-selectivity, most studies focus on Piezodependent calcium ion flux and downstream signaling. Other relevant mechanically
activated channels are some members from the (transient receptor potential) TRP family
of proteins. The TRP family of ion channels are composed of seven subfamilies: TRPC
(canonical), TRPV (vanilloid), TRPM (melastatin), TRPP (polycystin), TRPML
(mucolipin), TRPA (ankyrin) and TRPN (NOMPC-like) (reviewed in [135]). TRP
channels range in selectivity but are generally permeable to calcium and magnesium ions,
and can be activated in response to cold/menthol, stretch-activation, pH, calcium, and
voltage (reviewed in [135, 136]). There are many data supporting that some of these
channels are activated by mechanical stimuli, however, TRP channels are still not
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considered definitive MS channels (i.e. directly gated by forces) as has been
demonstrated for bacterial MS channels and Piezo proteins. Indeed, many TRP channels
are insensitive to direct membrane stretch [281], as demonstrated using patch clamp
recordings of single channel activity coupled to pipette suction in cells and artificial
membrane bilayers (channels studied: TRPC3, TRPC5, TRPC6, TRPM4, TRPM8,
TRPV1, TRPV3, TRPV4, TRPA1, PKD2L1 and TRPML1). However, the direct gating
via stretch/membrane tension demonstrated for Msc and piezo channels is not necessarily
a prerequisite for determining that TRP channels are mechanically dependent. In other
words, TRP channels can be indirectly mechanically activated and still function in
mechanically-stimulated signaling pathways [282]; they simply wouldn’t serve as the
mechanosensor in the pathway but rather remain downstream of mechanosensors.
Examples of TRP channels involved in mechanically-stimulated signaling include the
well-studied TRPV4 which can be activated by hypotonicity (i.e. osmotic stimulation)
[283], fluid flow [284], and tension [285]. Other examples include TRPM4 [286],
TRPM7 [287], TRPC1 [288], and TRPC6 [289]. Finally, some channels in the TRP
family do seem to be mechanosensors but support the cytoskeleton tension model for
activation (Figure 3.1B). For example, microtubules and the microtubule-associating
ankyrin repeat domains in the drosophila TRP channel NOMPC are necessary for
mechanogating [290]. TRPV4 also supports a tether-based mechanism for transferring
cytoskeletal tension to MS channels, since direct application of force to integrins and
cytoskeletal strain rapidly activates TRPV4 calcium influx [291]. Finally, it is worth
mentioning the potassium channels TRAAK and TREK1 that are directly mechanically
sensitive and gated via lipid membrane tension [292, 293].
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Other major mechanosensors are cell adhesion transmembrane receptors: integrins
(reviewed in [294-296]), E-cadherins (reviewed in [297, 298]), and possibly desmosomes
(while these are part of the focus of this review, it should be noted that there are many
other adhesion molecules such as N-cadherins, P-cadherins, and selectins). Integrins
connect cells to substrates such as ECM, while E-cadherins and desmosomes enable cellcell connections. Integrins are heterodimeric transmembrane proteins made of various
combinations of α and β subunits (from 18 α types and 8 β types) which underlie the
ability to bind to different extracellular ECM components [glycoproteins (fibronectin,
laminin), fibrous proteins (collagen, elastin), and proteogylcans (perlecan, hyaluronan)].
Integrins are also bound intracellularly to the actin cytoskeleton via adaptor proteins such
as talin and kindlin. The necessity of these cytosolic adaptor proteins for integrin
activation gives rise to the inside-out signaling model for integrin activation (i.e
intracellular factors mediate integrin activation). However, integrin activation is also
force-dependent, giving rise to an outside-in signaling model for integrin activation (i.e.
extracelluar factors mediate integrin activation), and therefore force-dependent integrins
act as mechanosensors (Figure 3.2). Integrins have been undoubtedly viewed as adhesion
receptors activated through their extracellular and intracellular connections, however
some recent evidence suggests that the integrin receptors themselves may instead (or
possibly also) activate through changes in lipid membrane tension [299]. Integrins are
mechanically sensitive in several ways: integrin activation/bond formation, bond
strengthening (catch-bond, i.e. where applied forces strengthen a bond [296]), and
clustering/maturation. Integrins activate when they move from a downward-bent fashion
to a thermodynamically unfavorable extended-open confirmation protein, a
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conformational change that can be induced via applied tensile forces [300-302]. Highaffinity binding to ECM occurs during the extended-open confirmation, however forceinduced catch-bond formation (10-30pN [303]) can prolong bond lifetime. While talin is
also necessary for integrin activation, talin itself is mechanically sensitive. Talin proteins
can fold and unfold via pN range forces [304], which leads to exposure of cryptic
vinculin binding sites [305], locking talin in an unfolded state [306], and increasing
adhesion growth [307]. Finally, force can increase integrin clustering [308, 309] leading
to mature integrin adhesions [310].
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FIGURE 3.2: Integrins as force-dependent mechanosensors.
Left to right with increasing force: 1. Tensile forces can extend ⍺/β integrins from a downward-bent
fashion to a thermodynamically unfavorable extended-open confirmation. 2. Force-induced catch-bond
formation with ECM prolongs bond lifetime. 3. Force-induced conformational changes to the intracellular
adaptor protein talin, lock talin in an unfolded state and increases adhesion growth. 4. Finally, force can
increase integrin clustering leading to mature integrin adhesions.
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E-cadherins are also mechanically sensitive. E-cadherin proteins form cell-cell
connections when each cell’s respective cadherins are bound to one another
extracellularly. The respective E-cadherins are also intracellularly bound by p120catenin, b-catenin, and a-catenin. E-cadherins are sensitive to tensile forces which can
tune the type of bond strength between them, such as long-lived catch bonds and shortlived slip bonds, and thus bond strength between cells [311, 312]. Furthermore, the Ecadherin/b-catenin/a-catenin complex binds actin under force via catch-bonds [313, 314].
a-catenin seems to be a major force sensor in the E-cadherin/b-catenin/a-catenin
complex that facilitates adhesion strengthening. In a force dependent manner, a-catenin
changes confirmation that allows for subsequent binding of vinculin [315] through the
exposure of cryptic vinculin binding sites [316]. Moreover, unfolding of a-catenin and
subsequent vinculin binding can occur under 5pN applied force while vinculin binding
stabilizes the open a-catenin conformation [316]. Vinculin can then bind actin, again in
a force dependent manner, via catch bond formation [317]. This ultimately increases
adhesion strength [318]. Force generated by cell-cell contacts can reach 100nN [319].
The third adhesion complex mentioned are desmosomes. Desmosomes mediate cellcell connections much like E-cadherins, however they internally bind to intermediate
filaments instead of actin. Future work might detail desmosome mechanosensation much
like that of integrin or E-cadherin, but these mechanisms are not yet firmly established
for desmosomes. At least one study using FRET-based sensors show that while
desmosomes do not experience mechanical load under homeostatic conditions, they do so
under applied tension [320]. Interestingly this also depends on the orientation of applied
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force (i.e. perpendicular vs parallel). The authors suggest that the data support a stress
absorbing function for desmosomes.
Mechanotransduction signaling pathways typically follow mechanosensation. The
most immediate responses to the mechanosensation mechanisms described above
(mechanically-dependent ion channel gating, integrin activation and talin unfolding, Ecadherin bond strengthening and a-catenin unfolding) are intracellular biochemical and
electrical signaling: ion flux, vinculin binding/integrin clustering, and vinculin
binding/adhesion strengthening (i.e. mechanotransduction mechanisms). However,
mechanotransduction pathways have also been detailed further downstream from
mechanosensors. Calcium ion flux via mechanically activated piezo channels can
theoretically stimulate a large variety of calcium sensitive effectors, enzymes, and
transcription factors that ultimately converge on cell functions (reviewed in [103]). For
example, force stimulated calcium flux through piezo channels can stimulate vasculature
architectural organization and cell polarity [321] or epithelial cell division [264]. Piezo
specific calcium signaling can also drive stem cell migration [322], the formation of focal
adhesions [323], or cell cycle progression [324]. For integrins, forces via increased
substrate stiffness can lead to the formation of integrin and focal adhesion kinase rich
mature cell adhesions [307]. These focal adhesions mechanically guide cell migration
through force sensing [325]. Tensional force on integrins can also stimulate guanine
nucleotide exchange factors, Src family tyrosine kinases, and FAK/Ras/ERK signaling
[326]. Furthermore, mechanically activated integrins or polymerized actin can activate
transcription factors YAP [307] and MRTF [327], respectively. Mechanical activation of
transcription factors such as MRTF via integrin receptors and actin polymerization is
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thought to arise from force translation to nuclear proteins linked to actin [328], such as
SUN and nesprin of the LINC (linker of nucleoskeleton and cytoskeleton) complex. The
idea that mechanotransduction of the nuclear membrane and chromatin, mediated through
integrins and actin, and the idea that it can activate gene expression, has been reviewed
[329, 330]. E-cadherin adhesions are imperative to maintaining epithelial barriers and
also lead to downstream mechanotransduction signaling. Interestingly, force induced
vinculin recruitment at the E-cadherin/b-catenin/a-catenin complex was shown to
stabilize cell junctions in junction-poor cancer cells [331], a finding with intriguing
implications for cancer metastasis. Moreover, the mechanics of cell-cell adhesions in
single and collective cell migration has been extensively studied (see reviews [332, 333]).

3.2 Mechanoreciprocity
Sensation of the surrounding mechanical environment and resulting
mechanotransduction responses represent a one-way directional signal from environment
to the cell, however cells also produce signals that impact their environment. This bidirectional signaling between cell and environment (or even cell to cell) is termed
dynamic reciprocity [334-337] or mechanoreciprocity [338, 339]. Mechanoreciprocity
has been defined as a process by which cells within a tissue “that become mechanically
challenged must respond to the exogenous force by reciprocally exerting a proportional
cell-generated force” [338], but more recently mechanoreciprocity has been broadened to
describe “a cyclic process in which cells modify the organization and elastic response of
the environment and reciprocally adjust their behavior” [339]. Demonstrations of cellECM mechanoreciprocity come from studies using cells plated on substrates of different
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stiffness as a means to apply a range of forces to cells and measure cell response, where
cells were found to reciprocate forces and also modify their substrates. Cells exert stress
on their substrates which deform, densify, stiffen, and align ECM [340-343]. Cells in
turn respond to environmental stiffness with increased force generation and cell stiffening
[340]. Indeed, cells can tune their stiffness to match the rigidities of their substrates
[344] and, interestingly, substrate stiffness can guide preferential cell migration toward
stiffer substrates [345-347]. Alternatively, stiffer 3D matrices can induce cells to contract
their surrounding matrix and increase local collagen density, which in turn results in
mature focal adhesion formation [348]. Other studies show that ECM alignment from
cell-generated forces enhances and directs cell migration [342, 349]. Other examples of
mechanoreciprocity mechanisms come from cell migration studies in 3D matrices. ECM
can mechanically constrain cell migration depending on the porosity of the matrix [350];
cells cannot pass through small pores due to limitations in nuclear deformability. Cells
respond to these mechanical limitations with active degradation of the matrix to widen
the pore size and subsequent sensing of decreased spatial constriction allows cells to
resume migration [350, 351].
Thus, there can be a cyclical mechanical interplay between environmental cues and
cell adaptation responses. Cells can sense the mechanical characteristics of their
environment, and they can then respond by altering their mechanical/functional state or
by modifying the environment, but they can also subsequently respond to the
environment they modified. These interactions are normal under proper contexts but can
become pathological if the mechanical interplay fails to reach steady state. In the context
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of breast cancer chronic remodeling of the mechanical microenvironment, especially that
of substrate/ECM, promotes malignant cell functions and tumor formation [352, 353].

3.3 Mechanical forces and signaling in the normal breast
There are many excellent examples by which in vitro experiments are able to apply
mechanical stimuli to cells which closely parallel mechanical stimuli experienced by cells
and tissues in vivo. By precisely mimicking in vivo mechanical stimuli, researchers can
achieve not only a better understanding of how mechanosensation and
mechanotransduction processes are integrated by cells and tissues in vivo, but also
determine the physiological or pathological outcomes. The details of pathological
responses to mechanical stimuli can then be leveraged for identifying therapeutic targets
for disease. For example, cardiomyocytes that make up the heart experience about 8%
stretch in vivo during diastolic ventricle dilation [354]. Researchers model this in a dish
by briefly (~10 seconds) stretching single cardiomyocytes 8% of cell length to initiate
calcium signaling [251, 355], and have further discovered the dysregulation of
mechanically-activated calcium in muscular dystrophy [251, 356]. Similarly, bone
osteocytes experience fluid shear stress in vivo when bones are mechanically loaded [357,
358]. This fluid flow is experimentally replicated in vitro [359] and fluid shear stress at 4
dynes/cm2 results in downregulation of a protein inhibitor of bone formation in osteocytes
[250]. These clear connections between in vivo mechanical stimuli and in vitro modeling
illustrate logical approaches to mechanobiology research.
Demonstrations of dynamic mechanical stresses such as fluid flow or cell stretch in
the breast has less precedent than in bone and muscle. In a review by Paszek and Weaver
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[338], the authors suggest that the mammary gland is subjected to acute forces at
different stages. They infer from examples of physical forces in embryonic development
[360, 361] that forces likely also drive mammary development and branching
morphogenesis. They (as have others [362, 363]) discuss other sources of mechanical
stress such as during lactation (e.g. offspring suckling, myoepithelium contraction on
underlying luminal epithelial cells to squeeze milk from ducts, fluid flow from milk
delivery, and compressive forces from milk build up), or during involution (i.e. initial
engorgement of the gland with milk) [364, 365]. Moreover, the massive remodeling of
tissue during pregnancy and involution [50] may be sources of cell proliferation related
solid stress, as has been shown for tumors [366]. While logically sound, these sources of
mechanical stress in vivo are without sufficient supporting empirical data to quantify the
magnitude of applied stresses.
In contrast to the multi-developmental states of the mammary gland (puberty,
pregnancy, lactation, and involution), Paszek and Weaver view the resting mammary
gland as mechanically static [367]. On the contrary, Gefen and Dilmoney attempt to
describe the daily mechanical loads on the breast [368] and compare static postures
(standing, prone, and supine) and dynamic motions (running, stair climbing, and
jumping) by modeling forces based on known values from the literature (similar sources
of mechanical stimuli are also mentioned briefly a review by Schedin and Keely [363]).
They ultimately conclude “it is reasonable to assume that the healthy breast is subjected
to cyclical forces with peaks of 5-15N, 5000 times per day or ~2,000,000 times per year
of normal activity”, however this study is largely theoretical. Unfortunately, the
physiologically relevant acute or dynamic forces and mechanical stimuli experienced by
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mammary cells and tissue in vivo seem to be largely a point of discussion due to the lack
of direct measurements, and thus remains unclear (a view shared by the Bissell group
[362]). While this imparts a major challenge to researchers attempting to study and
model physiologically relevant mechanosensation and mechanotransduction mechanisms
of the breast, it also means that because mammary biophysics is incompletely defined
there are many unexplored questions available for researchers to investigate.
Despite the ambiguities surrounding acute forces dynamically exerted on the
mammary gland in vivo, human mammary epithelial cells are indeed mechanically
sensitive to transiently applied stimuli in vitro. In response to touch by micropipette,
primary mouse mammary epithelial cells respond within seconds through changes in
membrane potential [369] and intracellular calcium concentrations [370-373]. Other
studies show that non-tumorigenic HC11 mammary cells respond to 15 minutes of cellstretch with ERK1/2 and STAT3 phosphorylation [365] and MCF10A cells respond to
2.5 dynes/cm2 of fluid flow shear stress with AMPK activation within minutes [374].
Extended mechanical stimulation can also lead to a response, such as MCF10A cells
embedded in 3D matrix which respond to 4 hours of fluid flow at 4.6 µm/s [∼1 Pa (1
pN/µm2) average stress] with accumulation of actin and vinculin upstream of the flow
[375]. We can infer from these proof of concept examples of mammary cell
mechanoresponsiveness to transiently applied mechanical stimuli, that it is likely these
cells experience and respond to dynamic mechanical forces in vivo. That these
mechanisms have been evolutionarily preserved also suggests an in vivo functional
purpose. One possible function is to preserve epithelial barrier homeostasis. This idea is
supported by one recent study in MCF10A cells showing that inhibition of mechanically
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sensitive channels or downstream calcium-sensitive CAMKK2 disrupts epithelial sheet
integrity and induces epithelial-to-mesenchymal transition markers [376]. The
implications for epithelial carcinomas that account for 90% of human solid tumors are
intriguing [53]. Future work may reveal direct evidence for fast-acting mechanical
stimuli and functional responses in vivo, such as fluid flow or cell stretch/compression,
but without clear experimental precedent researchers should remain aware the limitations
of their mechanical models.
In contrast to the more traditionally viewed acute and dynamic mechanical stresses
discussed above, the relationship between the mammary gland and ECM has been
described in much more detail, and ECM is viewed as both a mechanical and biochemical
signal important in mammary development and maintenance (reviewed in [334, 335, 337,
338, 363]). Early indications that ECM mechanical signaling plays a role in normal
mammary physiology were demonstrated in vitro using cells plated in 3D collagen
environments of different stiffness which were independent of collagen concentration.
Mammary epithelial cells were able to differentiate into duct-like tubules and secrete
milk proteins when cultured in floating collagen gels (softer) but not on culture dishattached collagen gels (stiffer) [377-380]. Mechanistically, this compliant substratedependent tubulogenesis seems to require cell contraction mechanosensing [381]. These
works established a mechanical role for ECM in normal mammary epithelial cell
physiology and showed that mechanical signaling was necessary for proper function. As
such, the mechanical relationship between breast epithelial cells and ECM largely
account for how breast mechanobiology is modeled in vitro, and the intimate relationship
between the mammary gland and ECM in vivo justifies such a model.
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Of note, in vitro studies on ECM mechanics and mammary physiology so far mainly
rely on delayed (i.e. measuring responses after hours to days in cell culture) and fixedtimepoint experimentation (i.e. fixed immunofluorescence, western blots) without
sufficient temporal resolution to fully determine mechanism and molecular details.
Therefore, the precise dynamic mechanical nature of ECM-mammary interaction remains
unclear for both in vitro and in vivo settings. Dynamic cell-ECM mechanical interactions
that have been established in other cell types in vitro suggest that similar mechanisms are
possible for mammary epithelial cells. For example, bond dissociation between the major
cell connection to ECM, integrin receptors, and the ECM protein fibronectin occur within
seconds as a function of force [307]. Focal adhesion force fluctuations (i.e. tugging)
between mouse embryonic fibroblasts and ECM also occurs on a second time scale,
which was more rapid on ECM of low rigidity [325]. Other cell interactions with ECM
have been described on rapid times scale such as microvascular endothelial cell spreading
on fibronectin within minutes [382], fibroblast lamellipodia extension on fibronectin
within seconds [382], and formation of MDA-MB-231 breast cancer cell protrusions and
retractions on collagen within minutes [349]. Moreover, it is well known that cells
modify ECM through biochemical means such as ECM deposition/crosslinking or MMPdependent degradation, or through mechanical means like deforming, densifying,
stiffening, and aligning ECM [340-343]. It is likely that the mechanical aspects of ECM
serve as acute and dynamic mechanostressors for mammary tissue, and likely also
operate in a dynamic reciprocal manner, but more work in normal breast epithelial cells
and mammary tissue is required to firmly establish mechanism.
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3.4 Mechanical forces and signaling in breast cancer
So far, we have discussed how mechanical stress can stimulate responses in nontumorigenic breast epithelial cells and regulate mammary function, however there is
much more information on the presence and effects of mechanical stimuli in breast
cancer (Figure 3.3A). Prior to tumor formation, alterations in the mechanical
microenvironment of breast tissue are observed in patients at risk for developing cancer.
For example, breast tissue density in vivo is a clinical risk factor for breast cancer [383385], which is in part due to increased collagen, the major structural protein in the
mammary gland, in patients [386], and may be independent of changes in glandular tissue
[387]. Mechanistic insights come from in vitro studies which show that increasing
collagen concentration increases the stiffness of culture substrates and induces a FAKdependent invasive phenotype in normal mammary epithelial cells [388]. Moreover,
collagen density increases breast tumor formation and lung metastasis in vivo [389].
Another clinical risk factor for breast cancer is tissue stiffness [390] which so far seems
to be an independent risk factor from high breast density [391]. Indeed, breast
carcinomas are characterized as being more stiff than glandular tissue [367]. This has led
to new clinical technologies that show stiffness evaluated by ultrasound-based sound
touch elastography may aid breast cancer diagnosis [392] while stiffness measured by
ultrasound-based shear wave elastography may provide prognostic value [393, 394]. The
effects and underlying mechanisms of stiffness on normal mammary tissue and tumors
have been studied in greater detail and will be discussed further.
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FIGURE 3.3: Mechanical signals in the tumor microenvironment.
A: Pathologic mechanical signals present in the tumor microenvironment include stiffness, interstitial fluid
pressure (IFP), solid stress, and tensile circumferential stress. B: Stiffness, a clinical risk factor for breast
cancer, increases during tumor progression in vivo. In vitro studies show that stiffness can push normal
mammary epithelial cells toward a malignant phenotype. As stiffness increases the normal acinar
structures formed by MCF10A cells become disrupted and cells become invasive into the extracellular
matrix.

