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Abstract

Bunker, Eric Newman (Ph.D., Biochemistry)

TACE Regulation and Role in an Epithelial Cell Model

Thesis Directed by Professor Xuedong Liu

A multitude of cellular functions are controlled by the activity of the membrane-bound
protease TACE, including immune response and development. Through cleavage of its
membrane anchored substrates, TACE can activate a myriad of signaling pathways in
an auto- or paracrine manner, transferring signals across a tissues and systems.
Despite its importance, it is highly debated how TACE is regulated. | helped generate
TSen, a fluorescence-based sensor of TACE activity, a critical tool that proved
necessary to interrogate the underlying signaling that leads to TACE activation. TSen
enabled us to uncover a wide variation between cell lines and their underlying signaling
in regards to TACE which may account for much of the confusion about its regulation.
Furthermore, we used this sensor to find that TACE is intimately tied actin cytoskeletal
dynamics, which appears to be a novel mechanism of TACE activation. | then used
TSen to monitor TACE activity in single cells in conjunction with an ERK reporter to
measure both activities simultaneously for the first time. | was able to confirm past
results showing the propagation of ERK pulses from cell to cell, as well as identify a
new type of activity pulse: spikes in ligand shedding. These pulses of TACE activity
occur in neighbor cells prior to an ERK pulse, which is followed by another spike in
ligand shedding, validating the model that ERK pulses propagate between cells through

ligand shedding. | then probed cell junctions for their role in TACE signaling. Because



the aggressiveness of an epithelial-derived cancer is highly correlated with loss of cell
junctions, | generated an a-catenin knockdown in HaCaT cells, recreating a phenotype
of mesenchymal morphology and hyper proliferation. | found that silencing a-catenin in
this system generates a large increase in ligand shedding and subsequent proliferation
and that the hyper proliferative phenotype does not occur in the absence of TACE. My
findings contribute to the overall understanding of TACE regulation, as well as the

downstream effects of this signaling molecule in ERK pulses and proliferation.



Contents

CHAPTER
Background
Epithelial Junctions and EMT 2
ERK Signaling and Activity Pulses 10
TACE 14

Il. A biosensor for the activity of the "sheddase" TACE (ADAM17) reveals novel
and cell type-specific mechanisms of TACE activation.

Introduction 20
Results 22
Discussion 44
Methods and Materials 45

Il Automated Image Processing and Analysis and Dual Sensor Reporting of
ERK and TACE in Single Cells

Introduction 51
Results 53
Discussion 77
Methods and Materials 79

V. Loss of Junctions by a-catenin Silencing Enhances Proliferation and MAPK
through Enhanced Ligand Shedding

Introduction 111
Results 113
Discussion 128

Methods and Materials 133



V.

Discussion
Significance

A biosensor for TACE Activity

Autocrine and Paracrine Signaling

Ligand shedding is increase up a-catenin knockdown

Citations

Vi

138

139

141

144

147



List of Tables

Tables

Table 1.1 A list of TACE substrates from multiple cell lines and protein families. 15