Once tumors have formed, alterations in the mechanical microenvironment of tumors
are also observed, which includes changes in extracellular stiffness. Stiffness not only
describes malignant lesions compared with non-malignant adjacent tissue in vivo, but also
correlates with tumor progression. Ex vivo AFM measurements on fixed sections of
human breast tissue and lesions showed that stiffness in normal tissue and non-invasive
stroma was about 0.4 kPa while the invasive fronts of invasive luminal ductal carcinoma
(IDC) showed distributions ranging from 2-6 kPa (with some >8 kPa) [395]. Using
freshly excised mammary tumors from MMTV-PyMT mice, Lopez et al. report stiffening
during tumor progression measured directly using AFM (normal mammary gland ducts =
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average of 0.4 kPa, 10 week minimally invasive tumors = average 1.2 kPa, 14 week
highly invasive tumors = average 3 kPa) [396]. Other methods such as unconfined
compression of mouse mammary glands and malignant tissues (via mechanical indenter
attached to a force transducer) additionally support stiffness differences (non-malignant
tissue = 0.167 ± 0.31 kPa vs. breast cancer = 4.049 ± 0.938 kPa) [352]. Furthermore,
studies in mice report step-wise stiffening between normal (~0.1-0.2 kPa), premalignant
(~0.2-0.6 kPa), and invasive cancer (~0.8-1.5 kPa) using independent methods
(unconfined compression and shear rheology) [353]. High average stiffness measured in
vivo by shear wave elastography range is seen in human lobular (181 ± 67 kPa) and
ductal tumors (139 ± 56 kPa) and stiffness increases with tumor grade (benign lesions
defined as < 50 kPa, Grade 1 = 88 ± 62 kPa, Grade 2 = 143 ± 55 kPa, Grade 3 = 147 ± 58
kPa) [394]. Stiffness measured by sound touch elastography showed high average
stiffness in malignant lesions (40.85 kPa) over benign lesions (19.02 kPa) [392].
Supersonic shear imaging was able to distinguish stiffness differences between fat, dense
tissue, and begin lesions and malignant lesions (3, 45, <80, and >100 kPa, respectively)
[397]. Interestingly, there is typically higher stiffness in the periphery or edges of the
tumors (known as the “stiff rim”) [392, 394, 398]. Many other reports using ultrasoundbased techniques also find high stiffness in breast cancer [399-403].
Abundant experimental evidence supports stiffness as a mechanical modifier of breast
cancer and provides mechanistic insight. One of the most striking demonstrations that
mechanical signals such as stiffness play a role in the promotion of tumor formation and
progression comes from in vitro experiments employing normal non-malignant mammary
epithelial cells cultured in 2D and 3D environments of increasing stiffness (Figure 3.3B).
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Seminal work by the Weaver group using stiffness as an experimental model suggests
that a disruption of cell tensional homeostasis (exogenous vs endogenous forces) leads to
malignant cell phenotypes in breast cancer. When non-malignant MCF10A cells are
cultured in 3D matrices of increasing collagen concentration from 1-3.4mg/mL, the
stiffness of the 3D matrix increases from 0.170 kPa to 1.2 kPa [352]. In 3D culture with
stiffnesses (0.170 kPa) closely matching that of normal mammary tissue (0.167 kPa),
MCF10A cells form structured, growth arrested polarized acini with a central lumen, but
MCF10A cells in increasingly stiff environments (up to 1.2 kPa), that more closely
mimicked tumor stiffness (4.049 kPa), showed consistently disrupted spheroid
organization [352]. Alternatively, extracellular stiffness was modulated using
crosslinked polyacrylamide gels (0.15 kPa to 5 kPa) to control for potential confounding
effects of large concentrations in collagen ligand, and stiffness similarly pushed MCF10A
cells toward disrupted morphology and invasion through basement membrane (beginning
at 1kPa after 20 days in culture) [352]. Mechanistically, this stiffness-induced malignant
phenotype was possible through the promotion of Rho-dependent cytoskeletal
contractility and ERK, ultimately resulting in mature integrin-based focal adhesions,
while blocking Rho or ERK reversed the phenotype. Other in vitro studies have
subsequently bolstered the notion that stiffness alone can lead to a malignant phenotype
in otherwise non-malignant mammary epithelial cells [263, 404-406]. Moreover, the use
of interpenetrating networks [IPN, of alginate and rBM (Matrigel) matrix] which allow
for the tuning of extracellular stiffness in 3D cultures independent of the potentially
confounding effects of polymer concentration, cell-adhesion-ligand density, and ECM
architecture, show that stiffness alone disrupts normal MCF10A acinar formation,
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including rotational movement, growth arrest, central lumen, apicobasal polarization, and
leads to local invasion after 11-19 days in culture [404]. However, both stiffness and
ECM composition must ultimately be considered, since MCF10A cells cultured in pure
rBM (Matrigel) matrix of increasing stiffness suppressed the malignant phenotype [404].
In addition to disruption of tensional homeostasis [352], EMT activation through twist1
nuclear translocation may also underlie stiffness-mediated promotion of malignant
phenotypes in non-tumorigenic MCF10A cells [263]. Translation of these ideas into
therapeutics may be possible as targeting matrix stiffness in vivo through the
pharmacologic inhibition of the ECM cross-linking enzyme lysyl oxidase with βaminopropionitrile (BAPN) was able to reduce mammary tumor incidence and volume
[353].
Another source of mechanical stress in the tumor microenvironment is an increased
interstitial fluid pressure (IFP) compared with adjacent non-malignant tissue (sometimes
also referred to as interstitial hypertension) (Figure 3.3A). High IFP was first recorded in
the 1950s in rabbit testicular cancer [407] and was subsequently confirmed in other
malignancies including breast cancer (both rat [408] and human [409, 410]). IFP is
measured by hypodermic needles inserted directly into tumors and connected to pressure
transducers for quantification, a technique that has also been adapted for recording in
patients under anesthesia [409]. High IFP in breast cancer seems to be independent of
tumor size [408, 409] but correlated with tumor grade [409], however one study reported
opposite conclusions (correlations with size not grade) [410]. For mammary carcinoma,
adjacent normal tissue average IFP is ~0 mmHg while breast carcinoma IFP is 15 ± 9
mmHg [409], and a gradient of IFP exists where high IFP is uniform within tumors but
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drops rapidly at the periphery (about 1 mm from the tumor surface) [411]. High IFP in
breast tumors seems to be due to high vascular permeability [412] and compression of
blood vessels [413], and is driven by hydrostatic microvascular pressure (MVP) which
has been confirmed through direct measurements and comparison of both MVP and IFP
in mammary tumors [408]. The prognostic value of IFP has also been studied, at least in
cervix cancer [414]. Modeling suggests that IFP results in fluid flow in vivo [415] which
is supported by direct measurements of ~0.13-0.2 µm/sec flow velocity in breast tumors
[416] or an average of 0.6 µm/sec in neoplastic tissue grown in rabbit ears [417]. Other
experiments in glioma tumors measured an interstitial flow range of ~0.1-0.4 µm/sec
[418]. To determine mechanisms by which IFP might affect breast cancer cells,
researchers model in vitro IFP and/or fluid flow to show acute and long-term
responsiveness of these cells. For example, MDA-MB-231 cells in 2D culture respond
within minutes to 2.5 and 10 dynes/cm2 of fluid flow shear stress with AMPK activation
[374] and within 30 minutes to 1.8 dynes/cm2 with phosphorylation of FAK and
reductions in acetylated tubulin [419]. To better model in vivo IFP, researchers apply
hydrostatic pressure gradients across cells embedded in 3D matrices. A 60 kPa pressure
gradient across a 2mg/mL collagen gel containing MDA-MB-231 cells induced a 4.6
µm/s flow [∼1 Pa (1 pN/µm2) average stress] with a stress profile distinct from that of
shear stress in 2D, and cells responded to 4 hours of fluid flow with focal adhesion and
cell protrusion formation in the direction of flow [375]. Similarly, a pressure gradient of
~1.2 mmHg across MDA-MB-231 cells embedded in collagen gels resulted in ~1 µm/s
flow speed which induced expression of EMT proteins such as Snail and vimentin, after 6
days and promoted collective invasion [420]. Other 3D models have shown that
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proliferation and chemoresistance were increased via 5.4 dynes/cm2 of pulsatile fluid
flow shear stress for 72 hours in MDA-MB-231, MDA-MB-468, and MCF7 cells [421],
that MDA-MB-435S cell invasion was enhanced by 18 h of 0.5 µm/s flow and further
facilitated by associated fibroblasts [422], and that 24 h of 3.0 µm/s flow from 40 Pa
pressure on MDA-MB-231 cells promoted directional migration [423]. The collective
data illustrate a role for fluids as mechanical stressors in the tumor microenvironment in
vivo and experimental models studying the effects of these mechanical stimuli show that
they can enhance the malignant behaviors of cancer cells.
Solid stresses (Figure 3.3A), distinct from interstitial fluid pressure [408] and
stiffness [366], are present in a variety of tumors, including breast tumors, and represent
another form of mechanopathology [366, 424]. Solid stress was presumed to be due to
highly proliferating cells in tumors that impose on the surrounding ECM, as well as a
reciprocal stress from ECM to the cell mass, but was not measured until it was modeled
in vitro. By growing spheroids in a biologically inert matrix (agarose gels not broken
down by cell degradation or permissive of cell migration) solid stress was calculated in
mmHg using the size of the spheroids and mechanical properties of the gel, and was
determined to fall within a range of 45-120 mmHg (6-16 kPa) [425]. This in vitro model
was subsequently updated to reflect a measurement of 28 mmHg (3.7 kPa) [426]. Later
work set out to measure in vivo solid stress using freshly excised human and animal
tumors, including breast tumors, and reported ranges of 28-120 mmHg (3.7-16 kPa) for
mouse tumors and 16.4-142.4 mmHg (2.2-19kPa) for human tumors (for human breast
tumors specifically, a range of = 10-19 kPa) [427]. These measurements were collected
using a novel method for mathematically modeling deformations and displacements in
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tumors after making a single cut into the tumor (“based on the fundamental concept that
tissues containing solid stress undergo deformation after release of physical confinement”
[366]), where post-cut swelling (positive deformation) from the center of the tumor arose
from compressive stress and tumor boundary retraction (negative deformation) was due
to tensile circumferential stress [427]. More recently researchers have compiled a range
of techniques to measure compressive stress in both excised and in situ tumors [366,
424]. This includes the planar-cut method (cut-based deformations, described above), the
slicing method (cut-based deformations), and needle biopsy method (deformations in
voided areas following core biopsy), where deformations are mapped using
ultrasonography or optical coherence tomography combined with mathematical modeling
to quantify solid stress and elastic energy [366, 424]. All three methods suggest
compressive stresses arise from the tumor center while tensile stresses arise from the
tumor periphery. Interestingly, solid stress increases with tumor size (measured in breast
tumors) and, for some tumors, size-matched primary tumors have larger solid stress than
metastatic tumors (shown in pancreatic tumors) [366]. Compressive stress from the high
cell proliferation characteristic of tumors can compress blood and lymphatic vasculature
[428], and this solid stress induced vessel compression contributes to hypoxia and acts as
a barrier to drug delivery in breast tumors [429]. Furthermore, solid stress may
contribute to low proliferation rates in tumor centers [430]. In addition to the in situ
approaches, in vivo solid stress measured via noninvasive MR elastography is in
development [431]. Studies modeling solid stress have shown that 2-4 weeks after in
vivo induction of 1.2 kPa compressive stress (using implanted magnets) in colon tumors
was able to activate the b-catenin pathway, independent of stiffness [432]. Other studies
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suggest that the neurologic dysfunction seen in patients with brain tumors is due to tumor
mediated solid stress by showing that in vivo induction of solid stress resulted in neuronal
damage, reductions in vascular perfusion, and impaired motor coordination [433].
Additionally, 16 hours of in vitro 5.8 mmHg compressive stress (via weighted piston)
was able to enhance MDA-MB-231 breast cancer cell invasive migration but suppressed
MCF10A migration [434]. Overall, the data show that solid stress is a part of the
mechanical microenvironment of breast tumors and that it can have biological effects on
breast tumors and cancer cells.

3.5 Conclusion
Mounting observational and experimental evidence supports the presence of a variety
of mechanical stimuli in breast cancer that help promote malignancy. Of note, some
mechanical stresses are more acute and dynamic than others. New ways of assessing the
effects of mechanical stress in normal and malignant mammary epithelial cells may
provide novel insights into the potential roles for the rapid mechano-chemical signaling
that has been demonstrated in many cell types. Indeed, mechanosensation and
mechanotransduction mechanisms such as ion channel activation often operate on rapid
timescales, and the rapid responsiveness of breast epithelial cells to mechanical stimuli,
such as with calcium signaling, has already been established. Especially when
considering studies of breast cancer ECM stiffness that often rely on the long-term effects
of mechanical signaling without sufficient temporal resolution, what role mechanosensors
such as ion channels play in stiffness-inducing malignant phenotypes is of interest. The
field of ECM stiffness and breast cancer biology may be shifting toward an earlier
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temporal resolution using models that employ or capture the dynamic stiffening of
extracellular matrices. In an elegant study using time-lapse imaging of mammary
MCF10A-Ras transformed acini, the authors demonstrated that acini mechanically
remodel their surrounding substrates beginning at tens of minutes up to ~3h, then they
begin to spread by ~5h, and finally show disruption of normal morphology by 10-20h
[435]. In a mechanism attributed to ROCK/myosin dependent contractility, the invasive
phenotype could be reverted through mechanical isolation of the organoids [435]. One
method using laser irradiation to stiffen 3D matrices on command resulted in invasive
phenotypes in MCF10A cells 3 days post-stiffening [406], compared with that of 20 days
in culture [352]. Similar results were independently reported several days post-stiffening
[405]. It is also worth mentioning studies that test other methods for mechanical
stimulation and their effects in mammary epithelial cells. In a clever system employed
by Bissell, Fletcher and colleagues, T4-2 breast cancer cells that normally form disrupted
acinar structures in 3D culture were phenotypically reversed into normal rotating acinar
structures with a central lumen in a process termed mechanical reversion [436].
Interestingly, this was possible only when compression was applied shortly after seeding
cells into 3D matrices. In other studies using a flexible silicone culture system, nontumorigenic mammary HC11 cells subjected to mechanical stretch responded with
increased c-fos protein expression (after 60 minutes of mechanical strain) and ERK1/2
phosphorylation (after 5 minutes of mechanical strain) [365]. Finally, one method sets
the stage for monitoring both extracellular stiffness and dynamic mechanical stress using
cells plated on substrates of different stiffness coupled to transient substrate stretch or
“tugging” via magnetic manipulation [437]. In conclusion, aberrant
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mechanotransduction is characteristic of the tumor microenvironment which promotes a
malignant phenotype in breast epithelial cells and exacerbates tumor cell behavior.
Further insight into the mechanisms that underlie these effects could provide new
molecular targets to reduce cancer progression.
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Chapter 4
Scratch assay to investigate mechano-calcium
4. Abstract
Aggressive cellular phenotypes such as uncontrolled proliferation and increased
migration capacity engender cellular transformation, malignancy and metastasis. While
genetic mutations are undisputed drivers of cancer initiation and progression, it is
increasingly accepted that external factors are also playing a major role. Two recently
studied modulators of breast cancer are changes in the cellular mechanical
microenvironment and alterations in calcium homeostasis. While many studies
investigate these factors separately in breast cancer cells, very few do so in combination.
This current work sets a foundation to explore mechano-calcium relationships driving
malignant progression in breast cancer. Utilizing real-time imaging of an in vitro scratch
assay, we were able to resolve mechanically-sensitive calcium signaling in human breast
cancer cells. We observed rapid initiation of intracellular calcium elevations within
seconds in cells at the immediate wound edge, followed by a time-dependent increase in
calcium in cells at distances up to 500µm from the scratch wound. Calcium signaling to
neighboring cells away from the wound edge returned to baseline within seconds.
Calcium elevations at the wound edge however, persisted for up to 50 minutes. Rigorous
quantification showed that extracellular calcium was necessary for persistent calcium
elevation at the wound edge, but intercellular signal propagation was dependent on
internal calcium stores. In addition, intercellular signaling required extracellular ATP
and activation of P2Y2 receptors. Through comparison of scratch-induced signaling
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from multiple cell lines, we report drastic reductions in response from aggressively
tumorigenic and metastatic cells. The real-time scratch assay established here provides
quantitative data on the molecular mechanisms that support rapid scratch-induced
calcium signaling in breast cancer cells. These mechanisms now provide a clear
framework for investigating which short-term calcium signals promote long-term
changes in cancer cell biology.

4.1. Introduction
Altered calcium handling and the mechanical properties of tumors are both emerging
as possible modulators of breast cancer. Tumor rigidity and extracellular matrix (ECM)
stiffness are increasingly recognized as important contributors to disease
progression[438-441]. Clinically, increasing mammary density is associated with risk for
tumor formation[383, 384]. Preclinical studies show that ECM stiffness can disrupt
adherens junctions[352], alter cellular differentiation[377], and increase cell
proliferation[442] and migration[443]. Interestingly many of these malignant cell
phenotypes are also associated with altered calcium signaling[147, 444]. There is
growing evidence supporting the notion that calcium signaling is affected at multiple
levels in cancer and that calcium, calcium permeable channels, and calcium-binding
proteins may play an important role in tumor progression[144, 146, 149, 150]. Moreover,
epithelial-to-mesenchymal transition (EMT), an activated embryonic program thought to
be a central driver in breast cancer malignancy, could be regulated by both matrix
mechanics[263, 439] and calcium[445]. There may be a critical intersection between

72

calcium signaling and tumor mechanics in driving aggressive cellular phenotypes,
however the precise link remains unclear.
The hypothesis that cancer is a wound that won’t heal has historical roots and has
been well supported[446]. Indeed there are many similarities between the wounding
response and mechanisms that underpin cancer progression. For example, the tumor
microenvironment contains many striking parallels to injury associated sites of
inflammation including the presence of infiltrating cells, cytokines, and
angiogenesis[447, 448]. Likewise, cytoskeletal reorganization, loss of cell-cell contacts,
migration and proliferation are necessary steps in both wound re-epithelialization and
tumor invasion[446]. It is perhaps not surprising that an in vitro wound-surrogate, the
scratch-assay, is widely used to study cancer cell signaling and behavior. The scratch
assay has also been used to study calcium signaling in non-malignant cell types[449451]. This provides a unique opportunity to simultaneously investigate early
mechanically-stimulated changes in calcium followed by downstream signaling cascades
and resulting biological responses such as migration, proliferation and cell-cell
communication.
Here we describe early signaling mechanisms in human breast cancer cells in
response to mechanical wounding. We were able to resolve mechanically-stimulated
calcium signaling at the wound edge and the resulting intercellular communication to
distant cells using a real-time scratch assay. Propagation of calcium signaling to distant
cells resolved within seconds, while cells at the wound edge demonstrated persistent
elevation of calcium for up to 50 minutes. Extracellular calcium was necessary for
persistence at the wound edge, but intercellular signaling was dependent on internal
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calcium stores. Moreover, intercellular signaling required extracellular ATP and
activation of P2Y2 receptors. Calcium, a ubiquitous second messenger, is involved in
many cellular processes identified as hallmarks of cancer such as regulation of the cell
cycle, invasion, migration and cell death[2, 148]. By first experimentally defining rapid
mechanically-induced calcium signaling in cancer cells, this work sets a foundation to
explore mechano-calcium relationships driving malignant progression.

4.2. Methods
4.2.1. Cell culture
Human breast MCF10A epithelial cells and human breast MCF-7, MDA-MB-231,
and MDA-MB-436 cancer cells were obtained from the American Type Culture
Collection. MCF10A cells were maintained at 37oC, 5% CO2 in Dulbecco’s Modified
Eagle Medium / F12 + GlutaMAX (Gibco 10565-018) supplemented with 5% horse
serum (Invitrogen 26050-088), 1% penicillin-streptomycin (Gemini Bioproducts 400109), 20ng/ml recombinant human epidermal growth factor (Gibco PHG0311), 0.5mg/ml
hydrocortisone (Sigma Aldrich H-0135), 100ng/ml cholera toxin (Sigma Aldrich C8052), 10µg/ml insulin (Sigma Aldrich I-9278). MCF-7, MDA-MB-231, and MDA-MB436 cells were maintained at 37oC, 5% CO2 in Dulbecco’s Modified Eagle Medium
(Corning, 10-017-CV) supplemented with 10% FBS (Atlantic Biologicals S11150H) and
1% penicillin-streptomycin (Gemini Bioproducts 400-109). In order to maintain stocks,
cells were passaged using a brief wash in PBS (Quality biological, 114-058-101)
followed by incubation with 0.25% Trypsin and 2.21mM EDTA (Corning, 25-053-CI) at
37oC, 5% CO2. For most experiments, cells were plated to confluency overnight in
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35mm glass bottom microwell dishes (MatTek P35G-1.5-20-C). For a subset of
experiments which required the separation of two confluent populations of cells in a
single dish, cells were plated per manufacturer’s instructions in culture insert dishes
(Culture-insert 2 well, Ibidi, 80206).

4.2.2. Reagents and Application
Prior to imaging, cells were loaded using 4µM Fluo-4 AM (a cytosolic and calcium
sensitive dye, Life Technologies, F14201) in Hanks Balanced Salt Solution containing
calcium (HBSS+Ca2+, Gibco, 14025-092) for 30 minutes and washed in 1 mL
HBSS+Ca2+ for 30 minutes. This final wash was used during imaging unless otherwise
stated. To measure compromised cell plasma membranes, 1.5µM propidium iodide (PI,
Sigma Aldrich, P4864) was added to the final wash step. For depletion of internal
cellular calcium stores, cells were treated with 2µM thapsigargin (Sigma Aldrich, T9033)
for 10 minutes prior to dye loading and washing. To deplete external calcium stores,
dishes were washed twice briefly in 1 mL Hanks Balanced Salt Solution without calcium
(HBSS-Ca2+, Gibco, 14025-092) supplemented with 100 µM EGTA (Sigma Aldrich,
E3889) and then washed in a final 1mL HBSS-Ca2+ for 5 minutes prior to imaging. To
deplete both internal and external calcium stores, cells were treated with thapsigargin,
dye loaded, and washed prior to depleting external stores as described above. In order to
replenish external calcium after depletion, cells were washed as described using HBSSCa2+, then during imaging 1mL HBSS-Ca2+ was aspirated followed by addition of 2mL
HBSS+Ca2+. Apyrase (Sigma Aldrich, A6535) was reconstituted to 10 units/mL in
HBSS+Ca2+ and used to cleave extracellular ATP to ADP/AMP. After dye loading and
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washing, dishes were incubated in 1 mL Apyrase (10units) for 10 minutes prior to
scratch, without washout. A selective and competitive P2Y2 receptor antagonist (AR-C
118925XX, Tocris, 4890) was reconstituted to 10mM in DMSO and used at a 10µM
working dilution. After dye loading and washing, dishes were incubated in 1 mL of
10µM 118925XX for 10 minutes prior to scratch, without washout.

Apyrase
0 Ca2+ + EGTA

AR-C 118925XX

Ca2+ Ca
Ca2+

ATP

2+

Thapsigargin
Ca2+

FIGURE 4.1: Reagents used for manipulating cellular components.
Thapsigargin, 0Ca2+ + EGTA, Apyrase, and AR-C 118925XX were used as described in 4.3.2 Reagents
and Application section of methods and mechanisms of action are visually shown in graphic. Black arrows
indicate positive action or movement. Red bar-headed lines indicate inhibition.
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4.2.3. Confocal Imaging
Experiments were conducted on an Olympus IX81 microscope with a Fluoview
FV1000 confocal laser scanning system. 512 x 512 pixel images with 2.485 µm/pixel
spatial scale were collected at 2.0 µs sampling speed using a 10x objective and 0.4
numerical aperture. Other Fluoview parameters such as voltage (HV), gain, offset, and
laser intensity are summarized in Table 4.1.
CONFOCAL SETTINGS
Dye
Fluo-4

Laser

HV Gain

Offset Laser Intensity

(Alexa 488) 488 750

x1

6%

10%

Propidium Iodide (Alexa 568) 543 855

x1

6%

10%

TABLE 4.1: Fluo-4 and propidium iodide confocal microscope settings.
Confocal laser settings are summarized. For Fluo-4 florescence, a 488nm laser and filter setting was used
to excite the dye. For experiments using propidium iodide, florescence was excited using a 543nm laser
and filter setting. The respective voltage (HV), gain, offset, and laser intensity settings were used for each
dye.

Potential dye activation due to laser excitation was measured using a 50 minute scan
at 4 second frame rate (Figure 4.2). Relative change in fluorescence (ΔF/F) was
calculated across all time points and the unchanged ΔF/F across time indicates no laser
induced dye activation. In addition, propidium iodide (PI) was added to the media to
identify membrane damage due to laser scanning during long periods of imaging. Images
show no change in PI staining suggesting membrane damage is not occurring.
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A.
4”

50’

Fluo-4 / Propidium Iodide

B.
Laser Induced Dye Activation

FIGURE 4.2: Confocal laser scanning does not activate Fluo-4 or damage cell membranes during 50
minute scans.
A: Human breast MCF-7 cancer cells were loaded with the calcium sensitive dye Fluo-4 and treated with
propidium iodide (PI, a membrane impermeable nuclear stain) which fluoresces only when it is able to
cross compromised cellular membranes and bind DNA. Cells were then imaged for 50 minutes at a 4
second frame rate to determine if long term laser excitation was damaging to cells. PI staining indicates no
change between 4 seconds and 50 minutes, suggesting cells are not being damaged. B: In addition, ΔF/F
was calculated across the time series to measure potential dye activation from laser excitation. The data
show that baseline ΔF/F values are not altered by laser excitation and confirming the absence of
photodamage by our imaging protocol.
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4.2.4. Pipette Fabrication
Borosillicate glass capillaries (Warner Instruments, Model No: G150-4, Order No:
64-0772, Outer Diameter: 1.5mm, Inner Diameter: 0.86mm, Length 10cm, 225 pieces)
were pulled on a Flaming/Brown Micropipette Puller (Sutter Instruments P-97) and fire
polished on a Microforge (NARISHIGE MF-830) such that the end of the pipette tip was
melted and sealed to a ~60µm rounded, bulbous end (Figure 4.3). General parameter
settings for pulling pipettes in the micropipette puller are summarized in Table 4.2.

Sutter Micropipette Puller

NARISHIGE Microforge

FIGURE 4.3: Pipette fabrication machines.
Pipettes for applying a scratch assay to cells were fabricated using a Sutter Instruments micropipette puller
(left image) and were melted and fire polished to shape using a Narishige microforge (right image).
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MICROPIPETTE PULLER SETTINGS
Heat

Pull

Velocity

Time

Pressure

470

45

45

160

300

TABLE 4.2: Sutter Instruments micropipette puller settings.
Micropipette settings are summarized. In general, pipette pulling can be an inconsistent method. The
shape and diameter of a pulled pipette end depends on many variables, including the life and state of the
heating filament, the parameters chosen, and the size of the glass (OD vs ID). These settings were used for
pulling pipettes for application in scratch assays. Units are arbitrary.

The general parameters used for pulling and shaping pipettes for application in
scratch assays summarized in Table 4.2 were set. The tip of the pipette was then dragged
across a kimwipe in order to break the end (the goal was to break the end evenly across
the diameter of the tip and not in a jagged shape). The amount of glass broken off
affected the final shape of the pipette end (too little will result in too small of an end and
too much will result in too big of an end), thus through trial and error pipettes with close
to a 60µm diameter tip were kept for use. Then, the end of the broken pipette was
inserted into a Bunsen burner flame for about 1-4 seconds. The pipette was attached to
the microforge (turn on highest heat, 100) and moved as close as possible to the heating
filament and heated from below until the end of the pipette melted together into a smooth,
rounded, bulbous end. In some cases, the position of the tip of the pipette in relation to
the filament as it is heated was adjusted in order to get enough heat to melt the tip, but to
also prevent from deforming the glass too much. During deformation, the some pipette
tips curved to one side, which was corrected by positioning the opposite side next to the
filament (as opposed to above it) and heating from the side of the pipette whereby the
glass curved toward the filament and straightened the deformation. The ultimate goal
was to fabricate pipettes to about 60µm in diameter for scratch assays.
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4.2.5. Mechanical Touch
Pipettes were inserted into a pipette holder (1.5mm, Warner Instruments 64-2355)
with handle extension (HE-10, Warner Instruments 64-1504) and attached to a motorized
micromanipulator (Sutter Instrument, MP-225) used to maneuver the pipette in X, Y, and
Z directions. Prior to mechanical touch of single cells, cells were brought into focus and
the glass pipette was visualized using light microscopy in order to closely approach a
single cell in a cell monolayer with the pipette. Then, 200 time series images with 2
second frame rate were collected using simultaneous DIC and Fluo-4 imaging. The
pipette was then brought to the point of cell contact (Figure 4.4), as confirmed using
visualization of pipette focus in DIC and initiation of Fluo-4 fluorescence. The pipette
was then retracted for the remainder of the time series.

Glass Pipette

Direction of
Pipette
Movement

Cell

Glass bottom

FIGURE 4.4: Mechanical touch on single cells.
The graphic depicts mechanical stimulation of a cell using a glass pipette. Prior to mechanical touch of
single cells, cells were brought into focus and the glass pipette was visualized using light microscopy. The
pipette was then brought to the point of cell contact, as confirmed using visualization of pipette focus in
DIC and initiation of mechanically-activated Fluo-4 fluorescence.
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4.2.6. Real-time Scratch Assay
Identical confocal settings and methods for generation and manipulation of glass
pipettes were applied to both mechanical touch and scratch assays. As visualized in light
microscopy, the glass pipette was used to compress the cell monolayer outside of the
confocal scan area until the pipette contacted the glass bottom of the dish. This presents
an advantage whereby the cell monolayer can be compressed outside of the confocal scan
area and thus resulting Fluo-4 signals from compressed cells are not collected on the
confocal detector. The lack of Fluo-4 signals at the initiation of confocal scanning for
one to several frames function to yield baseline measurements for calculating ΔF/F.
Confocal time series imaging was immediately initiated (200 frames at 2 second frame
rate) and the pipette was maneuvered in the X direction until a scratch was applied across
the entirety of the cell monolayer in view (Figure 4.5). The pipette remained in its final
place until completion of imaging. For experiments measuring long term calcium
persistence 750 frames were collected at 4 second frame rate. For experiments using
external calcium restoration after depletion 450 frames were collected at 4 second frame
rate.
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Glass Pipette

4”

2”

FIGURE 4.5: Pipette movement during real time scratch assay.
Images show a scratch assay applied by a glass pipette. As described in 4.2.6 Real-time Scratch Assay
section of methods, the cell monolayer was compressed to the point of contact between the pipette and
glass-bottomed dish just outside of the confocal scan area. confocal time series imaging was immediately
initiated (200 frames at 2 second frame rate) and the pipette was maneuvered in the X direction until a
scratch was applied across the entirety of the cell monolayer in view. The pipette remained in its final
place until completion of imaging.

4.2.7. ROI-based Analysis
Relative change in Fluo-4 fluorescence was calculated as ΔF/F using regions of
interest (ROI). Two approaches were implemented: manual and automated ROI
generation. For manually-generated ROI analysis, ImageJ imaging software (NIH) and
the Time Series Analyzer plugin (Version 3, https://imagej.nih.gov/ij/plugins/timeseries.html) were used to set ROIs and calculate total pixel intensity. Three rectangular
ROIs were set to encompass both the wound edge and neighboring cells outside of the
wound edge. Two ROIs were selected from neighboring cells on either side of the
scratch wound, and data were added to quantify fluorescence intensity in both directions
from the wound edge. All ROI widths were set to 510 pixels, but due to variations in
scratch size wound edge ROI height ranged from 50-70 pixels and ROI height from
neighboring regions ranged from 200-230 pixels. ΔF/F was calculated by first
subtracting background fluorescence and then dividing by F0, the fluorescence value
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before the scratch, for each data point [ΔF/F = (F-F0)/F0]. ΔF/F from cells at the scratch
wound vs. neighboring cells were plotted in Microsoft Excel. Peak ΔF/F was determined
by finding the maximum values and persistent ΔF/F was calculated using the value at
frame 180 (360seconds/6 minutes) for each group. For long term persistence and calcium
restoration experiments, only one ROI was used to measure ΔF/F at the wound edge over
time.
For the automated ROI analysis, custom scripts were written in MATLAB to
automatically identify and analyze each ROI. For the set of experiments in which DIC
images were acquired, the location of the glass pipette tip was extracted by creating
binary images from the DIC images. The median location of this glass tip over time was
used as the centerline of the scratch for creating each ROI. For the calcium restoration
experiments, the scratch centerline was determined by finding the median location of the
fluorescence minimum between the two calcium peaks on the edges of the scratch. In
each case, a region centered on the scratch location with width 512 pixels (the image
width) and height 100 pixels was used as the ROI for analysis of the edge. All pixels in
the image not contained within the edge ROI were used for calculations describing the
neighboring regions. For each ROI, the total intensity of pixels within the ROI was
determined in each frame of the time lapse. This value was converted to ΔF/F by
subtracting the value of the first frame from each frame and dividing the resulting
subtracted value by the value of the first frame [ΔF/F = (F-F0)/F0]. Peak ΔF/F was
determined by finding the maximum of this curve over time. The value of the ΔF/F curve
at 6 minutes (frame 180) was used as a measure of fluorescence persistence.
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4.2.8. ROI-independent Analysis
A ROI-independent analytical approach was used to investigate the distance the
fluorescence signal traveled away from the scratch in which the value of ΔF/F was
calculated for each distance from the scratch in the image (equivalent to the calculations
described above if ROIs 1 pixel in height covered the entire image). The peak value of
ΔF/F was calculated for each of these curves and plotted as function of distance from the
scratch. We present the values of this curve at two particular distances, 60 pixels
(150µm) and 201 pixels (500µm) away from the scratch centerline in bar graph format to
show that the signal propagates to different distances in distinct conditions.
A second ROI-independent analysis used to analyze both distance and persistence
was based on the generation of kymographs in MATLAB, which were converted to
binary images from which distance and persistence were quantified (Figure 4.9). For
each scratch assay, intensity profiles were computed by taking the average pixel intensity
along the axis of the scratch wound (image width) for each point along the y-axis (image
height, or perpendicular to the scratch wound) at each time point (200 frames total)
(Figure 4.6A). The F0 y-axis intensity profile was computed using the average along the
x-axis for the first frame. Kymographs were then computed by taking the normalized yaxis profile (ΔF/F) at each time point and displayed graphically [i.e. lining them up left
(t=0 s) to right (t = 400 s)] (Figure 4.6B). The kymographs have 3 axes (Figure 4.6B).
The y-axis in distance shows the differential signaling across space (edge vs. neighboring
signaling). The x-axis in time shows all of the signaling from before, during, and after
the initiation of scratch for the remainder of the video (400 s), including the transient
signaling from neighbors and the persistent signaling at the scratch edge. The signal
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intensity axis shows ΔF/F in color from purple (0) to yellow (5). Due to the 3-axis
display, it is useful to visualize the kymograph in 3D (Figure 4.6C and Figure 4.7A-L) in
order to further appreciate changes in signal intensity (ΔF/F).
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FIGURE 4.6: Step-by-step kymograph synthesis.
A: As described in 4.3.8 ROI-independent Analysis section of methods, kymographs were generated by
averaging across the x-direction in an XY image for each frame of a video timeseries. Frames were then
aligned from left to right. B: When averaging was complete for each frame of the 200 frames in a video
and aligned, the resulting image is a kymograph, a single XY image that displays the changes in
florescence from the full video from 0 - 400 seconds. C: The 3rd axis of the graph, the signal intensity
(ΔF/F) axis shown as color variations, can be further appreciated in 3D presentation.
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FIGURE 4.7: 3D kymograph rotational view.
A-L: As described in 4.3.8 ROI-independent Analysis section of methods, kymographs were generated
which show data on 3 axes. The signal intensity axis shows ΔF/F in color from purple (0) to yellow (5),
however it is useful to visualize the kymograph in 3D in order to further appreciate changes in signal
intensity (ΔF/F).
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Kymographs were then processed to binary images which were computed by
thresholding each kymograph at 0.48. This threshold level was determined by first
computing the automatic global threshold level (MATLAB’s ‘greythresh’ function) for
each vehicle treated scratch assay and then taking the average threshold level across all
assays. The binary images were used to quantify the total distance that the fluorescence
signal traveled away from the scratch to neighboring cells (termed maximum distance of
propagation) and the total time of persisting calcium signal at the wound edge (termed
maximum time of persistence). Maximum distance of calcium propagation was
computed by taking the average of the two maximum height values (i.e. furthest distance
where fluorescence was collected from above and below the wound edge) of the binary
image (Figure 4.9E, top and bottom blue lines). The maximum time of persistent calcium
was computed by taking the average of the two maximum length values (i.e. maximum
time frame where fluorescence was collected along the wound edge) from the binary
image (Figure 4.9E, top and bottom pink lines).

4.2.9. Statistics
Statistical analyses were performed using MATLAB. A paired t-test was used when
comparing single conditions: MCF-7 Edge vs. Neighbors (Figure 4.9), Control vs. 0Ca2+
+ EGTA (Figure 4.17), Control vs. AR-C-118925XX within each cell line (Figure 2.21),
and significance was set at P < 0.05. For comparison between multiple conditions:
Control, thapsigargin, 0Ca2+ + EGTA, thapsigargin/0Ca2+ + EGTA (Figure 4.14);
Control, Apyrase, AR-C-118925XX (Figure 2.18); MCF10A, MCF-7, MDA-MB-231,
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MDA-MB-436) (Figure 4.20), a one-way ANOVA with a post-hoc Tukey’s honest
difference criterion was used and significance set at P < 0.05.

4.3. Results
4.3.1.

MCF-7 cancer cells exhibit mechanically-sensitive calcium signaling

Mechanically-induced calcium signaling has been established in many epithelial cell
types [452, 453] including mammary epithelial cells [370], however the mechanical
induction of calcium has not been well characterized in cancer. Earlier reports from
mouse mammary tumor cell lines [371-373, 454] showed that mechanical touch can
result in rapid calcium signaling across a cell monolayer, and we observe a similar
mechanical touch response in MCF-7 breast cancer cells (Figure 4.8A). Since scratch
wound assays are commonly used in cancer biology to study collective cellular signaling
and function (e.g. motility), we decided to examine whether mechanically-induced
calcium signals would rapidly result from a scratch wound in MCF-7 breast tumor cells.
Confocal time-lapse imaging coupled with a motor-controlled scratch apparatus was used
to visualize cancer cell monolayers loaded with the fluorescent calcium indicator, Fluo-4.
This real-time scratch assay yields the ability to resolve very early and rapid mechanosignaling events such as calcium signaling. Indeed, increases in intracellular calcium
were observed immediately in cells that were directly stimulated by the scratch pipette
(Figure 4.8B). This was followed by a time-dependent increase in intracellular calcium
in cells at much greater distances from the wound edge compared to mechanical touch.
This ‘wave-like’ signal propagation across the cell monolayer was apparent from average
line traces across the wound (Figure 4.8B, lower panels). These line traces also showed
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the wave-like signal was transient compared with persistent calcium signaling in cells at
the wound edge, where the line trace retained peaks over time due to calcium activation
from wound edge cells (Figure 4.8B, lower right panel).

FIGURE 4.8: Real-time scratch assay reveals early calcium signaling in MCF-7 cells in response to
wounding.
A: Human breast MCF-7 cancer cells were loaded with the calcium sensitive dye Fluo-4 and mechanically
stimulated using a blunt fire-polished glass microprobe. Time series imaging shows that mechanicallyinduced increases in intracellular calcium occurred in cells that were directly stimulated and was followed
by rapid changes in calcium from neighboring cells. This wave-like signal propagation occurred in radial
fashion (up to 10 cells away, ~200µm) and was relatively transient compared with a directly stimulated cell
showing persistent cytosolic calcium (arrow). B: Fluo-4 loaded MCF-7 cell monolayers were
simultaneously scratched with a glass pipette and imaged for 400 seconds (6.7 minutes). Similar to
mechanical touch, this real-time scratch assay revealed mechanically-induced increases in intracellular
calcium at the wound edge followed by a time-dependent signal propagation to neighboring cells at far
distances (~30 cells away, ~500µm). Y-axis vs. intensity traces represent data from corresponding x-y
frames (positioned directly above). Pixel intensity was plotted for all y-axis points (i.e. 512 pixels or
1.3mm image height) from a single frame, however these values were derived from averaging the pixel
intensity across all x-axis points (i.e. direction of scratch for all 512 pixels). These assays indicate
intercellular communication in response to changes in the mechanical environment or to wounding. Scale
bars equal 200µm.
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This assay reveals early wound-dependent calcium signaling, which results in a dualresponse between cells at the wound edge and signaling to neighboring cells. To
rigorously quantitate this phenomenon, we used two approaches to analyze both cell
populations. We began with a region of interest (ROI)-based approach (Figure 4.9A).
Automated ROIs were centered on the scratch wound, identified using a custom ‘tipfinding’ software program that uses the pipette tip to independently identify the scratch
wound centerline, and encompassed the wound edge using pre-determined dimensions
[1.3mm (image width) by 250µm (125µm on either side of the scratch center line)].
Relative fluorescence intensity (ΔF/F) of the calcium indicator Fluo-4 from wound edge
ROIs were compared to ΔF/F from the remaining cells (Figure 4.9A). This approach
quantitatively identified differing calcium signals from cells at the wound edge vs
neighboring cells (Figure 4.9B). Wound edge cells not only show greater peak calcium
compared with neighboring cells (4.0 ± 0.6 vs. 0.9 ± 0.3 ΔF/F, respectively), but also a
lasting increase in intracellular calcium (0.2 ± 0.1 in edge vs. 0.03 ± 0.04 neighbors, ΔF/F
at 6 minutes), as shown in the traces and bar graphs. In addition, manually-selected ROIs
were also used to measure ΔF/F between edge vs. neighbors and confirm results from
automated the ROI-based approach (Figure 4.10). The total distance of signal
propagation from the wound edge to neighboring cells was quantified and shows that, on
average, cells up to 500µm away initiated calcium signaling in response to wounding (0.3
± 0.1 ΔF/F at 500µm, Figure 4.9C). We also developed a second approach to analyze
scratch wound calcium signaling that was ROI-independent. Time projection
kymographs of Fluo-4 intensity line averages across the wound were generated for each
time point and converted to binary images (Figure 4.9D, E), from which distance from
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the wound (max distance 400.9 ± 3.9µm) and persistent fluorescence (total persistence
347.7 ± 50.8sec) were measured (Figure 4.9F, G).

A.

B.

C.

Fluo-4

DIC

E.

F.

G.

Distance from Scratch (µm)

D.

0

Time (s)

400

Maximum Distance
of Propagation

Maximum Time
of Persistence

FIGURE 4.9: Quantification identifies cell sub-populations with distinct calcium transients.
A: Relative change in Fluo-4 fluorescence was calculated as ΔF/F using automated regions of interest
(ROI). ROI dimensions were set at 1.3mm (image width) by 250µm (125µm on either side of the scratch
center line), and were used to quantify changes in calcium from cells at the wound edge (pixels within ROI)
vs. neighboring cells (remaining pixels in image). Lower panel shows corresponding transmitted light
image of upper panel. B: Left, traces show ΔF/F data from wound edge cells and neighboring cells over
time. Right, bar plots summarizing differences in peak and persistent scratch-induced calcium signals
between edge and neighboring cells. Edge cells had a larger peak (4.0 ± 0.6) than neighbors (0.9 ± 0.3) and
calcium persistence at 6 min was also greater in edge cells (0.2 ± 0.1) compared to neighbors (0.03 ± 0.04).
*indicates significance from edge, P < 0.05 via paired t-test. C: Peak ΔF/F was plotted for distances up to
500µm from the edge of the scratch to show total distance of signal propagation to neighboring cells away
from the wound edge. Peak ΔF/F values for distances at 150µm and 500µm from the edge are also shown
in the bar graph inset. Peak ΔF/F was greatest close to the wound edge (3.2 ± 0.8 at 150µm) vs. far
distances (0.3 ± 0.1 at 500µm). D: Total distance of signal propagation was also calculated using ROIindependent approaches. Kymographs were generated using y-axis time projections at each time point
through 400 seconds. Kymographs show signal intensity propagating away from the wound edge between
40 and 150 seconds which reaches near baseline thereafter. In contrast, signal intensity at the wound edge
shows persistence at 400 seconds. E: Kymographs were then converted to binary images using a custom
MATLAB based program, from which total time of persistence (in seconds, pink lines) and total distance
of signal propagation from the wound edge were quantified (in µm, blue lines). F: Maximum distance of
scratch-induced signal propagation to neighboring cells (400.9 ± 3.9µm). G: Maximum time of scratchinduced persistence in cells at the wound edge (347.7 ± 50.8sec). Data presented as mean ± standard
deviation. *indicates significance from edge, P < 0.05 via paired t-test. All data represent N=3.
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FIGURE 4.10: Manually selected ROI-based analysis.
For manually-generated ROI analysis, ImageJ imaging software and the Time Series Analyzer plugin were
used to set ROIs and calculate total pixel intensity. A: Three rectangular ROIs were set to encompass both
the wound edge and neighboring cells outside of the wound edge. All ROI widths were set to 510 pixels,
but due to variations in scratch size wound edge ROI height ranged from 50-70 pixels and ROI height from
neighboring regions ranged from 200-230 pixels. B: Scratch assay data (ΔF/F) from cells at the wound
edge and neighboring cells were plotted up to 400 seconds. C: Peak (maximum) and persistent [value at
frame 180 (360seconds/6 minutes)] ΔF/F was calculated for each group. Edge: 3.9 ± 0.3 for peak, 0.4 ± 0.3
for persistence. Neighbors: 2.5 ± 0.6 for peak, 0.1 ± 0.1 for persistence. Data presented as mean ±
standard deviation. Data represent N=3. *indicates significance from edge, P < 0.05 via paired t-test.

4.3.2. MCF Persistent calcium signaling is not resolved at the edge of a wounded cell
monolayer
Considering the rapidly transient calcium signaling from more canonical cell-types
such as muscle and neurons, the persistent calcium signaling up to 6 minutes long in the
wound edge cells was surprising and we postulated that it would eventually reach
baseline. To this end, we measured scratch-induced calcium signaling and persistence in
cell monolayers for up to 50 minutes (Figure 4.11A, B). We additionally identified the
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presence of dying cells using the fluorescent DNA stain, propidium iodide (PI) which
cannot traverse intact membranes, and therefore identifies damaged cells. Wounding
resulted in PI positive cells in the immediate wound area (Figure 4.11A, 2 minute time
point). There were also cells that initially showed persistent calcium but became PI
positive over time. Astonishingly, there was persistent calcium signaling in PI negative
cells at the wound edge after 50 minutes (Figure 4.11A, arrows). Long-term
measurements of unscratched negative control fields indicated no significant increase in
Fluo-4 signal over these extended time courses by laser-induced dye activation,
establishing that the Fluo-4 signals are induced by the scratch wound itself (Figure 4.2).
Quantification from 11 different biological replicates (Figure 4.11B, inset) shows residual
persistent calcium (ΔF/F > 0) at long time periods on average (black trace) and in most
individual traces (gray traces). These data indicate that many cells die in response to
scratch but it is possible for remaining cells with long periods of elevated cytosolic
calcium to maintain viability, at least for the period of time measured here (50 minutes).
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FIGURE 4.11: Cells at wound edge show persistent intracellular calcium and remain viable.
A: MCF-7 cells were loaded with Fluo-4, and propidium iodide (PI, a membrane impermeable nuclear
stain) was added to the extracellular media. Cells were scratched and imaged for up to 50 minutes to
measure long-term persistence of calcium. Images show that scratch-induced increases in intracellular
calcium can persist for long periods of time in cells at the wound edge. While many cells at the scratch
wound were PI-positive (indicative of membrane damage), those showing long term persistence were not
positive for PI, suggesting that cells at the wound edge can remain viable despite showing persistently
elevated calcium (arrows). Scale bar equals 200µm. B: Long term persistence at the wound edge was
quantified using manually-generated regions of interest set at the wound edge. Data represent ΔF/F for
each time point in a 50 minute time series from 11 biological replicates, across 3 independent experiments.
Graph inset shows each individual trace for all biological replicates (gray lines) as well as the total average
ΔF/F (black lines) set to different y-axis scaling in order to visualize total persistence (ΔF/F > 0).

4.3.3. Wound edge vs. intercellular signaling events require opposing calcium sources
We set out to first broadly characterize the mechanisms of calcium signaling in the
two cell populations (wound-edge vs. neighbors) by investigating the dependence of each
on intracellular vs. extracellular calcium stores (Figure 4.12). Cells were treated with
thapsigargin (2µM x 10 minutes) to deplete intracellular calcium stores in the
endoplasmic reticulum (ER). Thapsigargin binds to the sarco-endoplasmic calcium
ATPase (SERCA) which prevents calcium re-uptake to the ER. Signal propagation to
neighboring cells in response to scratch was blocked in thapsigargin-treated cells,
suggesting that this signaling event requires internal calcium. We then incubated cells in
calcium-depleted media (0Ca2+ + EGTA) to test the role of external calcium. Cells
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treated with 0Ca2+ + EGTA showed both scratch-induced calcium at the wound edge and
propagation to neighboring cells, but blocked persistent calcium at the edge. As
predicted, cells treated with both thapsigargin and 0Ca2+ + EGTA completely blocked all
calcium signaling, excluding non-ER sources of intracellular calcium or background
Fluo-4 signal.

0 Ca2+ + EGTA

Thapsigargin

Thapsigargin /
0 Ca2+ + EGTA

6 min

Post-Scratch

Control

FIGURE 4.12: Signal propagation and persistence depend on distinct calcium stores.
Control groups showed scratch-induced increases in intracellular calcium at the wound edge that persist
(measured up to 6 min), followed by propagating and transient calcium in neighboring cells (post-scratch
vs. 6 min). Compared with control, intracellular calcium depleted (Thapsigargin) cells failed to propagate
calcium signaling away from the wound edge. In contrast, depletion of extracellular calcium stores (0Ca2+
+ EGTA) did result in signal propagation to neighboring cells but blocked persistent calcium at the wound
edge. Depletion of both intracellular and extracellular calcium (Thapsigargin/0Ca2+ + EGTA) entirely
blocked calcium signaling. Scale bar equals 200µm.

Persistence and propagation to neighbors was quantified (Figure 4.13) providing
detailed data that were consistent with the qualitative observations. Compiled ΔF/F time
course data from a total of 36 individual experiments showed that either internal or
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external calcium was sufficient to trigger calcium signaling at the wound edge, while
internal calcium stores were necessary for signaling to neighboring cells and external
calcium was necessary for persistence (Figure 4.13A). Calculations of peak values for
edge and neighbors showed that the peak was significantly reduced by thapsigargin for
both edge and neighbors, while persistence was significantly affected by 0Ca2+ + EGTA
(Figure 4.13B). Interestingly, 0Ca2+ + EGTA extended the distance of calcium wave
transmission to neighboring cells (Figure 4.13C). The mechanism for this effect is
unknown, however depletion of external Ca2+ seems to enhance intercellular
communication, possibly through increased ATP release and/or gap junction
communication. Kymographs clearly demonstrate the differential effects of thapsigargin
on neighboring cell wave formation and 0Ca2+ + EGTA on wound edge persistence
(Figure 4.13D). Kymograph-derived measurements of wave distance reinforced
conclusions about the inhibitory effect of thapsigargin, as well as the ability of 0Ca2+ +
EGTA to significantly increase wave transmission distance (Figure 4.13E). Persistence
time was unaffected by thapsigargin, but significantly inhibited by zero calcium (Figure
4.13F). In addition, manually-selected ROIs confirm results from automated the ROIbased approach (Figure 4.14). Finally, due to the use of DMSO in thapsigargin treated
cells, DMSO effects on edge, neighbor, and distance ΔF/F was compared in 0.01%,
0.1%, 1% DMSO treated cells (Figure 4.15). The data show no changes in these
parameters with DMSO treatment.
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FIGURE 4.13: Quantification of zero calcium and thapsigargin treated groups.
A: Traces show ΔF/F plotted through time for wound edge cells (upper traces) vs. neighboring cells (lower
traces) in control, thapsigargin, 0Ca2+ + EGTA, and thapsigargin/0Ca2+ + EGTA treated groups. B:
Summary of peak ΔF/F analysis from wound edge cells and neighboring cells, and persistent calcium
signaling at 6 minutes, for each condition tested. Compared with control, peak ΔF/F was blocked in cell
neighbors from groups treated with thapsigargin (1.3 ± 0.3 vs. 0.06 ± 0.03 respectively), but not with
depletion of external calcium (0Ca2+ + EGTA, 1.3 ± 0.3 vs. 2.7 ± 0.7 respectively). Although calcium
signaling occurred in 0Ca2+ + EGTA treated edge cells, persistent calcium was completely blocked when
compared with control (0.3 ± 0.2 vs. -0.1 ± 0.1 respectively). C: Total distance of signal propagation away
from the wound edge was plotted for each treatment group. Traces and bar graph show that signaling was
preserved at the wound edge with thapsigargin, but propagation away from the edge was blocked [0.2 ± 0.1
at 150µm in thapsigargin vs. control (3.8 ± 0.7)]. D: Kymographs (ROI-independent analysis) reveal that
signal propagation is blocked with thapisgargin but remains with removal of external calcium (0Ca2+ +
EGTA), while treatment with 0Ca2+ + EGTA blocked persistent calcium at the wound edge. E:
Maximum distance was calculated from kymographs for each group and parallel ROI-based analysis
(control: 432.4 ± 38.2µm, thapsigargin: 61.8 ± 7.6µm, 0Ca2+ + EGTA: 593.7 ± 6.6µm,
thapsigargin/0Ca2+ + EGTA: 0 ± 0µm). F: Total calcium persistence from kymographs was also
quantified and show that persistent calcium was inhibited in 0Ca2+ + EGTA treated groups (120.4 ±
9.1sec) compared with control (341.2 ± 76.3sec) and thapsigargin (327.9 ± 97.3). Data presented as mean
± standard deviation. *indicates significance from control, P < 0.05 via one-way ANOVA with a post-hoc
Tukey’s honest difference criterion. N.S. indicates no significant difference. Data represent N=9 in total
from 3 independent experiments for each group.
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FIGURE 4.14: Manually selected ROI-based quantification zero calcium and thapsigargin treated
groups.
Scratch assay data (ΔF/F) from cells at the wound edge (A) and neighboring cells (B) were plotted up to
400 seconds and show traces for control, thapsigargin, 0Ca2+ + EGTA, and thapsigargin/0Ca2+ + EGTA
treated groups. C: Peak ΔF/F for cells at the wound edge [control: 2.7 ± 0.1, thapsigargin: 1.5 ± 0.3,
0Ca2+ + EGTA: 2.0 ± 0.4, and thapsigargin/0Ca2+ + EGTA: 0.2 ± 0.1]. D: Peak ΔF/F for neighboring
cells [control: 2.2 ± 0.5, thapsigargin: 0.2 ± 0.1, 0Ca2+ + EGTA: 4.6 ± 1.1, and thapsigargin/0Ca2+ +
EGTA: 0.1 ± 0.1]. E: Persistence at the wound edge (ΔF/F at frame 360, 6 minutes) [control: 0.12 ± 0.03,
thapsigargin: 0.23 ± 0.13, 0Ca2+ + EGTA: -0.12 ± 0.08, and thapsigargin/0Ca2+ + EGTA: -0.05 ± 0.08].
Data presented as mean ± standard deviation. Data represent N=3 for control and N=4 for thapsigargin,
0Ca2+ + EGTA, and thapsigargin/0Ca2+ + EGTA treated groups. *indicates significance from control, P <
0.05 via one-way ANOVA with a post-hoc Tukey’s honest difference criterion.
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FIGURE 4.15: Automated ROI-based quantification and distance analysis of 0.01%, 0.1%, 1%
DMSO controls.
A: Scratch assay data (ΔF/F) from cells at the wound edge and neighboring cells were plotted up to 400
seconds and show traces for 0.01%, 0.1%, 1% DMSO treated controls. Peak ΔF/F for cells at the wound
edge [0.01%: 2.9 ± 0.2, 0.1%: 2.7 ± 0.7, 1%: 3.3 ± 0.5]. Peak ΔF/F for neighboring cells [0.01%: 0.8 ± 0.1,
0.1%: 0.9 ± 0.2, 1%: 1.2 ± 0.1]. Persistence at the wound edge (ΔF/F at frame 360, 6 minutes) [0.01%: 0.4
± 0.2, 0.1%: 0.3 ± 0.1, 1%: 0.5 ± 0.1]. B: Peak ΔF/F was calculated for distances at 150µm and 500µm
from the edge of the scratch and also plotted to show total distance of signal propagation to neighboring
cells away from the wound edge. Peak ΔF/F at 150µm [0.01%: 3.2 ± 0.4, 0.1%: 3.2 ± 0.4, 1%: 3.7 ± 0.3].
Peak ΔF/F at 500µm [0.01%: 0.2 ± 0.03, 0.1%: 0.4± 0.2, 1%: 0.6 ± 0.2]. Data presented as mean ±
standard deviation. Data represent N=3 for each group. *indicates significance from edge, P < 0.05 via
paired t-test.