Table 2.1 A complete list of chemicals used to screen for TACE regulation 41

Vil



List of Figures

Figures

1.1  Overview of a cadherens junction

1.2  Cadherin-cadherin interactions form an adherens junction

2.1  TSen measures the catalytic activity of TACE in live cells

2.2 The kinetics of TSen activation in response to PMA.

2.3  Epidermal Growth Factor is an Activator of TACE.

2.4  Actin Depolymerization Activates TACE

2.5 The kinetics of TSen activation in response to EGF

2.6 EGF and CytoD, but not PMA, Dependent TACE Activation Requires
ER Exit of Nascent Proteins

2.7  Validation of CytoD dependent activation of TACE

3.1 Example of Automated Image Processing for Analysis

3.2  Automated single cell segmentation techniques

3.3  Epithelial cell segmentation at cell junctions

3.4 Heat map display of reported ERK and TACE activity in single cells

3.5 Example of data traces obtained from ERKTR used to identify ERK
activity pulses

3.6 Identified ERK pulses are compared to neighbor cell ERK pulses

3.7  Processing of TSen reported signal to gauge TACE activity

3.8 Comparison of ERKTR reported ERK activity and processed TSen
reported TACE activity

3.9 Validation of TACE pulses with the non-cleavable sensor (NCS).

viii

23

26

30

33

34

36

39

55

59

62

64

66

67

69

71

73



3.10 Identified ERK pulses are compared to processed TSen in same cells
and neighbor cells. 74

3.11 Identified ERK pulses are compared to processed TSen in neighbor cells

identified for an ERK pulse in the timeframe 76
4.1 a-Catenin knockdown causes scattering in HaCaT cells 114
4.2  Phenotype of HaCaT cells with a-catenin knockdown. 116
4.3 HaCaT cells require TACE activity for TGFa shedding 118
4.4  ERK pulses require EGFR activity and ligand shedding 120
4.5 CRISPR-Cas knockout of TACE in HaCaT cells does not prevent TSen

cleavage under all conditions 121
4.6 ERK activity is lost upon TACE knockout in HaCaT cells 123
4.7 ERK pulses are almost completely lost in HaCaT cells with a TACE

knockout 124
4.8 HaCaT cells cease almost all proliferation in the absence of TACE 126
4.9 a-catenin knockdown increases ligand shedding in HaCaT cells 127
4.10 Silencing a-catenin in a TACE null background 129

4.11 Knocking down a-catenin increases proliferation in wild-type cells but
retains a negligible fraction of dividing cells in a TACE null background 130

4.12 Representation of increased ligand shedding upon loss of cell junctions 134



Chapter 1
Background

This chapter aims to tie together several characteristics of epithelial cells and
their growth, both in healthy cells and disease. Mammalian organisms rely on epithelial
cells to maintain a barrier that protects the body from the environment and pathogens.
The epidermis performs this function by providing a constantly proliferating barrier of
cells connected by a multitude of cell-cell junctions. These junctions provide structural
integrity to the epidermis, grant osmotic control of solutes and water, and modulate
signaling in these cells'™. Some of the most common types of cancer are formed from
epithelial cells, which obtain invasive capabilities and increased proliferation from the
loss of these junctions. To understand how this process works we tie in a core signaling
pathway, the extracellular signal-regulated kinase (ERK) cascade. ERK has been
shown to be fundamental to a cell's decisions to proliferate and recent work has
indicated that activity pulses are important for this process. While ERK signaling is a
well-studied subject, the regulation that leads to ERK activity pulses is less understood.
What is clear is that ERK activity pulses appear to propagate from cell to cell and that
this process seems to be regulated by ligand shedding. The membrane bound protease
TNFa converting enzyme (TACE) is an essential signaling protein for autocrine and
paracrine activation of epidermal growth factor receptor (EGFR), as well as cleavage of
a wealth of other substrates. The mechanism of TACE regulation is widely debated and
generating a better understanding of this protein is paramount to understanding its

downstream effects. This dissertation aims to contribute understanding to the



regulation of ERK pulses and the signaling tied to cell-cell junctions in the context of

TACE as well as how TACE activity is regulated at a cellular level.
Epithelial Junctions and EMT

Epithelial cells form a constantly dividing barrier to the external environment.
The epidermis is composed of four layers of keratinocytes: the stratum basale (basal
layer), stratum spinosum, stratum granulosum, and stratum corneum®. The basal layer
is adjacent to the basal lamina, which separates the epidermis from the dermis and
contains epidermal stem cells, which proliferate and provide cells for upper
differentiated layers. Intercellular junctions between epithelial cells are fundamental to
the cells’ role in both forming and maintaining the epithelium. These junctions are made
up of adherens junctions (AJ), tight junctions (TJ), and desmosomes. Tight junctions
provide a semi-permeable barrier within the epithelium to control transport of solutes
across their osmotic gradients as well as confining apical and basal membrane
components of epithelial cells to their region to maintain polarity>. AJs are made up of
nectin-afadin complexes and cadherins. Nectins are important for establishing
adherens and tight junction formation and inactivation of this complex is lethal during
embryogenesis®. Cadherins are Ca**-dependent adhesion molecules that bind cadherin
molecules of the same type on adjacent cells (Fig.1.1)°. A calcium gradient mediates
epithelial cell differentiation throughout the epithelial layers; as the calcium increases
outward a large number of changes in keratins and desmosomes occur, as well as loss
of P-cadherin, replaced with E-cadherin®”’.