4.3.4. Persistent calcium arises from constitutively active plasma membrane calcium
flux
We further investigated the calcium response at the wound edge using a rescue
experiment to replenish calcium after removal from the external media. We hypothesized
that in an early and terminal signaling event, persistent calcium would result from
external calcium flux across the plasma membrane via calcium permeable channel(s) that
could be inhibited by calcium removal but not rescued by calcium restoration during a
media exchange. An alternative hypothesis predicted that persistent calcium due to a
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constitutively active flux of calcium ions across the plasma membrane could be inhibited
but then rescued with calcium restoration. Indeed this alternative hypothesis was
supported in our rescue experiments where calcium removal initially blocked calcium
signaling at the wound edge, when compared with fluorescent wound edge cells in
control groups (Figure 4.16A, 3.3 minutes), but was slowly restored to persistent calcium
after media exchange with calcium containing media (Figure 4.16A, 30 minutes, arrows).
Thus, a sustained source of external calcium is necessary for persistence at the wound
edge. Quantification showed that while peak ΔF/F was significantly different at 3.3
minutes between control cells and cells treated with 0Ca2+ + EGTA (Control, 0.6 ± 0.12
vs. 0Ca2+ + EGTA, -0.2 ± 0.09), immediate restoration of calcium thereafter (media
exchange within 3.3 - 5.3 minute period) rendered the wound edge cells similar to the
control cells for persistent signal. Once external calcium was restored, there was no
apparent significant difference between conditions at either 5.3 minutes (0.4 ± 0.11 vs.
0.18 ± 0.15) or 30 minutes (0.09 ± 0.02 vs. 0.08 ± 0.01) (Figure 4.16B). Time course
trace data of ΔF/F also highlights the rapid return of Fluo-4 signal at the wound edge
upon restoration of calcium (Figure 4.16C, arrow). Importantly, this increase in ΔF/F
after calcium restoration is not simply a phenomenon across the cell population in
response to depletion of external calcium, but is also specific to cells at the wound edge
(visualized as a differential peak between values close to scratch vs. values at greater
distances, Figure 4.16D).
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FIGURE 4.16: Persistence at the wound edge is regenerated by calcium restoration.
A: Cells were incubated in 0Ca2+ + EGTA media to deplete external calcium and imaged for 30 minutes.
Compared with control, persistent calcium was clearly blocked by 200 seconds (3.3 minutes). Calcium was
then replenished in the external media via media exchange initiated at 200 seconds (3.3 minutes). This
resulted in a sudden and lasting rescue of persistent calcium in cells at the wound edge (arrows). Data was
quantified using both ROI-dependent (B, C) and ROI-independent approaches (D). Importantly,
quantification shows a differential peak ΔF/F between cells at the wound edge vs. neighboring cells (D,
0Ca2+ + EGTA at 30 minutes). Data presented as mean ± standard deviation. *indicates significance from
control, P < 0.05 via paired t-test. For ROI-based analysis (B,C), data represent N=3 [control: 0.6 ± 0.12 at
3.3min, 0.4 ± 0.11 at 5.3min, 0.09 ± 0.02 at 30min. 0Ca2+ + EGTA: -0.2 ± 0.09 at 3.3min, 0.18 ± 0.15 at
5.3min, 0.08 ± 0.01 at 30min]. For ROI-independent analysis (D), data represent N=9 in total from 3
independent experiments. Scale bar equals 200µm.

4.3.5. Intercellular communication is mediated by extracellular ATP and P2Y2
purinergic receptor
To investigate a role for a soluble external signal in our wounding system, we tested
if propagation of calcium across a monolayer was dependent on cell-to-cell contact.
Cells were first plated into two confluent populations separated by a 500µm gap.
Mechanical touch of cells on one side did not result in signal propagation across the gap
to the other side. Moreover cell scratch, a more robust mechanical stimulus that can
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transmit a calcium signal at least 500µm to neighboring cells, also did not produce signal
propagation to cells across the gap (Figure 4.17A). It is possible that any potential
soluble signal was unable to travel longer distances due to instability or degradation. We
then created a smaller 40-60µm gap by imposing a scratch wound to a cell monolayer
from end to end and tested if mechanical touch produced signal propagation (Figure
4.17B). Indeed, mechanically-stimulated cells on one side of the smaller scratch resulted
in a progressive increase in the number of cells on the other side showing intracellular
calcium signaling (Figure 4.17B, arrows). These results suggest that an external, cell-tocell contact independent signaling molecule could be mediating the signal propagation to
neighboring cells in response to wounding.
In response to mechanical stress [455] and injury [456], cells can release the
intercellular signaling molecule ATP. We therefore used the enzyme Apyrase in the
external media to cleave extracellular ATP to ADP/AMP and measured scratch-induced
signaling propagation to cells away from the wound edge (Figure 4.17C). Treatment
with Apyrase resulted in a complete block of calcium signaling in neighboring cells (peak
ΔF/F 0.06 ± 0.02 compared with edge peak ΔF/F 2.7 ± 0.5). If the signal propagation
was dependent on extracellular ATP, then by logical extension a plasma membrane
receptor activated by ATP such as a purinergic receptor was a likely candidate acceptor
of the extracellular ATP signal. In fact expression of certain P2Y family purinergic
receptors have been reported in epithelial cells [457], including P2Y2 in MCF-7 cells
[232]. We next used a pharmacologic approach to block the ATP/UTP activated P2Y2
receptor (Figure 4.17C). Like Apyrase, the specific P2Y2 receptor antagonist AR-C118925XX [458] completely blocked scratch-induced signaling to neighboring cells
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away from the wound edge (peak ΔF/F 0.1 ± 0.02 compared with edge peak ΔF/F 1.7 ±
0.4). In addition, manually-selected ROIs confirm results from automated the ROIbased approach (Figure 4.18).
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FIGURE 4.17: Signal propagation is mediated by extracellular ATP and P2Y2.
A: Cells were plated in isolation such that two confluent populations were separated by a 500µm gap. Both
mechanical touch (top) and scratch (bottom) failed to excite cells across this large gap. B: A smaller
separation (40-60 µm) between cells was then generated by scratching a cell monolayer from end to end,
and cells were mechanically stimulated on one side of the scratch wound. This resulted in a progressive
increase in the number of cells excited across the gap (arrows) suggesting that a cell junction-independent,
external signal mediated the mechanically-induced increases in intracellular calcium to neighboring cells.
C: Cells were treated with Apyrase for 10 minutes in order to cleave extracellular ATP to ADP/AMP (top
panels, Apyrase). Scratch resulted in calcium signaling at the wound edge (Peak ΔF/F 2.7 ± 0.5), but
Apyrase blocked signal propagation to neighboring cells (Peak ΔF/F 0.06 ± 0.02). Cells were then treated
with a selective and competitive P2Y2 receptor antagonist (bottom panels, AR-C 118925XX), which also
blocked signal propagation to neighboring cells after scratch (AR-C 118925XX peak ΔF/F 0.1 ± 0.02
compared with Control peak ΔF/F 1.7 ± 0.4). Data presented as mean ± standard deviation. *indicates
significance from control, P < 0.05 via one-way ANOVA with a post-hoc Tukey’s honest difference
criterion. N.S. indicates no significant difference. Data represent N=12 in total from 3 independent
experiments for each group.
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FIGURE 4.18: Manually selected ROI-based quantification and distance analysis of Apyrase and
P2Y2.
A: Scratch assay data (ΔF/F) from cells at the wound edge and neighboring cells were plotted up to 400
seconds and show traces for Apyrase and AR-C118925XX treated groups. B: Peak ΔF/F for cells at the
wound edge [Apyrase: 3.4 ± 0.4, AR-C118925XX: 1.8 ± 0.4]. Peak ΔF/F for neighboring cells [Apyrase:
0.2 ± 0.1, AR-C118925XX: 0.2 ± 0.1]. Data presented as mean ± standard deviation. Data represent N=6
for each group. C, D: Peak ΔF/F was calculated for distances at 150µm and 500µm from the edge of the
scratch and also plotted to show total distance of signal propagation to neighboring cells away from the
wound edge. For both Apyrase and AR-C118925XX treated groups, peak ΔF/F was minimal close to the
wound edge (Apyrase: 0.2 ± 0.1 at 150µm, AR-C118925XX: 0.3 ± 0.1 at 150µm) and also at far distances
(Apyrase: 0.1 ± 0.03 at 500µm, AR-C118925XX: 0.1 ± 0.1 at 500µm). E: Kymographs were generated
using y-axis time projections at each time point through 400 seconds for Apyrase and AR-C118925XX
treated groups. Kymographs show a lack of signal propagation away from the wound edge, but show
persistent calcium at the edge. Data presented as mean ± standard deviation. Data represent N=12 for each
group. *indicates significance from edge, P < 0.05 via paired t-test.
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4.3.6. Signaling in response to scratch is disrupted in multiple breast cancer cell lines
In order to investigate if this response to a mechanical stimulus has broad
significance in breast cancer, we tested our scratch assay in multiple cell lines and
quantified the resulting calcium signaling. We plated human breast MCF10A epithelial
cells and human breast MCF-7, MDA-MB-231, and MDA-MB-436 cancer cells to
confluency, loaded them with Fluo-4 and quantified time lapse images of scratch-induced
calcium (Figure 4.19). Compared with the non-tumorigenic breast epithelial cell line
MCF10A, MCF-7 cells showed increased peak ΔF/F in wound edge cells (MCF10A vs.
MCF-7: 3.6 ± 0.2 vs. 6.1 ± 0.8), peak ΔF/F in neighboring cells (MCF10A vs. MCF-7:
0.8 ± 0.2 vs. 1.8 ± 0.4), and long term persistence (ΔF/F at 6 min) (MCF10A vs. MCF-7:
0.3 ± 0.1 vs. 0.5 ± 0.1). Interestingly, signaling to neighboring cells and long term
persistence was almost entirely blocked in MDA-MB-231 and MDA-MB-436 cells
(Neighbors MCF10A vs. 231: 0.8 ± 0.2 vs. 0.26 ± 0.2. Persistence MCF10A vs. 231: 0.3
± 0.1 vs. 0.01 ± 0.1) (Neighbors MCF10A vs. 436: 0.8 ± 0.2 vs. 0.08 ± 0.04. Persistence
MCF10A vs. 436: 0.3 ± 0.1 vs. 0.06 ± 0.08). Peak signaling in edge cells was not
significantly different between MCF10A and MDA-MB-231 cells (3.6 ± 0.2 vs. 3.3 ± 0.7,
respectively), but reduced in MDA-MB-436 cells (3.6 ± 0.2 vs. 1.2 ± 0.3, respectively).
Total distance of signal propagation away from the wound edge was then plotted for each
cell line tested. In agreement with the measured peak ΔF/F for neighboring cells, the
propagation of signal across the cell monolayer was enhanced with MCF-7, but
diminished in MDA-MB-231 and MDA-MB-436 (Figure 4.19C and 4.19D). Traces and
bar graphs show that signaling to neighbors is differentially propagated between cell
lines, with MDA-MB-231 and MDA-MB-436 showing a reduced intercellular signaling
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between neighboring and wound edge cells (Figure 4.19C) [Peak ΔF/F at 150µm
(MCF10A 2.9 ± 0.4, MCF-7 6.0 ± 0.9, 231 1.9 ± 1.0, 436 0.3 ± 0.2) and Peak ΔF/F at
250µm (MCF10A 1.8 ± 0.4, MCF-7 4.3 ± 0.9, 231 0.4 ± 0.5, 436 0.2 ± 0.1)].

109

A.

B.
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C.

FIGURE 4.19: Signaling in response to scratch is disrupted in multiple breast cancer cell lines.
A: Traces show ΔF/F plotted through time for wound edge cells (upper traces) vs. neighboring cells (lower
traces) in human breast MCF10A epithelial cells and human breast MCF-7, MDA-MB-231, and MDAMB-436 cancer cells. B: Summary of peak ΔF/F analysis from wound edge cells and neighboring cells,
and persistent calcium signaling at 6 minutes, for each cell line tested. Compared with non-tumorigenic
breast epithelial cells (MCF10A), the three breast cancer cell lines showed significantly different signaling
in response to scratch. MCF-7 cells showed an increased scratch-induced intracellular calcium in both
wound edge and neighboring cells, as well as increased persistent calcium signaling. All of these
parameters were significantly decreased in MDA-MB-231 and MDA-MB-436, compared with MCF10A
(with exception of Edge peak ΔF/F MCF10A vs. 231). C: Total distance of signal propagation away from
the wound edge was plotted for each cell line tested. Traces and bar graphs show that signaling to
neighbors is differentially propagated between cell lines. Compared with MCF10A, MDA-MB-231 and
MDA-MB-436 cells show a diminished intercellular signaling between neighboring and wound edge cells,
while this is enhanced in MCF-7 cells. D: Kymographs (ROI-independent analysis) reveal similar
mechanisms quantified using ROI-dependent analysis. Signaling across the cell monolayer in response to
scratch is enhanced in MCF-7 cells compared with MCF10A, while it is severely reduced in MDA-MB-231
and MDA-MB-436 cells. Kymographs also show a reduced long term persistent signaling for MDA-MB231 and MDA-MB-436 cells. Data presented as mean ± standard deviation. Unless noted by N.S., all
values are significantly different with significance set at P < 0.05 via one-way ANOVA with a post-hoc
Tukey’s honest difference criterion. N.S. indicates no significant difference. Data represent N=10
(MCF10A), N=14 (MCF-7), N=10 (231), N=15 (436) in total from 2 independent experiments for each
group.
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4.3.7. P2Y2 dependent signaling is conserved in breast cancer cells
We assessed whether both normal epithelial breast cells and tumorigenic cells
operated by similar mechanisms of signaling to neighboring cells to that of MCF-7 cells.
We used an identical pharmacologic approach to block the P2Y2 receptor with the
specific antagonist AR-C-118925XX (Figure 4.20) [Data presented as cell line vs.
treatment with AR-C-118925XX: Peak ΔF/F at Edge (MCF10A: 3.6 ± 0.2 vs. 0.7 ± 0.2,
231 3.3 ± 0.7 vs. 1.5 ± 0.2, 436 1.2 ± 0.3 vs. 0.9 ± 0.2) and Peak ΔF/F at Neighbors
(MCF10A: 0.8 ± 0.2 vs. 0.01 ± 0.01, 231 0.26 ± 0.2 vs. 0.03 ± 0.02, 436 0.08 ± 0.04 vs.
0.09 ± 0.04)]. We find that inhibition of P2Y2 receptors blocked calcium signal
propagation to cells away from the wound edge in MCF10A and MDA-MB-231 cells,
however there was no significant differences detected in MDA-MB-436 (Figure 4.20A).
It is likely that differences weren’t measurable in MDA-MB-436 cells due to the already
diminished signaling between neighboring cells under untreated conditions.
Interestingly, kymographs reveal, in some cases, that it is possible for MDA-MB-436
cells to show signaling to neighboring cells can occur (albeit drastically reduced) and that
treatment with AR-C-118925XX can result in a complete inhibition of signaling away
from the wound edge (Figure 4.20B).
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A.

B.

FIGURE 4.20: P2Y2 dependent signaling is conserved in breast cancer cells.
MCF10A, MDA-MB-231 and MDA-MB-436 cells were treated with a selective and competitive P2Y2
receptor antagonist (AR-C 118925XX) in order to test if scratch-induced signaling to neighboring cells was
dependent on P2Y2. A: Both MCF10A and MDA-MB-231 cells show a significant reduction in signaling
to neighbors compared with control (signaling to neighbors in absence of AR-C 118925XX), suggesting a
similar mechanism. Data show no significant difference in neighboring cells peak ΔF/F between control
and P2Y2 inhibition for MDA-MB-436, however this is likely due to a lack of signaling to neighbors at
baseline (control). B: Kymographs (ROI-independent analysis) highlight inhibition of scratch-induced
signaling to neighbors with selective P2Y2 antagonist. Data presented as mean ± standard deviation.
*indicates significance, P < 0.05 via paired t-test. N.S. indicates no significant difference. Data represent
MCF10A (N=10 control and N=10 inhibitor), 231 (N=10 control and N=10 inhibitor), 436 (N=15 control
and N=10 inhibitor) in total from 2 independent experiments for each group. Control data from Figure 4.19
was used for comparison here.
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4.4. Discussion
Our collective data describe the early mechanotransduction signaling events in
response to scratch wounding in breast cancer cells (Figure 4.21). In human breast
cancer cells, scratch wounding resulted in calcium signaling at the immediate wound
edge followed by activation in distant cell neighbors, a spatiotemporal mechanism
mediated by extracellular ATP signaling and P2Y2 receptors. Intercellular signaling was
dependent on endoplasmic reticulum calcium stores, either internal or external calcium
was sufficient for scratch-induced increases in cytosolic calcium in cells at the wound
edge, and external calcium was necessary for persistent signaling at the wound edge.
These findings establish the key early mechanisms of scratch-induced calcium signaling
in breast cancer cells that could represent a variety of therapeutic points of entry to target
potential oncogenic pathways spanning across diverse cellular events such as invasion,
migration, cell cycle progression and cell death. Indeed, the reduction in signaling
observed in cell lines that exhibit the most aggressive phenotypes (e.g. metastatic
potential) not only suggest a selective advantage for inhibiting mechanically-activated
signaling, but serve as a starting point for the design of therapeutic intervention in this
pathway.
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Model for mechanically sensitive calcium signaling
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FIGURE 4.21: Model for scratch-induced calcium signaling.
Breast cancer cells respond to mechanical scratch with the rapid (within seconds) initiation of calcium
signaling. Scratch-induced calcium from cells closest to the scratch edge (edge cells) is mediated by
constitutive flux of calcium from extracellular sources, and precedes signaling to cells away from the
scratch edge (neighbor cells). Signaling to neighbors occurs through an extracellular ATP-dependent
activation of P2Y2 GPCR activation and release of intracellular calcium. These mechanisms provide a
detailed model for determining underlying phenotypic differences between normal cells and cancer cells.
Still, questions of mechanism remain including, which channel flux extracellular calcium in edge cells,
what the mechanism for ATP release is, among others.

Signaling pathways and resulting cellular responses are often regulated by protein
signaling complexes or enzymes, which are themselves controlled via post-translational
modifications or varying conformational states. In contrast, calcium ions remain
unaltered, yet are ubiquitous signaling molecules that regulate a variety of cellular
processes across many tissue types. The specificity of calcium signaling to certain
cellular pathways is thought to come from its characteristics; the cell can differentially
respond to and initiate calcium signals of varying amplitude, sub-cellular location,
persistence, and frequency (e.g. oscillations) [103, 110, 459]. For example, cell
migration is dependent on rear-to-front calcium gradients [144, 150], cytosolic calcium
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oscillations drive invadopodia formation [66], and persistent cytosolic calcium or
mitochondrial calcium overload can trigger necroptotic [460] or apoptotic [58] pathways.
Calcium remodeling (i.e. changes in channel expression and/or directly measured calcium
signaling) is observed in cancer cells and often correlates with oncogenic advantages (e.g.
increases in metastatic potential or resistance to cell death) [145, 146]. This calciumcancer relationship can even be extended to specific types of calcium signaling such as
store-operated calcium entry, calcium oscillations, or sensitivity to ATP-stimulated
calcium signaling [143]. The quantitative methods we have established here will provide
the detail necessary to distinguish how breast cancer cells are responding to either
transient P2Y2-dependent calcium signaling, or to persistently elevated calcium.
The advantage of scratch wound-dependent calcium signaling in cell monolayers is
that it allows for observation and manipulation of population signaling. Moreover, this
can be extrapolated to tissue level and even directly observed in vivo [461]. The
implications for tumor biology are clearly evident when considering the complexity of
signaling in the tumor microenvironment, in which calcium may play an essential role
[147]. In fact, methods for measuring calcium signaling in viable tumor slices have
already been presented as proof of concept [462]. The connection between mechanical
wounding in cell monolayers and calcium signaling has been previously shown in many
cell types, including astrocytes [463, 464], hepatic cells [465], keratinocytes [466],
endothelial cells [450], and various epithelial cells [449, 461, 467]. However, this has
not been extensively characterized in mammary cells and to the best of our knowledge
has only been briefly presented in single figure format from either mouse [468] or human
[445] cells. Considering scratch wound-dependent calcium signaling in a broad sense
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across different epithelial cell types, the signaling mechanisms in mammary epithelial
cells most closely resemble that of urothelial cells as described by Shabir and Southgate
[469]. They described wound-dependent calcium signaling across cell monolayers,
persistent calcium at the wound edge, and purinergic signaling. However, in many
instances, they lacked sufficient quantification and selective inhibitors, which could
explain the partial dependence of signal propagation to distant neighbors on both IP3
receptors and purinergic signaling (about 50% reduction when separately targeted
pharmacologically). Aside from cell-type differences, what was particularly evident in
our system was the reliable and complete inhibition of signal propagation when using
pharmacologic intervention, which identified the P2Y2 receptor as an essential
mechanism of intercellular communication. These easily quantifiable differences suggest
a robust experimental system. In terms of cancer biology, this clear inhibition could also
represent a dependence on specific signaling pathways for proliferation, survival, or
metastasis, and would thus be an attractive therapeutic avenue. For example, published
data suggest that in vitro cell migration (on the timescale of days) is dependent on
extracellular calcium via the calcium sensing receptor in breast cancer [470], and in nonmalignant keratinocytes migration (over 6-9 hours) requires mechanically activated ATP
and P2Y-dependent calcium waves [466]. Finally, our novel approach to quantification
using custom programming allowed us to rigorously test the early calcium signaling
mechanisms that could underlie these long-term roles of calcium, but were not resolved
with the longer time-frame of the previous studies.
What is particularly interesting is the connection between changes in calcium and
EMT. EMT is a cell program that is involved in development and wound healing, and
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results in the breakdown of cell junctions followed by increased cell proliferation,
migration, and expression of stem cell markers. EMT is also thought to be a major
component of breast cancer transformation, progression and drug resistance. Work
linking EMT and changes in calcium in several breast cancer cell lines has been nicely
reviewed by Azimi and Monteith [151]. For example, 1 hour chelation of intracellular
calcium is able to block the ability of epidermal growth factor (EGF) to induce EMT cell
modifications (measured 24 hours later) [445]. This could possibly be further linked to a
specific amplitude in calcium signaling, since ATP-stimulated calcium resulted in a
larger peak calcium but could not induce EMT markers such as vimentin [445].
Furthermore, changes in purinergic receptor-stimulated calcium signaling is associated
with EMT and that targeting P2Y6 [209] or P2X5 [471] receptors reduced vimentin
expression, induced by 48 hour hypoxia or 24 hour EGF stimulation respectively.
We applied our mechanical stimulus and in depth analysis to multiple breast cancer
cell lines (MCF-7, MDA-MB-231, and MDA-MB-436) and compared them with an
immortalized non-tumorigenic control cell line (MCF10A). Compared with MCF10A
cells, we find that MCF-7 cells show an enhanced signal in the three main parameters
measured: peak signaling in wound edge cells, peak signaling in neighboring cells, and
long term persistence in wound edge cells. Conversely, we have observed a greatly
reduced signaling in neighboring cells and long term persistence for MDA-MB-231 and
MDA-MB-436 cells. This finding is significant because MDA-MB-231 and MDA-MB436 cells are considered some of the most aggressive cell lines due to their increased
capacity for tumor formation and ability to metastasize. Moreover, these cells have
undergone permanent EMT, while MCF10A and MCF-7 have not. While calcium may
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play a role in the induction of EMT [445], its long term role may be less clear since
mechanically-activated calcium is disrupted or lost in these cells as observed in the
current study. Observed cancer cell phenotypes are typically a selective advantage for
survival and drug resistance, and so what advantage this altered calcium signaling gives
to these cells is of particular interest. One thought is that disruption of calcium signaling
to neighboring cells may be why MDA-MB-231 and MDA-MB-436 cells are more
metastatic. Intracellular calcium positively regulates cell to cell adhesion in
fibroblasts[472], while metastasis requires the downregulation of cell to cell contacts with
neighbors so that cells can migrate away. It is possible that this is achieved at the level of
calcium and intracellular communication (e.g. ATP-induced calcium signaling).
The process of normalizing to baseline fluorescence (ΔF/F0) corrects for differences
in sample-sample dye concentration, however there are some limitations. The expected
result is that the fluorescence reflects the changes in intracellular calcium concentration.
This approach relies on the assumption that cells within a sample (i.e. cells in a
monolayer) homogeneously uptake the calcium sensitive dye Fluo-4. In addition, it is
possible for variation of intracellular dye concentration to occur from sample to sample,
despite that equal loading (molar amount and incubation duration) is controlled
experimentally. This could be due to differences in a cell’s ability to uptake the dye
across the cell membrane, ability to trap the dye intracellularly and convert the dye to a
calcium-sensitive form (i.e. expression of esterases), differences in dye leakage or
clearance, dye compartmentalization or photobleaching due to repetitive exposure to the
excitation source [473]. The ΔF/F0 normalization is a simple and efficient method for
studying changes in calcium between experiments, but at the expense of neglecting
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information on the resting levels of intracellular calcium [140]. Differences in peak ΔF/F
in any particular cell or region could be due to a variety of mechanisms, such as an
increased release of calcium (e.g. increased expression of IP3 and/or RyR receptors or
increased calcium concentrations), but ΔF/F cannot answer these mechanisms directly.
Despite such limitations, we can still be confident that the spatial (spread to neighbors)
and temporal (persistence) differences between cell lines are independent of issues with
the dye. This is because it is very unlikely that the dye could load/convert specifically in
certain areas over others within a sample and the extent of the Fluo-4 photobleaching is
negligible in our conditions (Figure 4.2).
The connections between mechanically-activated ATP signaling, purinergic
receptors, calcium signaling, and EMT in in vitro cancer biology are mounting, but are
still not well-defined. The real-time scratch assay established here provides
comprehensive quantitative data, enabling identification of the molecular mechanisms
that support rapid scratch-induced calcium signaling in breast cancer cells. These
mechanisms now provide a clear framework for investigating which short-term calcium
signals promote long-term changes in cancer cell biology.
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Chapter 5
SLED to investigate mechano-calcium and responsiveness
5. Abstract
Changes in the mechanical microenvironment and mechanical signals are observed
during tumor progression, malignant transformation, and metastasis. In this context,
understanding the molecular details of mechanotransduction signaling may provide
unique therapeutic targets. Here we report that normal breast epithelial cells are
mechanically sensitive, responding to mechanical stimuli through a two-part calcium
signaling mechanism. We observed an immediate, robust rise in intracellular calcium
(within seconds) followed by a persistent extracellular calcium influx (up to 30 minutes).
This persistent calcium was sustained via microtubule-dependent mechano-activation of
NADPH oxidase 2 (NOX2)-generated reactive oxygen species (ROS), which acted on
TRPM8 channels to prolong calcium signaling. In contrast, the introduction of a
constitutively-active oncogenic KRas mutation inhibited the magnitude of initial calcium
signaling and severely blunted persistent calcium influx. The identification that
oncogenic KRas suppresses mechanically-induced calcium at the level of ROS provides a
novel mechanism for how KRas could alter cell responses to tumor microenvironment
mechanics and may reveal new chemotherapeutic targets for cancer. Moreover, we find
that expression changes in both NOX2 and TRPM8 mRNA predicts poor clinical
outcome in estrogen receptor (ER) negative breast cancer patients in vivo, a population
with less available treatment options. The clinical data suggests a disruption of this
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mechanically-activated pathway in breast cancer patients, which is correlated with
reduced overall survival.

5.1. Introduction
While cancer cells achieve uninhibited cell survival and increased capacity for
metastasis through genetic instability, mounting evidence suggests that signaling from the
cellular microenvironment can positively enhance these functions, including extracellular
mechanical signals (reviewed in [439, 440, 474]). Prior to the onset of tumor formation,
mammary stiffness and density are risk factors for malignant transformation [383, 390].
During the progression of breast epithelial tumors, chronic alterations of mechanical
signals and the mechanical microenvironment are observed; this includes increased
stiffness [353, 394-396], increased interstitial fluid pressure [408-410], increased solid
stress [366, 424], and modified extracellular matrix (ECM) [389, 395, 475]. At the
cellular level, the mechanical environment can be manipulated in vitro (i.e., 2D or 3D
stiff substrates) to either promote malignant transformation of normal mammary
epithelial cells [263, 352, 404, 405] or enhance malignant function of cancer cells (e.g.,
invasion [476], migration [477, 478], proliferation [479], and multinucleation [480]).
These long-term modifications to environmental mechanical properties highlight the role
of mechanical signaling in cancer initiation and progression. However, activation of
mechanotransducers and subsequent intracellular biochemical mechanotransduction
pathways operate on much faster timescales, which are comparatively less studied in
cancer biology and are often not integrated in studies on chronic remodeling of the tumor
mechanical microenvironment. In non-tumorigenic cells, some of the earliest signaling

121

events that can occur in response to a mechanical stimulus are the unfolding of proteins
[304, 481-483], initiation of ionic currents (e.g. calcium) [280, 484] or generation of
reactive oxygen species (ROS) signaling [251].
Rapid mechanical activation of ROS and calcium signaling (X-ROS) occurs in
muscle [251, 356, 485] and bone [250], however these early mechanically-induced
signaling pathways are generally unexplored in the epithelial cell types that give rise to
carcinomas, which are responsible for more than 90% of human solid tumors [53].
Defining the molecular mechanisms of rapid mechanochemical signaling in epithelial
cells will help clarify how oncogene activation could alter interactions between cancer
cells and the tumor mechanical microenvironment. Thus, we developed a new method
for tracking calcium signaling following transient mechanical stimulation in mammary
epithelial cells. This approach revealed alterations in calcium signals caused by
oncogene expression. Specifically, we report here that human breast epithelial MCF10A
cells initiate calcium signaling within seconds in response to a mechanical stimulus, but
this calcium response remains persistent for at least 30 minutes. In contrast,
overexpression of a constitutively-active KRas oncogene inhibits the responsiveness to
mechanical stimulation, by reducing the ability of cells to respond to the ROS component
of the signaling pathway. We determined that the persistent intracellular calcium is
sustained by the generation of ROS via reduced-form nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase 2 (NOX2), a process that is dependent on microtubules and
consistent with the mechanotransduction signaling mechanisms defined in muscle and
bone [250, 251, 356, 485]. Moreover, data reveal that NOX2-generated ROS acts on
transient receptor potential cation channel subfamily M member 8 (TRPM8) channels to
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prolong mechanically-activated calcium. Further significance of this signaling pathway
in cancer is highlighted by patient data which shows that the combination of changes in
NOX2/TRPM8 expression in estrogen receptor negative (ER-) breast cancer patients is
correlated with poor overall survival (Hazard Ratio = 2.4). We posit that these changes
in the mechanical responsiveness of malignant cells by oncogenic KRas could distort the
sensing of physical signals in the tumor microenvironment.

5.2. Methods
5.2.1 Cell culture
Human breast MCF10A epithelial cells were obtained from the American Type
Culture Collection. Cells were periodically observed for mycoplasma contamination and
have tested negative. Cells were maintained at 37oC, 5% CO2 in Dulbecco’s Modified
Eagle Medium / F12 + GlutaMAX (Gibco 10565-018) supplemented with 5% horse
serum (Invitrogen 26050-088), 1% penicillin-streptomycin (Gemini Bioproducts 400109), 20ng/ml recombinant human epidermal growth factor (Gibco PHG0311), 0.5mg/ml
hydrocortisone (Sigma Aldrich H-0135), 100ng/ml cholera toxin (Sigma Aldrich C8052), 10µg/ml insulin (Sigma Aldrich I-9278). To maintain stocks, cells were passaged
using a brief wash in phosphate-buffered saline (PBS) (Quality biological 114-058-101)
followed by incubation with 0.25% Trypsin and 2.21mM ethylenediaminetetraacetic acid
(EDTA) (Corning 25-053-CI) at 37oC, 5% CO2.
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5.2.2 Collagen coating
For most experiments, cells were plated to confluency overnight in soft substrate 6well plates containing a 0.5mm biocompatible silicone layer of elastic modulus 0.2kPa
(Advanced Biomatrix CytoSoft 6-Well Plate, Elastic Modulus 0.2kPa, 5165). For a
subset of experiments, cells were plated on plates containing substrates of varying
rigidities (elastic moduli 0.2, 0.5, 2, 8, 16, 32, 64kPa, Advanced Biomatrix CytoSoft
Discovery Kit 6-Well Plates, 5190). These commercial plates require coating with matrix
proteins per manufacturer’s instructions, plates were coated with 2.63µg/cm2 Mouse
Collagen IV (Corning 354233). Stock collagen was thawed slowly by submerging in ice
and storing at 4oC until thawed (about 5 hours) and was aliquoted for storage at -80oC.
Working aliquots were thawed at room temperature and diluted in UltraPure distilled
water (Invitrogen, 10977-015) and 0.05M hydrochloric acid (10M, American Bio CLIA
grade, AB00831-01000). The collagen solution was added to 6-well plates at 4ml/well to
cover the entire well for 5 hours at room temperature before plating cells. The
approximate ratio used is 50µl Collagen IV : 50µl HCL : 10ml water, but the volume of
collagen will ultimately depend on the parameters of equation 5.1. Each well was then
briefly washed with UltraPure distilled water and cells were plated overnight to
confluency.

Aliquot Size
(ml)

x

Collagen Stock
Concentration
(µg/ml)

x

Volume Per Well
(ml) / Total Volume
(ml)

Equation 5.1
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x

1 / Area of Well
(cm2)

=

Collagen Density
(µg/ cm2)

5.2.3 PTEN-/- and KRas mutations
The creation of cells and tumorigenic capacity is described in [486] and metastatic
capacity in [487]. Human breast MCF10A cells were used as a normal breast epithelial
control and two mutations were introduced (PTEN-/- and activated KRas overexpression)
to mimic the deregulation of two common pathways commonly seen in breast cancer; the
phosphatidylinositol 3-kinase (PI3K) pathway and the Ras/MAPK pathway. The creation
of the PTEN-/- cells has been described previously [488]. Briefly, heterozygote clones
were created as previously described [489] and confirmed individual single cell PTEN+/clones were infected with an adeno-associated virus that was generated using an AAV
Helper-free system to target specific intronic sequences flanking exon 2 within the PTEN
gene. Individual G418-resistant clones were tested via PCR for the presence of the
correct incorporation of the Neomycin resistance gene in place of the exon 2 of PTEN.
Positive clones were treated with a Cre recombinase virus to excise the IRES-neoR gene.
The 10A-KRas lines were constructed by retroviral infection of the oncogenic
KRas(G12V) gene. The pLXSN retroviral vector containing KRas(G12V) was a
generous gift from Dr. Ben Ho Park (Vanderbilt University). Retroviral particles were
generated using the AmphoPack-293 cells (Clontech) following manufacturer’s
instructions. MCF10A cells were infected with the retrovirus in combination with
8µg/ml polybrene and selected with 0.12µg/ml neomycin after 48 hours. Activated KRas
overexpression was verified by Western blot using primary antibodies against KRas
(clone 234, MilliporeSigma), phosphorylated extracellular signal-regulated kinase 1/2
(pERK1/2) (Cell Signaling), and ERK1/2 (Cell Signaling).
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5.2.4 Reagents and Application
Prior to imaging, cells were loaded using 4µM Fluo-4 AM (a cytosolic and calcium
sensitive dye, Life Technologies F14201) in Hanks Balanced Salt Solution containing
calcium (HBSS+Ca2+, Gibco 14025-092) for 30 minutes and washed in 1mL HBSS+Ca2+
for 30 minutes. This final wash was used during imaging unless otherwise stated. To
measure compromised cell plasma membranes, 1.5µM propidium iodide (PI, Sigma
Aldrich P4864) was added to the final wash step. For depletion of internal cellular
calcium stores, cells were treated with 2µM thapsigargin (Sigma Aldrich T9033) for 10
minutes prior to dye loading, washing, and imaging. To deplete external calcium stores,
dishes were washed twice briefly in 1mL Hanks Balanced Salt Solution without calcium
(HBSS-Ca2+, Gibco 14025-092) supplemented with 100µM ethylene glycol-bis(βaminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA) (Sigma Aldrich E3889) and then
washed in a final 1mL HBSS-Ca2+ for 5 minutes prior to imaging. Apyrase (Sigma
Aldrich A6535) was reconstituted to 10units/mL in HBSS+Ca2+ and used to cleave
extracellular ATP to ADP/AMP. After dye loading and washing, dishes were incubated
in 1mL Apyrase (10units) for 10 minutes prior to imaging, without washout. For
introduction of reactive oxygen species (ROS) to cells, hydrogen peroxide (H2O2, Sigma
Aldrich 21673) was diluted to a 20mM stock in HBSS+Ca2+ and added for a final 10mM
concentration to cells during imaging of Fluo-4 fluorescence. Addition of HBSS+Ca2+
alone (“Media Alone”) or the absence of any intervention (“No Intervention”) were used
as controls. To inhibit ROS, cell imaging media was replaced with 40mM Nacetylcysteine (NAC, USP Reference Standard 1009005) in Ringer’s solution for 5
minutes prior to imaging. An inhibitory peptide GP91ds-TAT (Anaspec, AS-63818) that
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specifically blocks NOX2 activity [490], was added to the cells at 1.5µM in HBSS+Ca2+
for 5 minutes prior to imaging. Colchicine (Sigma Aldrich C9754) was used to
specifically depolymerize microtubules, and cell imaging media was replaced with
200µM in HBSS+Ca2+ for 10 minutes prior to imaging. Parthenolide (Sigma Aldrich
P0667) decreases detyrosination (-deTyr), a microtubule stabilizing post-translational
modification, and cell imaging media was replaced with 200µM in HBSS+Ca2+ for 10
minutes prior to imaging. In order to target transient receptor potential (TRP) channels,
two non-specific TRP inhibitors were used 2-Aminoethoxydiphenylborane (2-APB)
(200µM for 10 minutes, Tocris 1224) and Ruthenium Red (RR) (30µM for 30 minutes,
Tocris 1439). A potent and selective transient receptor potential cation channel
subfamily M member 8 (TRPM8) antagonist RQ-00203078 was used to target TRPM8
(25µM for 20 minutes, Tocris 5388). Because some stock solutions of inhibitors were
reconstituted in dimethyl sulfoxide (DMSO) (Sigma Aldrich 276855), a 5% DMSO in
HBSS+Ca2+ control was used to test for effects of DMSO. Final working concentrations
of DMSO for inhibitors used in data collection were much less than 5% DMSO.
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FIGURE 5.1: Methods for manipulating cellular components.
Thapsigargin, 0Ca2+ + EGTA, 2-Aminoethoxydiphenylborane (2-APB), ruthenium red, RQ-00203078
(TRPM8i), hydrogen peroxide (H2O2), N-acetylcysteine (NAC), GP91ds-TAT, Colchicine, and
Parthenolide were used as described in 5.2.4 Reagents section of methods and mechanisms of action are
visually shown in the graphic. Arrows indicate positive action or movement. Bar-headed lines indicate
inhibition.

5.2.5 Scratch on low elastic dishes (SLED) and dishes of increasing stiffness
Pipette fabrication, confocal imaging, and pipette manipulation is identical to
methods for the real-time scratch assay and is described in detail in section 4.2 Methods.
However, these methods are described again briefly and include new detail and
modifications. SLED is possible when cells are plated on low elastic substrates (0.2kPa,
Advanced Biomatrix 5165) however a subset of experiments used substrates of
increasing stiffness (elastic moduli 0.2, 0.5, 2, 8, 16, 32, 64kPa, Advanced Biomatrix
5190) using identical methods otherwise. Glass capillaries (Warner Instruments
Borosillicate Glass Model No: G150-4, Order No: 64-0772, Outer Diameter: 1.5mm,
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Inner Diameter: 0.86mm) were pulled and fire polished such that the end of the pipette tip
was melted and sealed to a ~160µm rounded, bulbous end (as opposed to 60µm end
diameters for scratch assays) (Figure 5.2). Pipettes were attached to a motorized
micromanipulator (Sutter Instrument MP-225) used to maneuver the pipette in x, y, and z
directions. Experiments were conducted on an Olympus IX81 microscope with a
Fluoview FV1000 confocal laser scanning system at room temperature. 512 x 512 pixel
images with 2.485µm/pixel spatial scale were collected at 2.0µs sampling speed using a
10x objective and 0.4 numerical aperture. Cells were brought into focus based on the
brightest baseline Fluo-4 intensity before pipette stimulation.

Size of pipette measured in
Fluoview software, 10x objective

Size of pipette measured in NARISHIGE
Microforge, 5x objective (15x
eyepiece)

FIGURE 5.2: Pipette shape and size.
Images show glass capillaries that were pulled and fire polished such that the end of the pipette tip was
melted and sealed to a rounded, bulbous end. Pipettes were used to mechanically stimulate cells plated on
0.2kPa elastic dishes, a method termed Scratch on Low Elastic Dishes (SLED).
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As visualized in light microscopy, the glass pipette was then used to compress the
cell monolayer outside of the confocal scan area (Figure 5.3). Too much cell
compression can result in cell rupture and death, while too little cell compression can
result in suboptimal SLED-stimulated Fluo-4 (i.e. less cells stimulated or a “thinner”
stripe of SLED stimulated Fluo-4 signal). Cell monolayer compression can be achieved
consistently and reliably with the proper approach using focal landmarks in the pipette to
set pipette depth with respect to the cells (Figure 5.4A). The void area of the inner
pipette will present as a dark “triangle” as it tapers to a point toward the tip of the pipette,
which occurs during the melting process. This area can be clearly brought into and out of
focus and serve as a landmark for proper pipette depth. With the cells first in focus, the
pipette can then be brought into focus. Once in dual focus, the resulting SLEDstimulation and SLED-stimulated Fluo-4 signal will generally be ideal, as is highlighted
by consistently low variability in biologically and technically replicated SLEDstimulated ΔF/F from MCF10A control cells in section 3.3 Results. However, if too
much cell compression and resulting cell rupture or too little cell compression and
resulting suboptimal SLED-stimulated Fluo-4 occur, then the focal landmarks of the
pipette can be slightly adjusted in order to adjust pipette depth. One final note, the void
areas of the inner pipette can have different characteristics from pipette to pipette (Figure
5.4B) and each pipette may require individual familiarity between landmark focus, cell
viability and resulting ΔF/F data.
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Looking through the microscope, the tip of the pipette will be to the left edge of view,
but during laser scan it will be just out of view. This allows for indentation of cells
before initiation of SLED and confocal scanning.

FIGURE 5.3: Pre-SLED pipette positioning outside of the confocal scan area.
During application of Scratch on Low Elastic Dishes (SLED), the pipette is positioned outside of the
confocal scan area, as seen in the image, which is slightly smaller than that of the viewing area through the
microscope optics. This presents an advantage whereby the cell monolayer can be compressed outside of
the confocal scan area and thus resulting Fluo-4 signals from compressed cells are not collected on the
confocal detector. The lack of Fluo-4 signals at the initiation of confocal scanning for one to several
frames function to yield baseline measurements for calculating ΔF/F. Then the pipette can be maneuvered
in the x-direction for stimulation of cells across the confocal scan area and resulting Fluo-4 signals will be
detected for the remainder of the total scan time.
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A.

Out of focus

In focus

B.

FIGURE 5.4: Pipette focus for proper cell compression before initiation of SLED.
A: The void area of the inner pipette will present as a dark “triangle” as it tapers to a point toward the tip of
the pipette, which occurs during the melting process. This area can be clearly brought into and out of focus
and serve as a landmark for proper pipette depth. By focusing on the cells and then the pipette landmark as
it is maneuvered in the z-direction toward the cells, the resulting depth will be optimal for mechanical
stimulation by SLED and Fluo-4 signals for data collection. B: Pipette focal landmarks will have different
appearances due to the individual characteristics of any particular pulled pipette as shown by the three
examples pictured.

Confocal time series imaging was immediately initiated (200 frames at 2 second
frame rate) and the pipette was maneuvered in the x direction until a scratch was applied
across the entirety of the cell monolayer in view. The pipette remained in its final place
until completion of imaging. For treatment with inhibitors, the final 1mL HBSS+Ca2+
wash (after Fluo-4 dye loading) was replaced with 1mL HBSS+Ca2+ containing the
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respective molar concentration of inhibitor for 5-10 minutes prior to initiation of confocal
time series imaging and pipette movement. For experiments measuring 30-minute long
term calcium persistence, 450 frames were collected at 4 second frame rate.
To achieve ideal SLED-stimulated Fluo-4 signals, pipette stimulation should occur
on a confluent area of cells of ideal density. Due to uneven collagen coating, uneven cell
attachment, or formation of bubbles on the elastic silicone layers, there will be some
areas void of cells which will be void of Fluo-4 signal during SLED (Figure 5.5). These
areas of unsaturated cell density can be avoided by simply centering a confluent area of
cells with the axis of SLED stimulation.

Bubbles can create areas with uneven collagen coating resulting in an inability of cells to attach

Areas where cells didn’t attach

Tiny bubbles are visible

How collagen appears
during a wash step

Still plenty of space for SLED

FIGURE 5.5: Navigating areas for ideal SLED-stimulated Fluo-4 signal.
Images depict how an otherwise evenly confluent cell monolayer can present with areas void of cells. The
elastic silicone layer used to tune substrate stiffness can off gas bubbles (left panel) preventing the collagen
coating and cells from attaching (right panel). SLED can still be applied in evenly confluent areas centered
near the X axis of pipette movement (dotted box).
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Alternatively, cells plated too densely can result in suboptimal SLED-stimulated
Fluo-4 signal (Figure 5.6). Breast epithelial cells that are too densely populated can yield
areas of cells that are out of focus from the rest of the evenly confluent cell population
(Figure 5.6B). Therefore, when focusing on the brightest baseline Fluo-4 intensity before
pipette stimulation, some areas will present with darker Fluo-4 signal. Not only does this
affect baseline Fluo-4 signal for ΔF/F calculations but can dampen the SLED-stimulated
ΔF (Figure 5.6D).
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Confluent: even background and
SLED-stimulated Fluo-4 signal

A.

Too Dense: areas devoid of
background and SLEDstimulated Fluo-4 signal

B.

Cells in focus
Cells out of
focus

C.

D.

FIGURE 5.6: Cell density can negatively affect SLED-stimulated Fluo-4 signals.
A: Ideally, cells are plated to an evenly confluent monolayer and the resulting background Fluo-4
florescence is also even in appearance. B: When cells are plated too densely, patches void of Fluo-4
background signal can appear (compare areas within dotted circles). C: In evenly confluent cell
monolayers, the SLED-stimulated area presents as an evenly fluorescent “stripe”. D: In densely plated cell
monolayers, SLED-stimulated fluorescent stripes show patches with diminished Fluo-4 signal (arrows).
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5.2.6 ROI-based Analysis: Edge and neighbor time traces, Peak ΔF/F, ΔF/F at 6
minutes
ROI-based analysis is nearly identical to methods for the real-time scratch assay and
is described in detail in section 4.2 Methods. However, these methods are described
again briefly and include new detail and modifications. Relative change in Fluo-4
fluorescence was calculated as ΔF/F using regions of interest (ROI). Custom scripts were
written in MATLAB to automatically identify and analyze each ROI. The location of the
glass pipette tip was extracted by creating binary images from the differential interference
contrast (DIC) images acquired. The median location of this glass tip over time was used
as the centerline of the scratch for creating each ROI. In each case, a region centered on
the scratch location with width 512 pixels (the image width) and height 100 pixels was
used as the ROI for analysis of the edge. All pixels in the image not contained within the
edge ROI were used for calculations describing the neighboring regions. For each ROI,
the total intensity of pixels within the ROI was determined in each frame of the time
lapse (200 frames for 6.7-minute videos, 450 frames for 30-minute videos). This value
was converted to ΔF/F by subtracting the value of the first frame from each frame and
dividing the resulting subtracted value by the value of the first frame [ΔF/F = (F-F0)/F0].
Peak ΔF/F was determined by finding the maximum of this curve over time. The value
of the ΔF/F curve at 6 minutes (frame 180) was used as a measure of fluorescence
persistence. For SLED experiments, edge vs. neighbor ROI separation and analysis was
no longer necessary, therefore only data from “edge” ROIs (i.e. 512x100 pixel ROI was
centered using the glass pipette tip) were reported. For H2O2 experiments, there was no
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ROI chosen and total intensity of pixels for the whole image was used to calculate ΔF/F
as described above, for each frame in the time lapse.

5.2.7 ROI-independent Analysis: Distance from scratch and Kymographs
ROI-independent analysis is nearly identical to methods for the real-time scratch
assay and is described in detail in section 4.2 Methods. However, these methods are
described again briefly and include new detail and modifications. A ROI-independent
analytical approach was used to investigate the distance the fluorescence signal traveled
away from the scratch in which the value of ΔF/F was calculated for each distance from
the scratch in the image (equivalent to the calculations described above if ROIs 1 pixel in
height covered the entire image). The peak value of ΔF/F was calculated for each of
these curves and plotted as function of distance from the scratch. We present the values
of this curve at a distance of 60 pixels (150µm) away from the scratch centerline in bar
graph format to show that the signal propagates away from the scratch area. To generate
kymographs, intensity profiles were computed by taking the average pixel intensity along
the axis of the scratch or SLED area (image width) for each point along the y-axis (image
height, or perpendicular to the scratch/SLED area) at each time point (200 frames total).
The F0 y-axis intensity profile was computed using the average along the x-axis for the
first frame. Kymographs were then computed by taking the normalized y-axis profile
[ΔF/F = (F-F0)/F0] at each time point and displayed graphically [i.e. lining them up left (t
= 0 s) to right (t = 400 s)].
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5.2.8 Propidium Iodide Analysis
PI images were taken immediately before SLED and just after the end of imaging
using the same imaging parameters. The intensities of the initial image were subtracted
from the final image on a pixel-by-pixel basis and summed to calculate the total change
in intensity, ΔI. When comparing substrates of varying rigidities, ΔI was normalized by
dividing by the value of ΔI at 0.2kPa from a paired experiment.

5.2.9 Kaplan-Meier Plotter
The online Kaplan-Meier Plotter database (https://kmplot.com/analysis/) was used
to test whether NOX2 or TRPM8 mRNA expression had effects on patient clinical
outcome, specifically OS, RFS, DMFS, and PPS. The outcomes are defined as follows,
OS: Overall survival, length of time from either the date of diagnosis or the start of
treatment for cancer that patients diagnosed with the disease are still alive. RFS:
Relapse-free survival, the length of time after primary treatment for a cancer ends that the
patient survives without any signs or symptoms of that cancer. DMFS: Distant
metastasis-free survival, length of time from either the date of diagnosis or the start of
treatment for cancer, that patients diagnosed with the disease are free of a distant
metastasis. PPS: Post-progression survival, the time elapsed between tumor progression
after primary treatment and death from any cause (calculated as OS minus PFS). The
database is an online tool, based on author publications [491, 492], and was established
for research groups to assess the relevance of gene expression levels on the clinical
outcome of cancer patients. Gene expression data was downloaded from NCBI Gene
Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/) repository and only
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Affymetrix HG-U133A (GPL96) and HG-U133 Plus 2.0 (GPL570) microarray were
considered [491]. To probe for NOX2 or TRPM8 in breast cancer, the breast cancer KM
plotter tool was selected
(https://kmplot.com/analysis/index.php?p=service&cancer=breast) [42]. The Affy
id/Gene symbol was then selected for either NOX2 (203923_s_at), TRPM8 (243483_at),
or both (“use multiple genes”). Patient data was split by the median, the OS, RFS,
DMFS, or PPS was chosen, and the analysis was restricted to subtype (i.e. ER+ vs. ERstatus).

5.2.10 Statistics
Statistical analyses were performed using MATLAB. For comparison between
multiple conditions, a one-way ANOVA with a post-hoc Tukey’s honest difference
criterion was used and significance set at P < 0.05. In the case of normalized ΔI values
for substrates of varied rigidity, ANOVA calculations were performed on the log of
ΔI/ΔI(0.2kPa). For comparisons between pairs of conditions, a paired t-test was used.
Correlations (between ΔI and either peak ΔF/F in the neighbors ROI or substrate
stiffness) were calculated using the Spearman’s Rho option of the MATLAB function
corr.
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5.3. Results
5.3.1 SLED: Scratch on Low Elastic Dishes
The tumor microenvironment demonstrates increased stiffening during in vivo tumor
progression [353, 394-396] [394], which can lead to increased cellular proliferation
[479], migration [477], and invasion [476] during time courses ranging from 8 hours to 5
days. However, the rapid mechanochemical signals are not well defined in epithelial
tumor cells. Therefore, we developed an assay to test the earliest responsiveness of
epithelial cells to mechanical stimuli. Our previously described real-time scratch assay
[493] demonstrated the responsiveness of breast epithelial and breast cancer cells to
mechanical scratch through the rapid initiation (within seconds) of cytoplasmic calcium
signaling. However, scratch assays are routinely performed on rigid plastic or glass
surfaces that greatly exceed the stiffness of the tumor microenvironment, are inherently
damaging to cells and can introduce confounding elements resulting from the nonspecific dumping of cellular contents. We instead performed mechanical stimulation on
surfaces with a range of stiffnesses that more closely match the mechanical
microenvironment of the normal mammary gland, as well as stiffnesses more
characteristic of malignant tissue [396]. By applying the scratch assay on dishes of
different stiffness, we were able to isolate non-damaging from damaging mechanical
stimuli (Figure 5.7, Figure 5.8, Figure 5.9). The real-time scratch assay was applied to
Fluo-4 loaded cells plated in dishes of varying rigidity (elastic modulus 0.2 - 64kPa) and
there were two key observations recorded in the stiffest dishes compared with the softest
dishes; there was an appearance of cell damage or rupture in the scratch area (Figure 5.7
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and Figure 5.8A) and there was an initiation of calcium signaling in cells away from the
scratch area to neighboring cells (Figure 5.8A).