Cadherins bind AJs to actin through the cadherin-catenin complex. The cytosolic

region of cadherins forms a complex with a-catenin, p-catenin, and p120-catenin, where
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B- and p120-catenin bind directly, but a-catenin binds through B-catenin*. While it had
long been thought that a-catenin linked this complex to the actin cytoskeleton because
of its actin-binding domain and 3-catenin binding domain, a-catenin does not bind both
actin and B-catenin simultaneously. a-catenin resides in three states: monomeric a-
catenin can either bind to p-catenin as a heterodimer and then to E-cadherin or it can
bind another molecule of a-catenin to form a homodimer capable of binding actin
filaments®® (Fig.1.2). This finding of dimer specificity effectively decoupled the
cadherin-catenin complex from the actin cytoskeleton, but a wealth of data had already
established some sort of connection between the two. In an effort to resolve this
inconsistency, it was found that while a-catenin does not bind both the cadherin
complex and actin simultaneously in solution®®, tensional force across the complex
causes a significant increase in F-actin binding affinity’®. This tensional force has
furthermore been shown to unfurl a-catenin, allowing it to bind vinculin, which stabilizes

11-13

the elongated conformation , and forms an indirect bridge to actin.

The formation of junctions in epithelial cells is fundamental to their physiological
role but is a reversible process. Epithelial to mesenchymal transition (EMT) is the
process of epithelial cells losing epithelial cell apical-basal and planar polarity, losing
cell-cell junctions, reorganizing the cytoskeleton, redistributing organelles, and

1415 EMT is an essential

morphological changes allowing for an invasive phenotype
process conserved across a wide array of multicellular organisms to alter epithelial cell
morphology into one appropriate for migrating through the extracellular space. This

process is fundamental for the formation of several organs and structures in
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development such as the heart, musculoskeletal system, and peripheral nervous

system™®.

EMT is commonly studied because of its role in cancer progression. When a
normal epithelium begins to proliferate beyond routine maintenance and healing, cells
can begin to form an adenoma. Further changes in these cells can alter this to a
carcinoma which is still attached to the basement membrane like the original epithelial
cells. When EMT occurs, single cells can split off from this carcinoma to form an
invasive phenotype that penetrates the basement membrane and can migrate through
the body in a process called metastasis. These migratory cells can then form
micrometasases or undergo mesenchymal to epithelial transition (MET) and colonize
another site in the body as a macrometastasis™>. When a cancer is able to metastasize
in this manner, it makes treatment much more difficult and this type of transition is

commonly associated with aggressive cancers.

EMT was first discovered from what was called the scatter factor, a component of
fibroblast-conditioned media, which was capable of making Madin-Darby canine kidney
(MDCK) switch from epithelial-cell colonies to migratory fibroblast cells*®. This factor
was later found to be hepatocyte growth factor, (HGF) a ligand of c-met receptor®’.
HGF stimulates Ras activity which further activates Rac and the mitogen-activated
protein kinase (MAPK) pathway, the mechanism used to induce EMT in a bladder
carcinoma cell line'®. Another model system found that Ras activation of PI3K was
important for scattering and survival whereas MAPK signaling induced EMT*. One of
the consequences of HGF stimulation is the activation of SH2-domain-containing

inositol 5’phostphatase (SHIP)-1. SHIP-1 has been associated with actin cytoskeleton



rearrangement and its overexpression is associated with a branching morphology in
response to HGF?. Furthermore, SHIP-1 phosphatase activity leads to an EMT-like
phenotype with loss of cortical actin, stress fiber formation, and loss of adherens-
junctions®. Furthermore, it was shown that HGF no longer caused a scattering
phenotype in MDCK cells with a phosphatase-dead mutation indicating that SHIP-1 is
fundamental to this process®. Overall, MAPK signaling and cytoskeletal changes

appear fundamental to the changes occurring during EMT.