FIGURE 5.7: DIC images of scratch on dishes of increasing stiffness.
Differential interference contrast (DIC) images of MCF10A breast epithelial cells plated on dishes of
increasing stiffness (elastic modulus 0.2-64kPa) were taken 6 minutes after being mechanically scratched
using a blunt fire-polished glass microprobe. Within the scratch area (dotted lines), the appearance of a
scratch and cellular damage is observed on the stiffest dishes (32 and 64kPa), while the scratch area on the
softest dishes (0.2 and 0.5kPa) is no different from the rest of the monolayer. Scale bar equals 200µm.
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6 min

0.2 kPa
0.5 kPa

2 kPa
8 kPa

16 kPa

32 kPa

64 kPa

FIGURE 5.8: Scratch-induced cell signaling to neighbors is dependent on environmental stiffness.
A: Human breast epithelial MCF10A cells were loaded with the calcium sensitive dye Fluo-4, plated on
dishes of increasing stiffness (elastic modulus 0.2-64kPa) and were mechanically scratched using a blunt
fire-polished glass microprobe. At any given stiffness, scratch-induced rapid rises in intracellular calcium
(40s) were observed inside the scratch area (dotted lines), which persisted at later timepoints (6min). In
contrast, increasing substrate rigidities resulted in a wave-like pattern of calcium signaling in neighboring
cells away from the scratch area. Qualitative observation shows that the distance of the propagation of the
calcium in neighboring cells increases as the cellular environment gets stiffer. B: The absence of Fluo-4
signal in the scratch area suggested that the cells were ripped away or damaged, therefore propidium iodide
(PI) was added to the extracellular solution to measure cell death or damage to cellular membranes. Postscratch images were compared to pre-scratch images and show an accumulation of PI staining specifically
in the scratch area with increasingly stiff substrates. Increases in PI staining and calcium signaling in
neighboring cells away from the scratch area occur in parallel, thus cell damage likely mediates
intercellular signaling. Scale bars equal 200µm.
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Co-staining with propidium iodide (PI) showed that when membrane integrity was
compromised (PI-positive staining), calcium signaling occurred in neighboring cells
away from the scratch area, which was an effect primarily present in the stiff dishes but
not in the soft dishes (Figure 5.8A, Figure 5.8B, Figure 5.9A). Neighboring signaling
across the different substrates was then quantified (Figure 5.9B, Figure 5.9C) [Neighbors
Peak ΔF/F (0.2kPa: 0.04 ± 0.02, 0.5kPa: 0.05 ± 0.02, 2kPa: 0.06 ± 0.2, 8kPa: 0.4 ± 0.2,
16kPa: 1.0 ± 0.3, 32kPa: 1.3 ± 0.3, 64kPa: 1.1 ± 0.2)], which confirmed the observations
that total ΔF/F from neighbors and distance of calcium signaling away from the scratch
area gradually increased with increasing stiffness [150µm from scratch Peak ΔF/F
(0.2kPa: 0.1 ± 0.03, 0.5kPa: 0.1 ± 0.02, 2kPa: 0.3 ± 0.1, 8kPa: 2.2 ± 0.4, 16kPa: 3.1 ± 0.2,
32kPa: 3.3 ± 0.7, 64kPa: 3.3 ± 0.8)] (Figure 5.9B). Finally, there seemed to be a clear
relationship between environmental stiffness, cell rupture, and signaling to neighbors
(Figure 3.9C, top and bottom left panels). Thus, relationships were quantified using
correlation analysis for ΔF/F in neighboring cells vs. ΔI/ ΔI(0.2kPa) (Figure 5.9C, top
right panel) and ΔI/ ΔI(0.2kPa) vs. substrate stiffness (Figure 5.9C, bottom right panel),
which reported correlations of 0.88 and 0.86 respectively. The high correlation (0.86)
between substrate stiffness and PI-staining (Figure 5.9C bottom right panel), as well as a
high correlation (0.88) between PI-staining and calcium signaling in neighboring cells
(Figure 5.3C top right panel) indicates that loss of membrane integrity occurs in the
mechanically stimulated area on stiffer surfaces and generates the signal necessary for
activation of calcium in neighboring cells (Figure 5.10).
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FIGURE 5.9: Cell damage is necessary for signaling to neighbors.
A: Kymographs were generated using y-axis time projections at each time point over 400 seconds and
show total ΔF/F signaling across the cell monolayer (0 ± 600µm) as well as within the scratch area (0 ±
125µm). Kymographs show the presence of signaling away from the scratch area when cells were
scratched on the stiffest substrates (8-64kPa). B: In addition to ROI-independent kymographs, the relative
change in Fluo-4 fluorescence was calculated as ΔF/F using automated regions of interest (ROI). ROI
dimensions were set at 1.3mm (image width) by 250µm (125µm on either side of the scratch center line)
and were used to quantify changes in calcium from cells within the scratch area (pixels within ROI) vs. that
of neighboring cells (remaining pixels in image). In agreement with kymographs, quantification of total
neighboring cell fluorescence (ΔF/F) confirm the increasing calcium signaling from neighboring cells as
substrate stiffness increases (left panel). Analysis also showed that signaling in neighboring cells (Peak
ΔF/F) reached longer distances (150µm from scratch area) only on the stiffest substrates (8-64kPa) (right
panel). C: Peak ΔF/F in neighboring cells for each substrate stiffness (top left panel) was compared to total
change in propidium iodide fluorescence (ΔI, post-scratch/pre-scratch) relative to 0.2kPa as a baseline
(ΔI/ΔI(0.2kPa)) (bottom left panel). Both Peak ΔF/F and ΔI/ΔI(0.2kPa) show a gradual increase in signal
from cells subjected to scratch on the softest to stiffest dishes. The appearance of the bar graphs strongly
suggested relationships between ΔI/ΔI(0.2kPa) vs. ΔF/F in neighboring cells vs. substrate stiffness (0.264kPa). Spearman correlations were therefore calculated for ΔF/F in neighboring cells vs. ΔI/ΔI(0.2kPa)
(top right panel) and ΔI/ΔI(0.2kPa) vs. substrate stiffness (bottom right panel) and were 0.88 and 0.86
respectively. Data are presented as mean ± standard deviation. Significance was set to P < 0.05 via oneway ANOVA with a post-hoc Tukey’s honest difference criterion. For any given elastic modulus (i.e. each
bar in the bar graph), significance is noted using numbers corresponding to the elastic modulus it is
different from. N.S. indicates no significant difference. ‘All’ indicates the value is significantly different
from all other values. For PI staining, data represent N=3 in total from 3 independent experiments for each
group. For calcium signaling (ΔF/F), data represent N=5 in total from 5 independent experiments for each
group.
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FIGURE 5.10: Updated scratch-induced calcium signaling model.
New data indicates that loss of membrane integrity occurs in the mechanically stimulated area on stiffer
surfaces and generates the signal necessary for activation of calcium in neighboring cells. Combined with
data presented in Chapter 4, this new model takes into account cell rupture during a scratch assay, which
occurs on stiff glass bottomed dishes, as a source of ATP.

When cells are stimulated on dishes with a low elastic modulus, which better matches
the mechanical environment of the mammary gland (0.2 and 0.5kPa) [396], we find a
lack of cell damage or cell damage-dependent intercellular signaling to neighboring cells
(Figure 5.7, Figure 5.8, Figure 5.9). Mechanical stimulation of cells on 0.2kPa substrates
results in the activation of calcium only in the cells that have been stimulated with the
glass microprobe (~160µm wide fluorescent stripe). This mechanical stimulus initiates
rapid (within seconds) changes in Fluo-4 fluorescence (Peak ΔF/F = 2.1 ± 0.2), which
persists for long periods of time (up to 30 minutes). The majority of the calcium
signaling occurs within this 30-minute time period (Figure 5.11A). Even at these later
timepoints, there was also no neighboring cell calcium signaling or increase in PI positive
staining (Figure 5.11B) (No Scratch vs. 7 min: 2.8x106 ± 5.0x105 vs. 2.6x106 ± 5.0x105)
(No Scratch vs. 30 min: 2.8x106 ± 5.0x105 vs. 2.6x106 ± 6.0x105). The mechanical
scratch of cells plated on dishes of low elastic modulus in the absence of cellular damage,
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now termed Scratch on Low Elastic Dishes (SLED), is a novel method of mechanically
stimulating cells, and when coupled with calcium imaging, can serve to measure
mechanoresponsiveness in breast epithelial cells.

C.

z-stack

A.

B.

FIGURE 5.11: SLED: Scratch on Low Elastic Dishes.
A: Mechanical scratch was applied to cells plated on dishes of low elastic modulus (0.2kPa) using a 160µm
wide fire-polished glass microprobe. Edge trace shows calcium signaling from cells within the stimulus
area (ΔF/F) plotted over a 30-minute (1800 seconds) time course. Data displayed in the time trace and
kymograph and show that the majority of signaling in response to mechanical scratch on low elastic dishes
occurs within this time period. B: Neighbors trace shows a lack of signaling to neighbors outside of the
stimulus area, suggesting cells were not damaged with mechanical scratch. Propidium iodide staining
quantification (right panel, bar graph) confirms the absence of short-term cellular damage (7min) as well as
absence of damage for the remainder of the 30-minute time course (30min). C: Confocal Z-stacks were
used to visualize the depth of the mechanical stimulus and revealed that the cell monolayer is compressed
during scratch (z-stack). The mechanical scratch of cells plated on dishes of low elastic modulus in the
absence of cellular damage is a novel method of mechanically-stimulating cells. We term this Scratch on
Low Elastic Dishes (SLED). Data presented as mean ± standard deviation. Significance was set to P <
0.05 via one-way ANOVA with a post-hoc Tukey’s honest difference criterion. Data represent N=6 in total
from 6 independent experiments for each group.
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5.3.2. Constitutively-active KRas but not PTEN loss reduces mechanoresponsiveness in
MCF10A breast epithelial cells
To examine how oncogene expression affects rapid mechanotransduction in cancer
cells, we utilized the SLED approach in non-tumorigenic MCF10A cells (control) or a
series of genetically transformed MCF10A cells. We have previously engineered normal
breast epithelial MC10A cells with homozygous deletion of the PI3K-counteracting
PTEN phosphatase, overexpression of activated KRas(G12V), or in combination
(KRas/PTEN-/-) [486]. KRas mutations and PTEN loss confer to non-tumorigenic
MCF10A cells the ability to persist in vivo (i.e., apoptotic resistance), while KRas/PTEN/- cells form robust tumors, thus promoting survival and growth phenotypes [486].
Moreover, in vivo models for metastasis show that a gain of KRas mutation increases
survival of MCF10A cells in the lung as compared to PTEN loss, but a combined
KRas/PTEN-/- mutation yields rapid metastatic outgrowth that significantly precedes
each individual mutation [487]. Two major strengths of these four cell lines are that they
model tumorigenicity and metastasis in a stepwise fashion using commonly deregulated
signaling pathways in breast cancer, and they eliminate confounding effects of the
numerous additional mutations in common breast cancer cell lines used for research.
Such a stepwise model yields the ability to investigate mechanisms linking specific
oncogenic mutations to cancer phenotypes such as changes in mechanoresponsiveness.
Therefore, human breast epithelial cells (MCF10A), MCF10A PTEN null mutant cells
(PTEN-/-), MCF10A constitutively-active KRas mutant cells (KRas), and MCF10A
combination mutant cells (KRas/PTEN-/-) were plated and mechanically-stimulated via
SLED (Figure 5.12A, Figure 5.12B and Figure 5.12C). Both KRas and KRas/PTEN-/-
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cells showed significant reductions in the magnitude of initial calcium influx compared
with MCF10A, but KRas and KRas/PTEN-/- cells also severely blunted the persistent
calcium signaling (Figure 5.12C) (Peak ΔF/F: MCF10A 2.4 ± 0.3, PTEN 2.0 ± 0.4, Ras
1.5 ± 0.3, RasPTEN 1.4 ± 0.3) (ΔF/F at 6 min: MCF10A 1.1 ± 0.2, PTEN 0.9 ± 0.2, Ras
0.4 ± 0.1, RasPTEN 0.2 ± 0.1). No significant differences in initial or persistent calcium
signaling were observed between MCF10A and PTEN-/- cells. These data indicate that
constitutively-active KRas, but not PTEN loss, reduces mechanical responsiveness of
normal breast epithelial cells.
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FIGURE 5.12: Constitutively-active KRas but not PTEN loss reduces mechanoresponsiveness in
MCF10A breast epithelial cells.
A: Mechanical stimulation of cells plated on 0.2kPa substrates, termed SLED (Scratch on Low Elastic
Dishes), shows that only cells within the 160µm wide stimulus area (DIC) respond with rises in
intracellular calcium (Fluo-4). B: Traces show mechanically-stimulated calcium signaling (ΔF/F) plotted
over time for human breast epithelial cells (MCF10A), MCF10A PTEN null mutant cells (PTEN-/-),
MCF10A constitutively-active KRas (G12V) mutant cells (KRas), or MCF10A combination mutant cells
(KRas/PTEN-/-). C: Bar graphs show quantification of Peak ΔF/F and ΔF/F at 6 min (Persistence). The
KRas and KRas/PTEN-/- mutation, but not PTEN loss alone, resulted in significant reductions in Peak
ΔF/F and ΔF/F at 6min. Data are presented as mean ± standard deviation. *indicates significance, which
was set at P < 0.05 via one-way ANOVA with a post-hoc Tukey’s honest difference criterion. N.S.
indicates no significant difference. Data represent N=6 in total from 6 independent experiments for each
group.
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5.3.3. Microtubule-dependent mechanically-activated NADPH oxidase 2 (NOX2)
derived reactive oxygen species (ROS) sustains calcium signaling
Given that KRas oncogene activation was solely sufficient to reduce the mechanodependent persistent calcium response (Figure 5.12B and 5.12C), we sought to define the
molecular mechanisms that underlie this effect. To determine the source of calcium
responsible for this persistence (Figure 5.13), we first depleted intracellular calcium from
the responsive MCF10A parental cells using thapsigargin, which binds to the sarcoendoplasmic calcium ATPase (SERCA) preventing calcium re-uptake to the endoplasmic
reticulum (ER). Vehicle control applied up to 5% DMSO had no significant effect on
SLED-stimulated calcium signaling (Figure 5.13A) (Peak ΔF/F: Control 2.4 ± 0.2, 5%
DMSO 2.6 ± 0.2) (ΔF/F at 6 min: Control 1.0 ± 0.1, 5% DMSO 1.1 ± 0.3). In contrast,
thapsigargin (0.2% DMSO) effectively blocked both initial and persistent calcium
signaling (Figure 5.13B) (Peak ΔF/F: Control 2.2 ± 0.3, 2µM thapsigargin 0.3 ± 0.04)
(ΔF/F at 6 min: Control 0.8 ± 0.2, 2µM thapsigargin -0.01 ± 0.1). Therefore, the
initiation of the mechano-dependent calcium signaling requires intracellular stores from
the ER.
We next depleted extracellular calcium using calcium-free imaging media
supplemented with EGTA (0Ca2+ + EGTA). In contrast to treatment with thapsigargin,
depletion of extracellular calcium only inhibited persistent calcium and was not required
for initial peak calcium (Figure 5.13C) (Peak ΔF/F: Control 2.5 ± 0.4, 0Ca2+ + EGTA 3.2
± 0.9) (ΔF/F at 6 min: Control 1.1 ± 0.2, 0Ca2+ + EGTA -0.1 ± 0.1). Thus, the persistent
calcium signal, which can be reduced with KRas oncogene activation, is dependent on
calcium flux across the plasma membrane. These combined data support a basic
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mechanism where the initial mechanically-activated peak signal requires intracellular
calcium, but extracellular calcium is necessary for persistent calcium signaling.

A.

B.

C.

FIGURE 5.13: Intracellular and extracellular calcium stores are necessary for mechanicallystimulated calcium signaling.
For each data set, traces show mechanically-stimulated calcium signaling (ΔF/F) plotted over time for
control and treated cells. Bar graphs show quantification of Peak ΔF/F and ΔF/F at 6min (Persistence). A:
Quantification (Peak ΔF/F and ΔF/F at 6min) revealed rapid mechanically-stimulated increases in
intracellular calcium that persist for longer periods of time. DMSO had no effect on calcium signaling. B:
Compared with control, Peak ΔF/F and ΔF/F at 6min was blocked in groups depleted of intracellular
calcium (2µM thapsigargin). Depletion of external calcium (0Ca2+ + EGTA) did not significantly change
Peak ΔF/F but blocked ΔF/F at 6 min. Data are presented as mean ± standard deviation. *indicates
significance from control, P < 0.05 via paired t-test. N.S. indicates no significant difference. Data
represent N=6 in total from 6 independent experiments for each group. Control groups were collected
separately for each data set.
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Mechanically-activated calcium influx across the plasma membrane typically arise
via ion channels from the Piezo or TRP protein families (reviewed in [474]). To test
whether TRP channels in general are necessary for SLED-stimulated calcium signaling in
MCF10A cells, non-selective TRP inhibitors 2-Aminoethoxydiphenylborane (2-APB)
and ruthenium red (RR) were used (Figure 5.14A and Figure 5.14B) (Peak ΔF/F: Control
2.4 ± 0.3, 200µm 2-APB 1.8 ± 0.3) (ΔF/F at 6 min: Control 1.1 ± 0.2, 200µm 2-APB 0.4
± 0.2) (Peak ΔF/F: Control 2.3 ± 0.5, 30µm RR 0.8 ± 0.2) (ΔF/F at 6 min: Control 0.9 ±
0.2, 30µm RR 0.2 ± 0.1). Both 2-APB and RR blocked calcium at 6 minutes, supporting
a role for TRP channels in persistent calcium from MCF10A cells. Transient receptor
potential cation channel subfamily M member 8 (TRPM8) is expressed in human breast
tissue and its expression is increased in breast tumors [196, 198], therefore we aimed to
test the specific role of TRPM8. Furthermore, a potent and selective [494-496] TRPM8
antagonist (RQ-00203078) is readily available. MCF10A cells were incubated with RQ00203078 and subjected to SLED. Compared to control, RQ-00203078 (TRPM8i)
significantly blocked initial and persistent calcium (Figure 5.14C) (Peak ΔF/F: Control
2.5 ± 0.2, 25µm RQ 00203078 1.2 ± 0.3) (ΔF/F at 6 min: Control 1.1 ± 0.1, 25µm RQ
00203078 0.3 ± 0.1). These combined data (2-APB, RR, RQ-00203078) show that the
plasma membrane channel TRPM8 is required for mechanically-activated calcium influx.
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FIGURE 5.14: TRPM8 is necessary for mechanically-stimulated calcium signaling.
For each data set, traces show mechanically-stimulated calcium signaling (ΔF/F) plotted over time for
control and treated cells. Bar graphs show quantification of Peak ΔF/F and ΔF/F at 6min (Persistence). A:
2-Aminoethoxydiphenylborane (2-APB) inhibits store operated calcium release (SOCE) and inositol 1,4,5trisphosphate (IP3) receptors, but can also act as a non-specific TRP channel blocker. Treatment with 2APB (200µM) resulted in a significant reduction of Peak ΔF/F, with the largest inhibition seen in ΔF/F at
6min. B: Ruthenium Red (RR, 30µM) is also a non-selective TRP channel blocker. RR inhibited both Peak
ΔF/F and ΔF/F at 6min compared with control. C: RQ-00203078 is a potent and selective transient
receptor potential cation channel subfamily M member 8 (TRPM8) antagonist (TRPM8i). RQ-00203078
(25µM) inhibited both Peak ΔF/F and ΔF/F at 6min compared with control. Data are presented as mean ±
standard deviation. *indicates significance from control, P < 0.05 via paired t-test. Data represent N=6 in
total from 6 independent experiments for each group. Control groups were collected separately for each
data set.
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To examine mechanisms upstream of TRPM8 activation, we were informed by
studies in muscle [251, 356, 485] and bone [250] establishing a microtubule-dependent
mechanotransduction mechanism though NOX2 generated ROS as an activator of
calcium channels. A brief incubation with the ROS scavenger N-acetylcysteine (NAC)
blocked mechanically-activated calcium signaling (Figure 5.15A) (Peak ΔF/F: Control
2.4 ± 0.2, 40mM NAC 1.1 ± 0.3) (ΔF/F at 6 min: Control 1.3 ± 0.2, 40mM NAC 0.2 ±
0.1), implicating ROS as an upstream activator. Cells were then treated with a specific
peptide inhibitor, GP91ds-TAT, preventing the association of NOX2 (gp91phox) and the
activating subunit p47phox [490]. Inhibition of NOX2 resulted in a significant reduction in
persistent calcium (Figure 5.15B) (Peak ΔF/F: Control 2.5 ± 0.2, 1.5µm GP91ds-TAT 1.8
± 0.4) (ΔF/F at 6 min: Control 1.0 ± 0.2, 1.5µm GP91ds-TAT 0.2 ± 0.1), therefore
indicating NOX2 as the source of ROS.
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FIGURE 5.15: Microtubule-dependent mechanically-activated NOX2 derived ROS sustains calcium
signaling.
For each data set, traces show mechanically-stimulated calcium signaling (ΔF/F) plotted over time for
control and treated cells. Bar graphs show quantification of Peak ΔF/F and ΔF/F at 6min (Persistence). A:
The reactive oxygen species (ROS) scavenger N-acetylcysteine (NAC, 40mM) inhibited both Peak ΔF/F
and ΔF/F at 6min compared with control. B: The specific peptide inhibitor (GP91ds-TAT, 1.5µM) of
NADPH oxidase 2 (NOX2) resulted in a significant reduction of Peak ΔF/F, with the largest inhibition seen
in ΔF/F at 6min. C: The microtubule depolymerizer Colchicine (200µM) resulted in a significant reduction
of Peak ΔF/F, with the largest inhibition seen in ΔF/F at 6min. Inhibition of the stabilizing microtubule
post-translational modification detyrosination using Parthenolide (200µM) resulted in a significant
reduction of Peak ΔF/F, with the largest inhibition seen in ΔF/F at 6min. The collective data identify the
key components of the microtubule-dependent NOX2-ROS mechanotransduction pathway (i.e., X-ROS)
and are necessary for sustaining long-term (persistent) mechanically activated calcium. Data are presented
as mean ± standard deviation. *indicates significance from control, P < 0.05 via paired t-test. Data
represent N=6 in total from 6 independent experiments for each group. Control groups were collected
separately for each data set.

The mechano-activation of NOX2 requires microtubules that are post-translationally
modified by detyrosination [250, 356, 485]. Consistent with this microtubule-dependent
mechanotransduction, we show that treatment with colchicine to depolymerize
microtubules or parthenolide to reduce detyrosination inhibited persistent calcium in a
similar fashion to blocking NOX2 (Figure 5.15C and Figure 5.15D) (Peak ΔF/F: Control
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2.5 ± 0.1, 200µm Colchicine 2.0 ± 0.4) (ΔF/F at 6 min: Control 1.0 ± 0.2, 200µm
Colchicine 0.4 ± 0.1) (Peak ΔF/F: Control 2.3 ± 0.3, 200µm Parthenolide 1.8 ± 0.2)
(ΔF/F at 6 min: Control 0.9 ± 0.1, 200µm Parthenolide 0.3 ± 0.1). Taken together these
results show that the microtubule-dependent mechanotransduction through NOX2 is
necessary for SLED-induced persistent calcium, but whether the ROS signaling is solely
sufficient to activate TRPM8 was unclear. To investigate, hydrogen peroxide (H2O2) was
applied to Fluo-4 loaded MCF10A cells to test for calcium activation by ROS. H2O2
increased peak ΔF/F compared with controls (addition of media alone or no intervention)
(Figure 5.16A) (Peak ΔF/F: No Intervention 0.06 ± 0.03, Media Alone 0.01 ± 0.003,
H2O2 1.4 ± 0.2). To specifically test whether ROS converges on TRPM8 to initiate
calcium signaling, H2O2 was used to activate calcium in the presence of the TRPM8
inhibitor compared with control (Figure 5.16B) (Peak ΔF/F: Control 2.0 ± 0.6, 25µm RQ
00203078 0.5 ± 0.1). Indeed, RQ-00203078 showed a large and significant inhibition of
H2O2 induced calcium signaling.
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FIGURE 5.16: ROS activates calcium signaling through TRPM8 but ROS sensitivity is inhibited in
KRas mutant cells.
A: Traces show reactive oxygen species (ROS)-stimulated calcium signaling (ΔF/F) plotted over time. Bar
graph shows quantification of Peak ΔF/F. During imaging, 1mL of 20mM hydrogen peroxide (positive
control for ROS, “H2O2”) was added to cells containing 1mL media (final H2O2 concentration = 10mM)
and compared to either addition 1mL of media (“Media Alone”) or no intervention (“No Intervention”).
Addition of H2O2 resulted in a gradual increase in intracellular calcium, compared to negative controls.
Data are presented as mean ± standard deviation. *indicates significance from control, P < 0.05 via paired
t-test. N.S. indicates no significant difference. Data represent N=6 in total from 6 independent
experiments for each group. B: Bar graph shows quantification of Peak ΔF/F. During imaging, 1mL of
20mM hydrogen peroxide (positive control for ROS) was added to cells containing 1mL control media
(H2O2) or 25µM RQ-00203078, a potent and selective TRPM8 antagonist (H2O2 + TRPM8i) (final H2O2
concentration = 10mM). Addition of H2O2 in RQ-00203078 treated cells showed a reduced peak (ΔF/F)
ROS-induced calcium compared with controls. Data are presented as mean ± standard deviation.
*indicates significance from control, P < 0.05 via paired t-test. Data represent N=6 in total from 6
independent experiments for each group. C: Bar graph shows quantification of Peak ΔF/F, for ROSstimulated intracellular calcium (ΔF/F) over time in human breast epithelial cells (MCF10A), MCF10A
PTEN null mutant cells (PTEN-/-), MCF10A constitutively-active KRas(G12V) mutant cells (KRas), or
MCF10A combination mutant cells (KRas/PTEN-/-). Compared with control MCF10A parental cells,
addition of H2O2 resulted in a significantly reduced ROS-stimulated intracellular calcium in KRas or
KRas/PTEN-/- mutants. Data are presented as mean ± standard deviation. *indicates significance, which
was set at P < 0.05 via one-way ANOVA with a post-hoc Tukey’s honest difference criterion. N.S.
indicates no significant difference. Data represent N=6 in total from 6 independent experiments for each
group.
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5.3.4. KRas mutants inhibit mechanoresponsiveness via reduced ROS sensing
Since KRas mutation can inhibit mechanically-stimulated calcium (Figure 5.12), we
leveraged the new mechanisms that we defined in MCF10A cells to identify how this
pathway is inhibited by KRas. Mechanical stimulation of MCF10A mammary epithelial
cells results in activation of microtubule-dependent NOX2 to generate ROS, which in
turn acts on TRPM8 channels to prolong calcium signaling. One mechanism by which
KRas activation disrupts this pathway could be altered calcium signaling activation by
ROS, since tumor cells commonly have disrupted redox states. To measure calcium
activation by H2O2 in normal cells vs. cells with oncogenic mutations, we applied H2O2 to
Fluo-4 loaded MCF10A, PTEN-/-, KRas and KRas/PTEN-/- cells (Figure 5.16C).
Compared to MCF10A or PTEN-/- cells, KRas and KRas/PTEN-/- cells showed a
significant reduction in H2O2 dependent ΔF/F (Figure 5.16C) (Peak ΔF/F: MCF10A 1.5 ±
0.4, PTEN 1.5 ± 0.4, Ras 0.8 ± 0.2, RasPTEN 0.4 ± 0.1). Similar to the observed
reductions in mechano-responsiveness by KRas activation, we see that PTEN-/mutations have no effect on H2O2 stimulated calcium, but KRas mutations inhibit these
signals.
Our collective data demonstrate that when mechanical stimulation of mammary
epithelial cells can be isolated from cell damage-induced signals, this mechanical
stimulation results in activation of microtubule-dependent NOX2 to generate ROS, which
in turn acts on TRPM8 channels to prolong calcium signaling (Figure 5.17). However,
KRas and KRas/PTEN-/- cells greatly reduce this persistent calcium in response to
mechanical cues and are insensitive to H2O2 induced activation of calcium. The data
support a reduction in mechanically-stimulated persistent calcium by KRas and further
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indicates that the KRas inhibition of mechanoresponsiveness specifically occurs at the
level of calcium activation by ROS. The consequences of this loss of mechanosensitivity and insensitivity to ROS-activated persistent calcium may contribute to
changes in tumor cell behavior that could eventually be exploited for therapeutic gain.
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FIGURE 5.17: Molecular mechanisms of rapid mechanical stimulation of calcium signaling in
mammary epithelial cells.
Under mechanical stimulation, normal breast MCF10A epithelial cells exhibit X-ROS signaling. Cell
damage-independent Scratch on Low Elastic Dishes (SLED) (A) mechanically activates NADPH oxidase 2
(NOX2), which generates reactive oxygen species (ROS). ROS in turn acts on calcium channels such as
TRPM8 (B). Our data indicate that in breast epithelial cells, NOX2-derived ROS sustains long term
(persistent) mechanically activated calcium through TRPM8. However, overexpression of a constitutivelyactive KRas oncogene inhibits the responsiveness to mechanical stimulation by reducing the ability of cells
to respond to the ROS component of the signaling pathway. Pharmacological inhibitors or oncogenic
activation used to elucidate mechanism are shown in red. Arrows indicate positive action or induction.
Bar-headed lines indicate inhibition. GP91ds-TAT: inhibitory peptide against NOX2. H2O2: hydrogen
peroxide, positive control for ROS. NAC: N-acetylcysteine, an anti-oxidant or ROS negative control.
Colchicine: binds a-tubulin to effectively depolymerize microtubules. RQ-00203078: a potent and
selective transient receptor potential cation channel subfamily M member 8 (TRPM8) antagonist. 0Ca2+ +
EGTA: Depletes extracellular calcium and effectively inhibits calcium flux across the plasma cell
membrane. Thapsigargin: Binds sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) and effectively
depletes intracellular calcium and inhibits calcium flux from the endoplasmic reticulum. Oncogenic KRas:
overexpression of activated KRas (G12V) in normal MCF10A cells.