In conjunction with MAPK pathway activation, a very potent inducer of EMT is the
ligand transforming growth factor beta (TGFB). Because TGFB is also involved in
growth arrest and apoptosis, it can prevent tumor function under most conditions but
when combined with active MAPK signaling can cause EMT. The canonical TGFf
pathway activates Smad2 which was shown to induce tumor cell migration on its own
and, in conjunction with increased H-Ras levels, accumulates in the nucleus and causes
EMT?. To differentiate the targets of Ras from each other under TGFB treatment,
inhibitors were used to determine that hyperactive Raf with TGFB was important for
EMT, whereas PI3K activity was important for surviving TGFB-induced apoptosis™®.
TGFp is one of the most well-known activators of EMT, though it has paradoxical roles

in suppression and activation of cancerous phenotypes.

One of the most important changes in EMT is the loss of E-cadherin; this loss is
necessary for a cell to detach from its neighbors and invade the basement membrane,
and has long been correlated with aggressive tumors and metastases®>%°. Reduced E-
cadherin levels have been seen in cases of atypical DNA methylation of the CDH1

promoter, as well as in cases where it has been repressed by transcription factors®*?’,



including Snail, Slug, and Zeb2 responding to extracellular cues such as TGF-, WNT,
or IL6 signaling®. Silencing E-cadherin in a breast epithelial model was sufficient to
generate an EMT phenotype with increases in vimentin, N-cadherin, and Twist, as well
as generating a more invasive tumor in nude mice?®. This only occurred when the entire
E-cadherin protein was silenced; a dominant-negative truncated construct lacking the
ectodomain caused a loss of cell junctions but no distinct mesenchymal morphology.
The functional nature of the cytoplasmic tail was predicted to act by binding (B-catenin,
and so loss of the entire protein instead of simply its ectodomain would release [3-
catenin and cause EMT-related transcription. To determine if the cytoplasmic tail acts
through B-catenin, it was silenced in E-cadherin knockdown cells. Mesenchymal
markers N-cadherin, vimentin, and fibronectin were lowered but epithelial marker
cytokeratin-8 remained low. Constitutively active B-catenin was overexpressed in the
presence of E-cadherin revealing that it is required but not sufficient for mesenchymal
marker expression. Seventeen transcription factors including Twist and Zeb-1 changed
in E-cadherin knockdown cells. Silencing of Twist prevented the induction of N-
cadherin, but not vimentin, and hindered the invasive phenotype seen in E-cadherin
knockdown cells®. This provides key insight into the role of E-cadherin; its cytosolic
region is apparently a crucial regulator of EMT, and this control is through more than

stimulation of B-catenin activity, but it is not clear how this control is conveyed.

Loss of E-cadherin is not always sufficient to cause EMT, however. MDCK cells
are another epithelial model where loss of E-cadherin generates a more invasive
phenotype with a fibroblast morphology in sub-confluent cells®*, though at higher cell

densities it was found that loss of E-cadherin was unable to remove apical-basal cell



polarity or disrupt formation of TJs*:. This incongruity was partially explained by a
redundant cadherin, cadherin-6, where silencing of both genes, but neither individually,
was capable of displacing B-catenin from the membrane but still not able to remove ZO-
1 from cell junctions. It was then found that loss of a-catenin was capable of disrupting
cell junctions and that these cells appeared to have a mesenchymal phenotype, with
loss of both AJs and TJs and apical-basal polarity, but with no effect on B-catenin
levels®. This implicates a-catenin as an important regulator of how E-cadherin

signaling occurs and it has this effect in the presence of redundant cadherins as well.

Vasioukhin et al. have shown that a-catenin null mice had major skin and hair
follicle defects. They found that despite little change in the level of AJ proteins and that
B-catenin was conversed and associated with E-cadherin at cell junctions, large
segments of the epidermis were missing with visible peeling at other sites. Diminished
hair follicle morphogenesis accompanied a lack of whiskers. The normally clear layers
of the epidermis were thick and disorganized and, while several signs of differentiation
persisted between the layers, mitosis appeared throughout the epidermis instead of
being restricted to the basal layer. The a-catenin null cells showed a morphology of
being unusually large, hyperproliferative, defective in cell polarity, and multinucleated,
overall resembling a precancerous squamous cell carcinoma®2. Loss of the cytoplasmic
domain of E-cadherin (and redundant cadherins) causes a large effect that is only
partially explained by B-catenin signaling. These results show that removal a-catenin
can cause drastic changes in vivo and may explain another side of cadherin-catenin

signaling.