161

5.3.5. NOX2 and TRPM8 mRNA expression predicts patient overall survival
The Kaplan-Meier Plotter database (KMplotter) was used to test whether key
components of this novel mechanically-sensitive calcium pathway have effects on breast
cancer patient clinical outcome. Overall survival probability was plotted for patients with
high vs. low mRNA expression of NOX2 or TRPM8 (Figure 5.18). NOX2 or TRPM8
expression had no effect on ER+ patient survival, however overall survival for ERpatients was significantly different when separated by on mRNA expression for both
NOX2 and TRPM8. NOX2 and TRPM8 showed an inverse outcome on overall survival
whereby patients with high expression of NOX2 showed greater survival (Hazard Ratio =
0.57, P = 0.0045) and patients with high expression of TRPM8 showed poor survival
(Hazard Ratio = 1.67, P = 0.044). Based on this inverse relationship, the combination of
NOX2 and TRPM8 mRNA expression was tested for effects on overall survival but data
were separated using inverted NOX2 expression data and unchanged TRPM8 data. The
data show that the combination of low NOX2 mRNA and high TRPM8 mRNA was
present in ER- patients with poor clinical outcome (Hazard Ratio = 2.4, P = 0.00072) vs.
patients with NOX2 high / TRPM8 low, but also show a larger survival difference
compared with the assessment of each individual gene. We further tested this same
approach on other measures of clinical outcome (Figure 5.19) and found that the
combination of low NOX2 mRNA and high TRPM8 mRNA similarly predicted poor
outcome in ER- patients in multiple survival categories (relapse-free survival, distant
metastasis-free survival, and post-progression survival).
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FIGURE 5.18: NOX2 and TRPM8 mRNA expression effect estrogen receptor negative patient
median overall survival.
The Kaplan-Meier Plotter database (KMplotter) was used to test whether components of the mechanicallysensitive pathway identified in normal breast MCF10A epithelial cells had an effect on breast cancer
patient clinical outcome. Overall survival probability was plotted against time (months) for patients with
high vs. low mRNA expression of NOX2 (left panels) or TRPM8 (middle panels) and were also separated
by estrogen receptor positive (ER+) (top panels) vs. estrogen receptor negative (ER-) (bottom panels)
status. NOX2 and TRPM8 expression showed no difference in overall survival of ER+ breast cancer
patients. Conversely in ER- patients, NOX2 and TRPM8 showed an inverse outcome on overall survival
whereby patients with high expression of NOX2 showed greater survival (Hazard Ratio = 0.57) and
patients with high expression of TRPM8 showed poor survival (Hazard Ratio = 1.67). Therefore, the
combination of NOX2 and TRPM8 mRNA expression was tested for effects on overall survival but data
were separated using inverted NOX2 expression data and unchanged TRPM8 data. The data show that the
combination of low NOX2 mRNA and high TRPM8 mRNA was present in ER- patients with poor clinical
outcome (Hazard Ratio = 2.4) vs. patients with NOX2 high / TRPM8 low. The Affy id/Gene symbol used
for NOX2 and TRPM8 are (203923_s_at) and (243483_at), respectively. Patient data was split by the
median expression level for each gene. Number at risk refers to the number of patients included in each
timepoint.
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FIGURE 5.19: NOX2 and TRPM8 mRNA expression affect estrogen receptor negative patient
median OS, RFS, DMFS, and PPS.
The online Kaplan-Meier Plotter database was used to probe for NOX2 and TRPM8 mRNA expression in
breast cancer estrogen receptor negative (ER-) patient clinical outcome. Overall Survival (OS), RelapseFree Survival (RFS), Distant Metastasis-Free Survival (DMFS) and Post-Progression Survival (PPS) were
compared. The combination of NOX2 and TRPM8 mRNA expression was tested for effects on OS, RFS,
DMFS, and PPS, but data were separated using inverted NOX2 expression data and unchanged TRPM8
data. The data show that the combination of low NOX2 mRNA and high TRPM8 mRNA was present in
ER- patients with poor clinical outcome in each of the outcome measures vs. patients with NOX2 high /
TRPM8 low (OS Hazard Ratio = 2.4, RFS Hazard Ratio = 1.45, DMFS Hazard Ratio = 1.76, PPS Hazard
Ratio = 2.18). OS: Overall survival, length of time from either the date of diagnosis or the start of
treatment for cancer that patients diagnosed with the disease are still alive. RFS: Relapse-free survival, the
length of time after primary treatment for a cancer ends that the patient survives without any signs or
symptoms of that cancer. DMFS: Distant metastasis-free survival, length of time from either the date of
diagnosis or the start of treatment for cancer, that patients diagnosed with the disease are free of a distant
metastasis. PPS: Post-progression survival, the time elapsed between tumor progression after primary
treatment and death from any cause (calculated as OS minus PFS). The Affy id/Gene symbol used for
NOX2 and TRPM8 are (203923_s_at) and (243483_at), respectively. Patient data was split by the median.
Number at risk refers to the number of patients included in each timepoint.

In conclusion, we find that alterations in two major components of a mechanicallysensitive pathway identified in normal MCF10A cells, NOX2 and TRPM8, are correlated
with overall survival of ER- breast cancer patients. While changes in expression of each
individual gene was associated with poor survival, the combination yielded an even
larger overall survival difference (Hazard Ratio = 2.4). Not only can this mechanism of
mechanoresponsiveness be disrupted by oncogenic activation of KRas, which occurs at
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the level of ROS-sensing, but clinical data further suggest that dysregulation of this
pathway at the level of ROS-generation (NOX2) and calcium influx (TRPM8) is present
in breast cancer patients and predictive of clinical outcome.

5.4. Discussion
We report that normal breast epithelial cells are mechanically sensitive, responding
with two distinct calcium responses, an initial intracellular calcium release and a
subsequent response of extracellular calcium influx that persists for up to 30 minutes.
The persistent calcium signal results from the microtubule-dependent activation of
NOX2, a ROS-generating integral membrane enzyme. The NOX2-ROS in turn acts on
TRPM8 to sustain mechanically-activated calcium signaling. However, oncogenic KRas
activation modifies this mechanically induced signal. The constitutively-active KRas
mutation reduces the initial mechanically-activated peak calcium and severely inhibits the
long-term persistent calcium signal. The data show that cancer promoting pathways such
as KRas activation can alter mechanoresponsiveness at a very early stage in the signaling
pathway (in less than 30 seconds). Given the emerging importance of altered mechanical
properties in the tumor microenvironment across longer time-scales (>24h), our work
helps define the mechano-biology of much earlier signaling events. Furthermore, such
alterations in rapid mechanotransduction by oncogenes could provide selective
advantages to tumor cells during cancer progression. The significance of this work is
further highlighted by clinical data showing that NOX2 and TRPM8 affect patient
survival.

165

Our discovery of microtubule-dependent mechanotransduction through NOX2-ROS
and calcium signaling in breast epithelial cells, and its dysregulation with oncogene
activation, is highly novel. While further work will seek to define the downstream targets
of these signals in cancer, the discovery of this mechanotransduction pathway first in
heart [251], then in skeletal muscle [485] and bone osteocytes [250] elevates the
pathological significance and offers additional insights. Microtubule-dependent NOX2ROS and TRP channel calcium influx is overactive in muscular dystrophy which
contributes to arrhythmias, cardiomyopathy, and contraction-induced injury; all functions
that rely on tightly controlled intracellular calcium [251, 356, 485]. Evidence that in vivo
targeting of the disease-altered microtubules yielded therapeutic benefit in muscle, which
ameliorated downstream pathological ROS and calcium influx, support these alterations
as disease modifiers and therapeutic targets [356, 485]. Further work in mechanically
sensitive bone osteocytes, reported that fluid shear stress acts through microtubules to
elicit NOX2-ROS signals that drive TRPV4 calcium flux which regulates CaMKII and
the protein sclerostin (an inhibitor of bone formation [497, 498]).
While microtubules have long been chemotherapeutic targets in cancer, there is new
evidence that NADPH oxidases may also play a role in breast cancer. NOX2 is a
superoxide generating integral membrane enzyme comprised of α- (p22phox) and β(gp91phox) subunits (to form what is also called flavocytochrome b558) and oxidase
activity occurs upon binding of cytoplasmic Rac and the p40phox /p47phox /p67phox
complex to facilitate electron transfer from NADPH to oxygen to produce super oxide
(reviewed in [499]) (superoxide can in turn be broken down by super oxide dismutase
into oxygen and hydrogen peroxide). NOX2 activity can be selectively targeted with a
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specific peptide inhibitor, GP91ds-TAT, preventing the association of NOX2 (gp91phox)
and the activating subunit p47phox [490], alternatively Rac inhibitors have also been used
[485]. NOX2 is part of a family of NADPH oxidases (NOX1, NOX2, NOX3, NOX4,
NOX5, DUOX1, and DUOX2), all of which have been implicated in cancer (reviewed in
[500-503]). NOX2 was the first isoform identified, is expressed in white blood cells of
the myeloid lineage (phagocytic cells such as macrophages and neutrophils), and not
surprisingly plays a role in cancers of the blood such as acute and chronic myeloid
leukaemia (AML/CML) and angiogenesis. However, NOX2 is also present in
endothelial cells [502], myofibers [356, 485], cardiomyocytes [251], and osteocytes
[250], and mechanotransduction mechanisms of NOX2 signaling have been explored in
each of these tissues (using cell stretch or fluid flow). Whether stretch/flow stimulated
X-ROS mechanisms are relevant in blood cells or AML/CML is unexplored, but is
intriguing considering the environment they reside. There are relatively few articles
addressing NADPH oxidases in breast cancer, although those available involve
NOX1/2/4 and DUOX2.
NOX2 has been reported to contribute to cell growth and proliferation in breast [504]
and other epithelial cancers (colorectal and prostate). Data on breast NOX2 expression is
minimal, with some studies showing mRNA or protein expression in breast cancer cell
lines [504-507] and mRNA in non-tumorigenic (MCF10A) cells [506], while patient
sample expression remains largely unexplored [504]. Yet our new data support a role for
the mechanical activation of NOX2 in breast epithelial cells, and we further report that
KRas mutation alters this pathway. Due to the common dysregulation of the Ras/MAPK
pathway in breast cancer, inhibition of NOX2-dependent mechanotransduction by
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oncogenic activation of KRas may play an important role in breast malignancies,
however the specific role for mechanically-activated NOX2 in breast and other epithelial
cancers has yet to be defined.
There is mounting evidence implicating dysregulated calcium signaling pathways as
disease modifiers in breast cancer. Calcium signaling is affected at multiple levels via
calcium, calcium permeable channels, and calcium-binding proteins and is thought to
play an important role in tumor progression (reviewed in [146, 147, 150]). Transient
receptor potential cation channel subfamily M member 8 (TRPM8) is part of the TRP
family of calcium-permeable ion channels. TRP channels have a wide variety of
activation such as heat/capsaicin, cold/menthol, stretch-activation, pH, and voltage
(reviewed in [135, 136]). Although TRPM8 channels are primarily thought of as
cold/menthol sensing calcium-permeable channels in sensory neurons [508-510], they are
also activated by voltage and phosphatidylinositol 4,5-bisphosphate (PIP2), with
reductions in PIP2 desensitizing the channel [510-512], and are expressed in other tissues
including the breast [196, 198]. Increased expression of TRPM8 channels has been
reported for breast cancer [196, 198], as well as other epithelial cancers (prostate,
pancreatic, lung, gastric, melanoma, reviewed in [513]), and is thought to play a role in
proliferation and apoptosis.
For mechanical activation of TRP channels, a large amount of data currently suggest
that TRPV4 is integral to mechanosensory processes (reviewed in [282, 514]), and so far
TRPV4 is the only channel that has been identified in NOX2 dependent processes [250].
However, it is unknown if TRMP8 or other TRPM channels are directly or indirectly
mechano-responsive (reviewed in [282, 514]), if at all. While it is possible that
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mechanical stimuli such as SLED directly triggers the opening of TRPM8 followed by
NOX2-derived ROS acting to delay channel deactivation/inactivation/desensitization and
thus sustaining persistent calcium, our data at the very least support a role for ROS
directly initiating intracellular calcium signaling via TRPM8 in addition to at least one
other recent study supporting the notion that TRPM8 can be activated by ROS in human
kidney cells [515].
Our combined TRPM8 inhibition and zero calcium data show a mechanism by which
extracellular calcium influx across the plasma membrane is mediated by TRPM8
receptors in response to transient mechanical cues. It should be noted that there was an
unexplained effect of SLED inducing long-distance calcium signaling in neighboring
cells, without causing a loss of membrane integrity (Figure 5.20A). One possible
mechanism could be the initiation of active ATP signaling (e.g. release from Pannexins)
under zero calcium conditions, since extracellular Apyrase blocks this effect (Figure
5.20B and Figure 5.20C). The combined results may suggest that depletion of
extracellular calcium parallels the thapsigargin dependent inhibition of both initial and
persistent calcium signaling, and that SLED-induced calcium requires both intracellular
and extracellular stores. However, due to the unexplained effects of SLED in the absence
of extracellular calcium, we can only be confident that SLED-signaling requires
intracellular calcium and that zero extracellular calcium blocks persistent calcium
signaling.
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FIGURE 5.20: Mechanical stimulation under zero extracellular calcium conditions activates
signaling to neighbors but is blocked by Apyrase.
The SLED assay was applied to MCF10A breast epithelial cells under control (with calcium) and zero
extracellular calcium conditions (calcium-free imaging media supplemented with EGTA). Traces show
ΔF/F plotted over time. Bar graphs show quantification of Peak ΔF/F (relative changes in Fluo-4 signal) or
ΔI (change in propidium iodide staining). Edge refers to signaling within the SLED area, while neighbors
refers to signaling outside of the SLED area. A: Compared with control, cells subjected to SLED in zero
calcium showed a large propagation of ΔF/F signal in cells away from the SLED area (neighbors trace and
neighbors bar graph). The distance of signal in neighboring cells was also striking (kymograhs). SLED is
a non-damaging mechanical stimulation of cells, however signaling to neighbors implied cell damageinduced intercellular signaling away from the SLED area. Therefore, Propidium Iodide (PI) was added to
the cell media to measure damage after SLED and compared with pre-SLED PI staining (ΔI). Compared
with control, there was a small, but significant, increase in PI staining under zero calcium conditions. B:
Zero calcium SLED assays were applied to cells in the presence of Apyrase (enzyme that coverts ATP to
ADP/AMP) to block ATP- mediated purinergic signaling and were compared with control (with calcium,
without Apyrase). Apyrase completely blocked the zero calcium-induced signaling to neighbors,
suggesting that ATP-dependent intercellular communication mediates the signaling to neighbors under zero
calcium conditions. C: Compared with control, Apyrase alone (with calcium) had no effect on SLEDstimulated cells (edge) or cells away from the SLED area (neighbors). Data presented as mean ± standard
deviation. *indicates significance from control, P < 0.05 via paired t-test. Data represent N=6 in total from
6 independent experiments for each group. Control groups were collected separately for each data set.
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The microtubule post-translational modification (PTM) detyrosination has been
identified as a critical component of physiologic X-ROS. Detyrosinated α-tubulin, also
known as glu-tubulin or detyrosination, is the process by which the enzymatic removal of
a tyrosine on α-tubulin reveals a glutamate and increases the binding of microtubule
associated proteins, therefore extending the lifetime of tubulin polymers [516]. This
effectively stabilizes microtubules, increases cytoskeletal stiffness and modifies the
setpoint at which mechanical activation can occur [250]. For cancer, detyrosination is
increased in patient tumor samples, cancer cell lines, and in epithelial-to-mesenchymal
transition contexts like the invasive fronts of tumors [517] and wound edges [518].
Changing the abundance of detyrosination can either increase or decrease X-ROS
signaling depending on the tissue type. For example in dystrophy, detyrosination is
overly abundant and X-ROS signaling is amplified [356, 485], while increasing
detyrosination in osteocytes decreases X-ROS [250]. The role of detyrosination in tuning
mechanotransduction pathways and the clear associations of detyrosination with
malignant phenotypes may offer fertile ground for bridging research in these fields,
especially given the recent identification of the tubulin carboxypeptidase [519, 520]. As
an important first step, we have now established that deregulation of KRas (which
promotes survival, growth and metastatic capacity) reduces X-ROS signaling in
otherwise normal mammary epithelial cells. However, whether changes in detyrosination
is causative in these observations or what advantages disrupting mechanical sensation
confers to these cells has yet to be explored.
We previously reported that breast epithelial cells are responsive to mechanical
scratch through the initiation of cytoplasmic calcium signaling, a mechanism both
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spatially and temporally regulated [493], whereby signaling away from the scratch area to
neighboring cells was an intercellular communication mediated by extracellular ATP and
activation of purinergic P2Y2 GPCRs, but cells at the immediate scratch edge showed
persistent increases in cytoplasmic calcium from extracellular sources for up to 50
minutes. Our new data from applying scratch on dishes of increasing stiffness isolate
these mechanisms showing that signaling to neighboring cells is also mediated by cell
damage (Figure 5.7, Figure 5.8, Figure 5.9, Figure 5.10). However, a much more
controlled approach to mechanically activating cells would be independent of cell
damage-induced signaling. Indeed, applying scratch on dishes of 0.2kPa elastic modulus
in the current study results in the mechanical initiation of calcium signaling in the
absence of cell damage (Figure 5.11). This more focused approach to mechanically
stimulating cells, now termed Scratch on Low Elastic Dishes (SLED), results in robust
increases in cytoplasmic calcium as well as a long-term persistent signal in breast
epithelial cells. In situ force mapping shows that normal breast epithelial cells resident in
mammary ducts have an average elastic modulus of ~0.2-0.4kPa [396], therefore the
elastic environment of these dishes better recapitulates physiologic mammary gland
mechanics. Moreover, SLED allows us to answer questions in cancer-mechanobiology
on faster time scales and, as we report here, KRas oncogene activation disrupts the ability
of breast epithelial cells to respond to acute extracellular mechanical cues with rapid
calcium signaling.
Normal cell function relies on mechanical sensation by mechanotransducers and the
ability to respond to changes in environmental mechanical signals [270, 279, 306, 332,
333, 521-523]. Typical mechanotransducers include ion channels (Piezo or transient
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receptor potential (TRP) channels), integrin/talin complexes, or E-cadherin/α-catenin
complexes, which respond to extracellular physical cues and initiate intracellular
biochemical signal cascades such as calcium signaling [Piezo [280, 524]) and TRP
(reviewed in [525, 526]), focal adhesion maturation (reviewed in [527]), or adherens
junction stabilization (reviewed in [527]) respectively. Moreover, complete knockouts of
mechanotransducers such as piezo proteins lead to embryonic lethality in mice [321,
528], and loss- or gain-of-function mutations in humans can lead to a variety of genetic
diseases (reviewed in [529]). Mounting evidence shows the critical functions of normal
mechanosensory and mechanotransduction mechanisms, and the current study reveals
that specific oncogenic mutations can disrupt mechanoresponsiveness.
In conclusion, our data support a unique mechanism by which mechanical stimulation
of breast epithelial cells results in the rapid activation of NOX2 yielding ROS that
stimulates the intake of extracellular calcium through TRPM8 channels (Figure 5.17).
The role for detyrosinated microtubules, NOX2, ROS and a TRP channel are consistent
with X-ROS mechanisms described in muscle and bone. The disruption of normal
mechanoresponsiveness is linked to diseases of muscle and bone, and we now link the
disruption of mechanoresponsiveness to KRas oncogene activation in the breast.
Moreover, we report that expression changes in NOX2 and TRPM8 are correlated with
poor clinical prognosis, which suggests disruption of this mechanically-activated pathway
in breast cancer patients in vivo. This clarification of the molecular mechanisms
underlying rapid mechanical signaling in mammary epithelial cells will now enable
studies of how other oncogenic mutations and chronic alterations to the mechanical
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microenvironment intersect with these pathways, which could yield new therapeutic
targets for cancer.
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Chapter 6
Conclusion and Future Directions
6. Summary
Cancer is the second leading cause of death in the United States (behind heart disease,
estimated for 2014 and 2015) [13]. In addition, breast cancer represents the second
leading cancer-related death in women according to the American Cancer Society, which
estimates 268,670 new cases of breast cancer and 41,400 breast cancer related deaths
annually (estimated for 2018) [13]. These data emphasize that there is an unmet
therapeutic need for cancer, and is especially the case for triple-negative breast cancer
patients, patients with recurring tumors, and those with metastatic disease. Unlike many
chemotherapies that arbitrarily target dividing cells in the body through microtubule
modifying drug action [530], targeted therapies such as hormone receptor [55] or HER2
[56] modifiers in breast cancer can be more effective and spare wide systemic damage to
other cells in the body. However, cancer can evolve by circumventing their reliance on
signaling pathways and thus the few targeted therapies clinically available can no longer
serve as effective treatment options (e.g. hormone receptor or HER2 modifiers are futile
for triple-negative breast cancer). To discover new targeted therapeutic avenues and
prolong patient survival, basic science cancer researchers study various aspects of cancer
biology in an attempt to understand signaling axes necessary for cancer survival that may
also be pharmacologically targetable. Although these research areas are vast, one such
modifier of breast cancer is aberrant mechanical signaling. Current research has shown
that the clinical risk factor, extracellular stiffness [390], can push normal cells toward
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malignant transformation [352], can aid in cancer cell phenotypes [476-478], and
promote tumor growth [353], however new therapies targeting stiffness or other
mechanical signaling have not yet become standard of care for breast cancer. This
suggests that a better understanding of the relationship between mechanical signals and
breast cancer progression is needed, which may lead to the identification of new
therapeutic targets.
This dissertation has identified the low temporal resolution of aberrant mechanical
signaling as a gap in knowledge that may potentially yield therapeutically targetable
novel signaling axes for breast cancer. This work applied time-lapse confocal
microscopy and quantitative methods to rigorously define the rapid mechanicallystimulated calcium signaling mechanisms that occur in breast epithelial cells. While
most tumor cell studies focus on long-term effects of mechanical stimulation (>24h), the
current approach detected an immediate initiation of cytosolic calcium signals within 2
seconds after transient mechanical stimulation. This was investigated in two contexts:
scratch wounding and scratch on low elastic dishes (SLED). Scratch wounding of breast
cancer cells resulted in calcium signaling at the immediate wound edge followed by
activation in distant cell neighbors, a spatiotemporal mechanism mediated by
extracellular ATP signaling and P2Y2 receptors. Upon further investigation, cell
death/rupture seemed to underlie mechanisms of scratch-dependent calcium signaling.
The data revealed that the model of scratch-induced calcium was more variable than
initially desired and demanded a full accounting of all cell rupture-dependent factors in
addition to the prior identification of ATP/P2Y2 signaling. Interestingly, the data also
revealed a new approach in applications of mechanical stress when cells were cultured on
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substrates of elastic modulus that better match the mechanics of the mammary organ in
vivo [352, 396], now termed scratch on low elastic dishes (SLED). Using this method, a
new mechano-activated signaling pathway has been elucidated for breast epithelial cells:
the mechano-activation of the microtubule-dependent NADPH oxidase (NOX2)
generated ROS, activation of TRPM8 channels, and calcium flux from intracellular and
extracellular stores. The results reveal that mammary epithelial cells retain the essential
mechanisms of X-ROS mechanotransduction that are conserved with muscle and bone.
In addition, disruption of this conserved mechanobiology mechanism is possible through
oncogenic activation. Specifically, among common oncogenic mutations, constitutivelyactive KRas inhibits this signaling pathway, and thus it seems that certain oncogenes
render cells mechanically unresponsive which could have interesting implications for the
evolution of cancer cell mechanosensing in the tumor microenvironment as cells acquire
new mutations. Finally, altered expression of the ROS generator (NOX2) and the ROSresponsive channel (TRPM8) are indicators of reduced overall survival in ER-negative
breast cancer, and combined analysis of NOX2 and TRPM8 show an even greater
difference in overall survival (HR=2.4) during a more than 10-year follow-up, suggesting
that this mechano-pathway identified in breast epithelial cells may also be modified in
breast cancer patients in vivo.