Because a-catenin loss does not affect B-catenin protein levels or localization®, it
is unclear how it regulates cell signaling to such a high degree. What is known is that
the homodimer of a-catenin directly inhibits actin dynamics when bound to filamentous
actin by inhibiting Arp2/3-mediated polymerization®. Arp2/3 activity was completely
suppressed at nearly ten-fold the estimated concentration in the cytosol, indicating that
a relatively high local concentration of a-catenin must exist if this inhibition is to be
biologically relevant. Because a-catenin forms a complex with [(B-catenin and E-
cadherin, and this complex forms at cell junctions, it is plausible that the local
concentration of a-catenin bound at cell junctions would be increased. When
dissociating from these complexes, a-catenin would then be able to form homodimers,
inhibit Arp2/3 activity, and prevent actin branching and lamellipodia formation near the
site of cell-cell junctions®*. While it is unclear how cytoskeletal changes affect
proliferation and EMT, they are clearly important for aggressive cancer

phenotypes'*>2°,

ERK Signaling and Activity Pulses

The epidermis is constantly renewing itself to maintain a barrier against the
external environment. Cells within the basal layer of the epidermis rapidly divide to
replace differentiated cells on the exterior, which undergo programmed cell death and
eventually slough off into the environment. The turnover of this process is remarkably
high, with the outer layers being replenished every two weeks**. Epithelial cells not only
have to proliferate long after the adult organism is grown, but they have to be able to

up-regulate proliferation even further upon injury as well as becoming migratory to seal

10



the wound. With these mechanisms in place, it is not surprising that basal-cell and

squamous-cell carcinomas are some of the most common cancers™°.

Epithelial cells must maintain a balance of proliferation — excessive growth leads
to neoplasia and even cancerous states whereas too little results in fragile skin and
epidermal atrophy®®. To maintain this balance the keratinocytes that make up the
epidermis regulate growth through a number of signaling pathways and core amongst
them is the ERK cascade. MAPK cascades are capable of controlling a large number of
cellular processes such as proliferation, motility, and survival both by altering gene
expression and direct activation of existing proteins®’. The ERK1/2 pathway has been
shown to be particularly important for cell proliferation, as it is a key regulator in cell-

cycle progression from G1 to S phase®.

The phenotype of ERK activation can be drastically altered by changing the
duration of activation. PC12 phaeochromocytoma cells stimulated with nerve growth
factor (NGF) exhibit sustained ERK activation and nuclear translocation of ERK protein,
resulting in the differentiation of these cells to a sympathetic neuron phenotype,
whereas EGF induces a transient activity, reduced nuclear translocation, and no
differentiation®®. The fibronectin-induced progression to S phase via transient ERK
activation was found to be proportional to the integral of ERK activation rather than
either magnitude or lifetime alone®. These results show that the kinetics of ERK

signaling are vital to its function in controlling cell behavior.

Signaling can be modulated by the frequency of transition between on-off states
by its signaling molecules rather than the magnitude, or number, of molecules

generating the signal. In yeast, calcium spikes have been shown to activate the

11



transcription factor Crz1 by controlling the frequency of its nuclear localization rather
than the magnitude, allowing for proportional expression of target genes regardless of
expression*’. The stress response transcription factor Msn2 can respond similarly by
modulating its amplitude, frequency, and duration of nuclear localization to transmit
diverse external stresses; this was found to generate differential gene expression
through varied transcription factor binding properties and the kinetics of promoter
transition to an off state®”. Following DNA damage, the tumor suppressor p53 is
expressed in a series of discrete pulses, where the number of pulses depends on the
amount of damage but the width and amplitude seem fixed*®. Treatment with tumor
necrosis factor (TNF)-a was seen to generate pulsing activity in nuclear factor (NF)-kB,
where it responded in a digital manner creating a heterogeneous population with

analogue information such as timing, intensity, and number of pulses*.

Tracking ERK activity in single cells revealed that its activity is comprised of

45-49

discrete activity pulses Upon titrating EGF, these pulses appear to increase in

frequency and duration instead of a continuous increase in population activity*>*’.
Pulse frequency and proliferation also both increased with serum concentration and
correlated with each other to show a bell-shaped response to changing cell density*°.
The downstream effectors of ERK Fra-1 and c-Myc have expression levels proportional
to the frequency of ERK pulses and Rb phosphorylation or geminin activity indicated
that entry into S phase has a nonlinear dependence on ERK*. Aoki et al. used a light-
activated c-Raf system to show that intermittent light at a similar frequency to naturally

occurring ERK pulses stimulates proliferation compared to continuous light or dark

conditions. Simulated ERK activity pulses but not continuous activation led to the

12



induction of serum response factor (SRF)-regulated genes*®. Overall, these findings
indicate that ERK pulses have different downstream effects than continuous activity and

appear to be tied directly to proliferation.

Modulation of ERK pulses by pathway inhibitors has helped shed some light on
their regulation. EGFR inhibition lowers the frequency of pulses, whereas MEK
inhibition reduces amplitude® and low doses of a Raf inhibitor lead to an increased
pulse width*®. The propagation of ERK activity pulses to neighboring cells appears to
be modulated by ligand shedding as it was abolished by inhibitors of MMPs or EGFR*.
To further probe ERK pulse regulation, Sparta et al. overexpressed TrkA in MCF10A
cells. TrkA is a receptor tyrosine kinase (RTK) that responds to NGF by receptor
dimerization, much like EGFR to its ligands®® and shares the Raf-MEK-ERK cascade
but differs in kinetics and in how it recruits adaptor proteins to activate the GTPases
Ras and Gap®’. Titrating NGF showed a steady increase in ERK levels as oppose to
treatment with EGF which caused erratic pulsing activities; this shows that the pulsing
activity is likely due to the different mechanisms of GTPase recruitment by adaptor
proteins at the receptor level. The importance of EGFR was also shown by treatment
with the EGFR inhibitor gefitinib, which indicated that not only does it remove the
pulsing activity but also prevents pulses that are still rising in activity from fully reaching

their peak®’.

ERK activity pulses appear to be a fundamental mechanism of regulating
downstream effects in a manner than depends on the ligand stimulating the pathway.
The pulses themselves appear highly correlated with entry into S phase and

subsequent proliferation. There is still a great deal of ambiguity in our understanding of

13



ERK pulses and where they originate as both the stochastic activation of Raf*® and the
receptor’’ have been implicated. Furthermore, ERK pulses appear to propagate
from cell to cell and this dissemination appears to require ligand shedding - another field

riddled with uncertainty.
TACE

The ADAM (A Disintegren And Metalloproteinase) family of transmembrane
proteases is closely related to matrix metalloproteinases (MMPSs) as well as ADAM-TSs
(ADAMS with thrombospondin domains) and snake venom metalloproteinases
(SVMPs)*2. The ADAM family shares diverse functions in cell adhesion and signaling
from growth to modulating inflammatory response. ADAML17, also referred to as TACE,
is one of the most studied proteins in the family as it maintains a large array of
substrates and appears fundamental to development and disease®>. When TACE-
activity null mice were generated by removing the zinc-binding site, the few mice that
survived had abnormalities in their skin, eyes, organs, and hair reminiscent of mice
lacking TGFa and cells from these mice were unable to release TGFa; a discovery that
TACE cleaves more than TNFa but is also responsible for release of the EGFR ligand

5 TACE is therefore able to the release of

transforming growth factor alpha (TGFa);
TGFa to activate EGFR on nearby cells as well as the cell releasing it; this is an

example of a process called ligand shedding.

Over the years it has been discovered that TACE cleaves a large array of
substrates from many categories of ectodomain containing proteins (Table 1.1)*°, both

to cut a pro-form into an active structure, like with EGFR ligands, or to deactivate the

14
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protein such as a RTK. Substrate specificity is at least in part due to the non-catalytic
domains of TACE despite these domains not binding the substrate. This likely due to
steric hindrance preventing non-substrates from reaching the catalytic site and appears
to be a common feature among the ADAM family®®. Though substrate specificity is
controlled by proximity and adjacent domains, the cleavage site of its preferred ligands

has a well-defined motif comprised of alanine and valine residues®’.