6.1 Implications for breast cancer
6.1.1 Scratch assay
The scratch assay is widely used in epithelial wounding response and cancer research.
In both wound healing and cancer, a developmental cell program called epithelial-to-
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mesenchymal transition (EMT) is employed and results in the breakdown of cell
junctions followed by increased cell proliferation, migration, and expression of stem cell
markers (reviewed in [531]). For wound healing, partial EMT fosters wound gap closure
and reestablishment of an intact epithelial sheet and epithelial barrier integrity, such as
after gap formation in a scratch assay. Molecular components of re-epithelialization
include damage associated molecular patterns (DAMPs), ROS, calcium, ATP (reviewed
in [532]). EMT is also thought to be a major component of breast epithelial cell
malignant transformation, cancer progression and metastasis. Preventing EMT in breast
cancer would be a substantial step forward, however, a comprehensive understanding of
the molecular control of EMT in breast cancer is incomplete. Interestingly, there is work
linking EMT and changes in calcium signaling in breast cancer (reviewed in [151]), and
could represent an additional pathway to EMT. For example, 1 hour chelation of
intracellular calcium is able to block the ability of epidermal growth factor (EGF) to
induce EMT cell modifications (measured 24 hours later) [445]. This could be further
linked to the specific characteristics of the calcium signal, such as amplitude modulation,
since ATP-stimulated calcium resulted in a larger peak calcium than that of EGF but
could not induce EMT markers such as vimentin [445]. Although other calcium
channels/transducers and calcium sensitive proteins may ultimately be involved, the
current literature suggests that calcium-mediated EMT could be possible via TRPM7
[445], S100 proteins [533], SPCA [534], or STIM proteins [535]. In addition, changes in
purinergic receptor-stimulated calcium signaling is associated with EMT and that
targeting P2Y6 [209] or P2X5 [471] receptors reduced vimentin expression, induced by
48 hour hypoxia or 24 hour EGF stimulation respectively. While these studies link both

178

calcium and purinergic signaling to EMT, it is possible that current work in this
dissertation showing the rapid induction of calcium signaling in response to scratch in
breast cancer cells will provide new details of early signaling elements in EMT induction.
The real-time scratch assay approach yields an experimental set up that allows for the
investigation of specific calcium signaling characteristics (amplitude, frequency, and
spatial modulation), new signaling axes (P2Y2 purinergic signaling or other
receptors/channels), and mechanisms of EMT (EMT elements such as vimentin, Ncadherin, twist, snail, and wound gap closure) all in one experiment, thus providing
stronger mechanistic links to signaling that precedes EMT. In support of the
ATP/P2Y2/Ca2+ signaling axis identified in the current work as a path toward EMT, other
literature show that knockdown of P2Y2 GPCRs in breast cancer cells reduces ATPstimulated cytosolic calcium signaling [233] and markers of EMT [536], in vivo primary
murine tumor growth and metastatic lesions [232, 233], as well as in vitro invasion and
migration [233]. Due to the strong parallels between a dysregulated wounding response,
cancer, and EMT [446, 537-540], the real time scratch assay may further resolve these
relationships.
Alternatively, this calcium wave (i.e. signaling to neighbors) may rather serve as a
signal for epithelial barrier maintenance, instead of leading cells toward EMT. One
recent study showed that apoptotic or Ras transformed cells initiate a calcium wave
across the epithelial monolayer to neighboring cells prior to the neighbor-facilitated
extrusion of those apoptotic or transformed cells [541]. The underlying mechanism
involves IP3Rs, gap junctions, and TRPC1 channels. Interestingly, the current work

179

demonstrated that cancer cell monolayers suppress scratch-induced signaling to
neighbors, which might represent an approach to block extrusion from cell monolayers.

6.1.2 SLED
Some of the major works supporting a role of mechanical signals such as stiffness in
promoting malignant progression often measure the long-term effects of mechanical
stimulation, as they rely on delayed (culturing) and fixed-timepoint experimentation
(fixed immunofluorescence, western blots) without sufficient temporal resolution. In
addition, because in vivo mammary biophysics is incompletely defined, other sources of
mechanical stress, such as those more rapidly dynamic mechanical stresses than that of
stiffness, are without sufficient supporting empirical data and therefore are not modeled
in vitro at the same rate as that of other mechanical models (e.g. culturing cells in stiff
hydrogels to measure effects of stiffness). Still, mechanosensation and
mechanotransduction mechanisms such as ion channel activation often operate on rapid
timescales. Moreover, the rapid responsiveness of breast epithelial cells to mechanical
stimuli in vitro, such as with calcium signaling, is apparent. However, what role
mechanosensors such as ion channels or resulting calcium signaling play in stiffnessinducing malignant phenotypes or other mechanisms of breast cancer progression is less
known. Two major themes brought about by new data presented in this dissertation are,
a) the identification of a conserved rapid mechanotransduction signaling pathway DeTyrMT/NOX2/ROS/TRP/Ca2+, now shown in breast epithelial cells for the first time, and b)
the disruption of this pathway in cancer. It is possible that this DeTyrMT/NOX2/ROS/TRPM8/Ca2+ signaling axis is integrated in mechanotransduction
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mechanisms previously identified in breast cancer. For example, mechanisms that
underlie stiffness-induced malignant phenotypes in non-tumorigenic breast epithelial
cells occur through the promotion of Rho- and myosin-dependent cytoskeletal
contractility and mature integrin-based focal adhesions [352], but actomyosin
contractility can also occur through calcium-dependent myosin phosphorylation [542]. If
so, upstream regulation of myosin by calcium could involve the rapid activation of
DeTyr-MT/NOX2/ROS/TRMP8, and thus further promote stiffness-dependent
downstream actomyosin contractility, disruption of normal acinar morphology, and
invasion through basement membranes in normal breast epithelial cells. A recent study
showing that transient stimulation can override substrate responsiveness (i.e. stiffness)
agrees with the notion that pathways downstream of dynamic mechanical stress could
play an additional role in substrate sensing [437]. Determining the mechanisms by which
breast cells progress from non-malignant to in situ carcinomas to invasive carcinomas
that break through basement membranes, which might include aberrant mechanical
signaling, would be a major step toward intervention.
There is growing evidence that cancer cells and oncogenes disrupt mechanosensing
and agrees well with findings from this dissertation. For example, while a stiffening
extracellular microenvironment alters the 3D morphology of normal mammary MCF10A
epithelial cells, H-Ras transformed MCF10A cells displayed an invasive phenotype
regardless of environmental cues, suggesting these cues weren’t being integrated [543].
Similarly, normal murine mammary gland cell lines sensed and responded to increased
substrate rigidity with cell spreading, but highly metastatic breast cancer cells showed no
response difference and the impaired mechanoresponsiveness increased with increasing
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metastatic capacity [544]. Using an orthogonal approach, transient substrate stretch or
“tugging” via magnetic manipulation of normal murine mammary gland cells increased
cell dissemination from spheroids, however metastatic cells remained unresponsive to
mechanical cues [437]. Normal fibroblasts that tune their stiffness to match their
substrate stiffness also showed growth arrest on soft substrates compared to stiff
substrates, but H-Ras transformed fibroblasts retained low cell stiffness and high
proliferation rates regardless of substrate stiffness [545, 546]. Likewise, glioblastoma
cells are insensitive to stiffness cues [547], compared to cells that normally show low
spreading, migration, proliferation on soft/compliant substrates [548], which could be
mimicked by activating contractility in glioblastoma cells (via Rho/ROCK/myosin). The
current work also reports an oncogenic activation-dependent inhibition of mechanical
responsiveness through constitutively active KRas. The data outlined above, as well as
the clinical data showing correlations between changes in expression of NOX2/TRPM8
and poor survival reported here, support the idea that cancer alters
mechanoresponsiveness. However, one study shows that when testing tumor potential
using 3D colony formation, a combination of HER2 and high stiffness were necessary for
self-renewing colony formation, as soft/compliant substrates suppressed this phenotype
[549]. While this stresses that some oncogenic mutations still preserve mechanical
responsiveness, it further suggests that aberrant mechanical signaling and oncogenes
work in unison to promote malignant transformation in breast cancer.
Cancer cells often upregulate (e.g. through oncogenes) or inhibit (e.g. through tumor
suppressors) cell signaling pathways as a selective advantage for survival. What
advantage is provided by reducing the integration of external mechanical cues has yet to
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be determined, but a few speculative scenarios are offered. Before cancer emerges, it is
possible that aberrant mechanical signaling is a path toward transformation, and the
abundant data outlined in previous chapters showing that increased stiffness pushes
normal cells toward malignant phenotypes supports this view. Once normal cells become
cancer cells through mutations and activation of oncogenes, responsiveness to aberrant
mechanical signals is no longer advantageous and therefore mechanosensing is inhibited.
Previous data discussed showing that Ras mutations and breast cancer cells that have
progressed toward metastatic phenotypes show reduced mechanoresponsiveness support
this view. Cancer cells may be ignoring mechanical cues to evade the soft substratedependent growth arrest and inhibition of cell spreading and invasion demonstrated in
normal cells. It could be that the Ras-driven suppression of both DeTyrMT/NOX2/ROS/TRPM8/Ca2+ and soft substrate inhibitory effects are linked.
Alternatively, it is possible that reductions in mechanoresponsiveness are more related to
initiating malignant transformation. For example, a recent study in MCF10A cells shows
that general inhibition of mechanically sensitive channels (via GsMTx4), CAMKK2, or
AMPK, disrupts epithelial sheet integrity through formation of stress fiber precursors and
lamellipodia-like protrusions, as well as upregulation of EMT markers [376]. These data
suggest that mechanically stimulated calcium signaling is necessary for maintaining
epithelial phenotypes and monolayers, while the inhibition of this mechanical
responsiveness pushes cells toward EMT and compromises epithelial barriers. Potential
upstream regulation of these mechanisms via NOX2 or TRMP8, and whether suppression
of these same mechanisms occur through early oncogenic activation (e.g. KRas) that
further pushes cells toward invasiveness, is an interesting concept.
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6.2 Limitations
As with any study, there are remaining questions that limit a researcher’s ability to
draw concrete conclusions, and work presented here is no exception. While this
dissertation raises many new interesting questions for future work, a few major
limitations will be outlined. First, much of the data collected and mechanistic
conclusions drawn upon them heavily rely on pharmacologic inhibitory reagents and are
not supported by genetic intervention approaches such as RNA interference. Blocking
the capacity for a given protein to function properly is a powerful tool to determine a
cell’s dependence upon the protein, therefore it is a common approach. While utilization
of the inhibitory peptide against the activation of NOX2 is a relatively strong intervention
due to its specificity, small molecule antagonists and inhibitors like those used to block
TRPM8 function can be less specific (although specificity has been verified by others for
the TRPM8 antagonist in this case). Typically, researchers use an orthogonal approach
of genetic modification via RNA interference, perhaps in addition to the pharmacologic
one, to block protein function. RNAi such as shRNA or siRNA was not employed here,
which raises questions around whether TRPM8 is in fact the functional channel in the
signaling axis identified. Moreover, whether other channels are additionally involved
could be informed with data comparing mechanically-stimulated calcium signaling
between scramble siRNA and TRPM8 siRNA treated cells.
Second, the reduction in mechanoresponsivenss by KRas activation is not supported
by underlying mechanism; how exactly are oncogenes such as KRas leading to the
suppression of mechanosensing? The interaction between KRas signaling and
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mechanically-stimulated calcium signaling has not been resolved in the current work and
will form the basis of ongoing studies. There is prior evidence that calcium can both
promote and inhibit Ras function (reviewed in [550-552]), which links these two
signaling pathways. Whether Ras can in turn modulate calcium is less clear, however
some studies showing that KRas can suppress modes of calcium signaling such as store
operated calcium entry [553] and IP3R calcium release [554] in colorectal cancer cells
support such a mechanism. The current data suggests that KRas-mediated reduction in
mechanically-stimulated DeTyr-MT/NOX2/ROS/TRPM8/Ca2+ signaling occurs at the
level of ROS, since KRas over expressing cells are insensitive to both ROS-stimulated
and mechanically-stimulated calcium signaling. This could be possible due to an
increased redox capacity, such as over expression of enzymes like glutathione peroxidase
and/or glutathione reductase, whereby any superoxide or hydrogen peroxide generated
are quickly degraded before they can go on to interact with TRPM8. An alternative
hypothesis is that disruption of mechanically-stimulated DeTyrMT/NOX2/ROS/TRPM8/Ca2+ signaling occurs at the level of calcium release. For
example, a reduced expression of TRPM8 or expression of non-functional TRPM8
channels would similarly result in a suppressed calcium response.
Third, what functional consequence DeTyr-MT/NOX2/ROS/TRPM8/Ca2+ has on
normal cells, and what functional consequence disrupting this pathway via KRas has on
cancer cells (i.e. does it confer an advantage), is unclear. As discussed in previous
chapters, calcium signaling can affect many cell functions such as cell cycle, death,
migration, invasion, and metabolism. The question of which cell functions mechanicallystimulated DeTyr-MT/NOX2/ROS/TRPM8/Ca2+ is stimulating in breast epithelial cells
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has not been addressed. Furthermore, if the KRas inhibitory effect on
mechanoresponsiveness is presumably an advantageous mechanism by cancer cells to
promote their survival, the cell function mechanically-stimulated DeTyrMT/NOX2/ROS/TRPM8/Ca2+ is stimulating in breast epithelial cells should be
analogous to a tumor suppressor. For example, the mechanically-stimulated DeTyrMT/NOX2/ROS/TRPM8/Ca2+ might strengthen epithelial barrier function in normal cells
and promote an epithelial phenotype in response to mechanical stressors on the barrier,
while oncogenic mutations such as KRas suppress the DeTyrMT/NOX2/ROS/TRPM8/Ca2+/barrier reinforcement and promote an invasive phenotype.
Ultimately this type of speculation is unfounded and the true consequence of DeTyrMT/NOX2/ROS/TRPM8/Ca2+ can only be determined with more experimentation.

6.3 Future Directions
6.3.1 CREB
The future experimental directions proposed hereafter are partly informed by the
limitations of this dissertation as they are questions that have been considered prior and
continue to drive ongoing experimentation. To begin, the functional consequence DeTyrMT/NOX2/ROS/TRPM8/Ca2+ has on normal cells has a fresh direction and these latest
data will be discussed further. In testing potential downstream biological responses, the
logical approach was to look for changes in protein expression, modifications, or
subcellular localization that were previously linked to changes in intracellular calcium or
extracellular mechanical stress. Therefore, these changes were measured in cells at
different timepoints after treatment with calcium ionophores or SLED stimulation.
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Moreover, the effect had to be measured using immunofluorescence because the area of
SLED (stimulated cells) relative to that of the remaining culture dish of cells (control,
non-stimulated cells) in which SLED is performed is very small, thus methods like
immunoblots that involve the collection of the entire dish of cells were ruled out because
comparisons between cell populations within a dish can’t be practically achieved. The
list of potential downstream targets included the nuclear translocation of proteins (snail,
NFATc1/c2/c3, CREB, NFkB (p65/p50), c-fos, b-catenin, YAP), upregulation of protein
modifications (phospho-CAMKII, acetylated tubulin, detyrosinated tubulin, phosphoERK1/2), and upregulation of protein expression (E-cadherin, b-catenin, a-E-catenin,
vimentin, vinculin, F-actin). The only response measured was the nuclear translocation
of phospho-CREB, a calcium-sensitive transcription factor [555, 556], seen with both
ionomycin and thapsigargin stimulation (Figure 6.1). This qualitatively increased from
5min to 30min and suggested that increases in nuclear CREB may also occur downstream
of mechanically-stimulated calcium. Therefore, the nuclear translocation of phosphoCREB was measured and quantified in response to SLED-stimulated cells (Figure 6.2).
High nuclear CREB begins to appear at 2min but significantly peaks at 7min.
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Control

1uM Ionomycin x 1 min

1uM Ionomycin x 5 min

1uM Ionomycin x 10 min

1uM Ionomycin x 20 min

1uM Ionomycin x 30 min

Control

2uM Thapsigargin x 1 min

2uM Thapsigargin x 5 min

2uM Thapsigargin x 10 min

2uM Thapsigargin x 20 min

2uM Thapsigargin x 30 min

FIGURE 6.1: Ionomycin and thapsigargin stimulated activation of CREB in MCF10A cells.
MCF10A cells were cultured on 24-well 0.2kPa dishes overnight. Ionomycin (1µM) or thapsigargin (2µM)
were added and cells were fixed at different timepoints as indicated. Cells were permeabilized, epitopes
were blocked, and antibodies against phospho-CREB (phospho-CREB at Ser133, Cell Signaling
Technology 9198) were applied overnight. Secondary antibodies were used to visualize CREB cellular
localization and Hoescht was used to visualize the nucleus. Increases in nuclear CREB begins at 5min
through 30min.
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A.
Non-SLED
SLED x 7min

Non-SLED

B.

C.

FIGURE 6.2: SLED stimulated activation of CREB in MCF10A cells.
MCF10A cells were cultured on 6-well 0.2kPa dishes overnight. SLED-stimulated cells were fixed at
different timepoints as indicated and compared with control cells (Non-SLED). Cells were permeabilized,
epitopes were blocked, and antibodies against phospho-CREB (phospho-CREB at Ser133, Cell Signaling
Technology 9198) were applied overnight. Secondary antibodies were used to visualize CREB cellular
localization and Hoescht was used to visualize the nucleus. A: Compared with immediately adjacent NonSLED cells, SLED-stimulated cells show an increased nuclear localization of CREB. B:/C: The time
frame of increases in nuclear CREB was measured and quantified. High nuclear CREB begins to appear at
2min but significantly peaks at 7min.

The data show that normal breast epithelial cells functionally respond to mechanical
stimulation with phosphorylated CREB that translocates to the nucleus. Furthermore,
that nuclear CREB is sensitive to calcium signaling in these cells
(ionomycin/thaspigargin) and the specific localization of nuclear CREB is seen only in
the cells that have been mechanically perturbed (compared with immediately adjacent
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cells that show no response), there is a direct correlation with those same cells which
show a similar “stripe” of calcium signaling previously linked to a mechanism involving
DeTyr-MT/NOX2/ROS/TRPM8/Ca2+ as outlined in previous chapters. This strongly
suggests that CREB is downstream of DeTyr-MT/NOX2/ROS/TRPM8/Ca2+, however
further tests are need to clarify the dependence of nuclear CREB on NOX2 and TRPM8
through inhibition of SLED-stimulated CREB in the presence of NOX2/TRPM8
inhibitors. While biological responses further downstream have also not yet been
clarified, these data provide an important first step in elucidating those mechanisms. At
this point, the literature can guide next steps and provide clarification of the potential
impact of this added mechanism (DeTyr-MT/NOX2/ROS/TRPM8/Ca2+/CREB) on breast
cancer.
There are a variety of upstream activation mechanisms (e.g. receptor tyrosine kinases,
GPCRs, calcium channels), upstream effectors (e.g. PI3K/Akt, Ras/ERK, cAMP/PKA,
Ca2+/CAMKII/IV), and downstream gene targets for CREB (reviewed in [555, 557-559]).
In addition, there can be a variety of functional consequences of CREB activation in cells
such as migration, invasion, proliferation, and cell survival [557]. Breast cancer patient
samples over normal samples show increased expression of CREB1/2 [214-216] and high
nuclear localization of CREB2 [216]. In addition, high expression is measured in breast
cancer cell lines compared with normal breast cell lines for CREB2 [216] and increased
expression is also associated with poor patient survival for CREB1 [214]. These
collective data suggest that cancer utilizes enhanced CREB activation for a functional
purpose (e.g. migration, invasion, proliferation, and cell survival), yet how would this
agree with KRas inhibition of DeTyr-MT/NOX2/ROS/TRPM8/Ca2+/CREB? Presumably
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signaling pathways like calcium upstream of CREB would not be suppressed in cancer
cells, such as those with oncogenic KRas. Indeed, overexpression of KRas in fibroblasts
can increase CREB expression and activation, while suppression of the KRas enhanced
CREB expression reduced tumor incidence and volume [560]. However, due to the many
pathways that converge on the activation and nuclear translocation of CREB (i.e. PI3K,
Ras, and calcium), it is possible that when CREB activation has been achieved through
oncogenic activation, other pathways become truncated or downregulated through a
feedback loop to prevent further CREB activation, such as upstream calcium signaling.
By extension of such a mechanism, one might expect in KRas or breast cancer cells that
show enhanced CREB expression/activation, that further CREB activation would
somehow be lethal or limit function. However, to the knowledge of the author this has
not been shown. Alternatively, it is possible that each pathway toward CREB activation
leads to a specific cell function. For example, PI3K/Akt/CREB or Ras/ERK/CREB
might result in migration, invasion, proliferation, or cell survival, while DeTyrMT/NOX2/ROS/TRPM8/Ca2+/CREB enhances epithelial phenotypes and barrier
function. These mechanisms would agree with a KRas-mediated activation of CREB
enhancing oncogenic function, while a KRas inhibition of mechanoresponsiveness
prevents the cancer cell limiting aspects of Ca2+/CREB. Importantly though, as was
stated earlier, this type of speculation remains unfounded. The ultimate consequence of
DeTyr-MT/NOX2/ROS/TRPM8/Ca2+ for breast epithelial cells and KRas cells can only
be determined with more experimentation.
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6.3.2 Other proposals
There are many new questions brought about by this research and new
experimentation that follows will further resolve mechanistic details that underlie the
rapid activation of calcium signaling in breast epithelial cells and shed light on the
implications for breast cancer. While the functional consequence of DeTyrMT/NOX2/ROS/TRPM8/Ca2+ based on new data (i.e. CREB) was discussed in depth,
other future directions without additional data will be more briefly mentioned here. First,
more detail on the characteristics of calcium signaling in non-tumorigenic mammary
epithelial cells compared to cancer cells could be further investigated. For example,
using a faster temporal and increased spatial imaging resolution that might reveal
mechanisms for calcium oscillations, spatial differences in cytosolic calcium, or nuclear
and mitochondrial calcium signaling and additional differences between normal cells and
cancer cells. Furthermore, direct measurements of calcium concentrations using
ratiometric dyes would solidify confidence in any differences between cancer cells
measured with non-ratiometric approaches. In addition, measurements of in vivo calcium
signals are needed to bolster physiologic significance. This includes signaling from the
normal mammary gland as well as tumors, and might necessitate genetic calcium
indicators such as GCaMP. Interestingly, some proof of concept manuscripts and
protocols have demonstrated the feasibility of measuring calcium signaling in epithelial
tumor slices ex vivo using exogenous calcium sensitive dyes [462, 561]. One new
method utilizes the selective uptake of phosphorylated Annexin A2 in tumors to quantify
calcium in breast tumors in vivo, and data suggest the presence of high calcium in tumor
microenvironments [562]. Second, orthogonal approaches for demonstrating the
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responsiveness of breast epithelial cells to dynamic/transient mechanical stress might
bolster the current data using scratch and SLED. For example, fluid flow shear stress is
one more common approach in other cell types, and might similarly reveal mechanisms
of DeTyr-MT/NOX2/ROS/TRPM8/Ca2+/CREB activation. Alternatively, more
specialized techniques such as membrane tension induced activation of mechanically
sensitive ion channels via simultaneous pipette suction, electrophysiologic recordings of
ion flux, and calcium imaging would further resolve activation mechanisms and could
identify mechanosensors. Third, more data supporting the role of NOX2/ROS could add
impact to the work. This would include direct imaging of mechanically-stimulated ROS
via indicators such as CellROX or DCF/H2DCFDA. Finally, the mechanical activation
of calcium signaling in breast epithelial cells in the current work was revealed to be a
two-part signaling mechanism which utilized both intracellular and extracellular calcium
sources. The DeTyr-MT/NOX2/ROS/TRPM8/Ca2+ played a more dominant role in the
long-term persistent calcium signal. In contrast, the mechanisms that underlie the initial
peak calcium are less defined. However, peak calcium relied on intracellular calcium
stores, which suggests a mechanism for mechanically-stimulated intracellular calcium
release, such as GPCR signaling.

6.4 Conclusion
In conclusion, the current work shows that non-tumorigenic breast epithelial cells are
responsive to transiently applied dynamic mechanical stress which rapidly activates
cytosolic calcium signaling. Two new methods were developed to describe this response
and underlying mechanisms: a) the real-time scratch assay and b) scratch on low elastic
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dishes (SLED). The scratch assay revealed an ATP/P2Y2/Ca2+ signaling axis in response
with implications as a path toward EMT based on prior literature. Upon further
investigation however, cell death/rupture seemed to underlie mechanisms of scratchdependent calcium signaling. Therefore, the model of scratch-induced calcium
introduced more variables than initially desired for further investigations of mechanosignaling, which demanded a full accounting of all cell rupture-dependent factors in
addition to the prior identification of ATP/P2Y2 signaling. The second method
developed was SLED, a non-damaging novel method for applying mechanical stress to
breast epithelial cells, and with more physiologic implications as the elasticity of the cell
substrate better matched that of the mammary gland in vivo. Mechanical stimulation by
SLED resulted in activation of DeTyr-MT/NOX2/ROS/TRPM8/Ca2+ in non-tumorigenic
breast epithelial cells. Disruption of this conserved mechanobiology mechanism was
possible through oncogenic activation such that, among common oncogenic mutations,
constitutively-active KRas suppressed this signaling pathway. Therefore, certain
oncogenes render cells mechanically unresponsive which could have interesting
implications for the evolution of cancer cell mechanosensing in the tumor
microenvironment as cells acquire new mutations. In addition, altered expression of
NOX2 and TRPM8 are indicators of reduced overall survival in ER-negative breast
cancer, suggesting that this mechano-pathway identified in breast epithelial cells may
also be modified in breast cancer patients in vivo. The limitations outlined will guide
future and ongoing work based on data presented in this dissertation. The ultimate goal is
to understand the relationship between mechanical signals and breast cancer progression,

194

which may lead to the identification of new therapeutic targets and prolong patient
survival.
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