TACE transport from the endoplasmic reticulum (ER) to the Golgi apparatus and
outward to the membrane is a key form of regulation. Macrophages express the non-
catalytic intramembrane protein iRhom2 and its knockout led to a complete loss of
TACE activity®®. It was found that TACE is retained in the ER until trafficked out by
iIRhom2, then its prodomain is cleaved in the Golgi where it is glycosylated, and then it

can proceed to the membrane as an active protease®>®.

How signaling affects this
process is unclear but it does seem that in this system iRhom2 is essential for TACE

activity by means of transport.

The cytoplasmic domain of TACE has several phosphorylation sites. Niu et al.
reported a phosphorylation of TACE on tyrosine residue 702 by Src in C2C12 myoblasts
as a response to mechanical stretch®. Reactive oxygen species activated PKC-epsilon
in a lung carcinoma line which resulted in serine and threonine phyosphorylation on the
cytoplasmic tail of TACE and promoted shedding of EGFR ligands®*. ERK has been
found to directly phosphorylate the cytoplasmic tail of TACE at threonine 735 with
possible roles in trafficking from the ER®2. Phosphosite mutants T735A and T735E
were generated to be an unphosphorylatable form of TACE and a phosphomimetic,

respectively. It was found that without phosphorylation TACE was retained in the ER

16



but the phosphomimetic appeared to progress through the secretory pathway®. T735
was also found to be phosphorylated by p38, causing a TACE-mediated release of
EGFR ligands and proliferation in response to cell stresses commonly used to activate
p38%. Because TACE is both activated by stressors through p38 and by pro-growth
and survival signals through ERK, this protein can integrate these signals into a circuit
capable of activating EGFR from multiple contexts, as well as propagate this signal to

nearby cells®*.

Once at the membrane it is unclear if phosphorylation retains a regulatory role on
TACE; there are, however, several potential regulators still in play. One finding is that
TACE appears to be quickly activated at the membrane and that this activity is
apparently independent of inhibitory domains or endogenous protein inhibitors. An
inhibitor that binds the active site of TACE is able to quickly bind active cells but not
guiescent ones and that TACE activity appears to be rapidly reversible upon washout of
stimulus®.  Consistent with this concept is the result that TACE activity at the
membrane is modulated by the redox environment at the plasma membrane. This can
be altered by thiol isomerases, and it was found that inhibiting or silencing protein
disulfide isomerase was sufficient to enhance TACE-mediated ligand shedding in a
rapid and reversible manner®. A separate finding is that the small pool of TACE at the
plasma membrane is capable of forming dimers and that these dimers are more
susceptible to inhibition by the tissue-inhibitor of metalloproteinase-3 (TIMP3) as seen
by increased binding by TIMP3 when coupled by a cysteine trap®’, which is inconsistent
with the result from Le Gall's group®. Moreover, the equilibrium of TACE monomers

and dimers appears to change rapidly in response to ERK or p38 stimulation®”. TACE
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activity at the membrane was also found to be enhanced by the presence of
phosphatidylserine at the outer leaflet, both during apoptosis and as a transient event
potentialy common to all TACE-activating stimuli®®. There is a great deal of
inconsistency the mechanism of TACE activation, several lines of evidence are
disjointed such as the primary regulation being transport®® or transient exposure to

65,67

phosphatidylserine®, and others completely contradictory to each other making

TACE regulation a murky subject to understand.

Because TACE is a capable of tying multiple signaling pathways together to
generate an EGFR response®, it transfers signals like stress into a proliferation
phenotype®®. More than just activating proliferation, TACE is able to act though EGFR
to up-regulate several MMPs to promote cell invasion phenotypes®. It was found that
TGFB acted through TACE and ErbB3 for PI3K and AKT activation’ as well as through
TACE to generate a migratory and invasive phenotype’. TACE has the paradoxical
role of both cleaving EGFR ligands and RTKs which means that its inhibition both
causes a decrease in the EGFR pathway and an increase in a related RTK pathway
which is referred to as bypass signaling, a common mechanism cancers use for
developing kinase inhibitor resistance’®. The dual role of TACE in ligand and receptor
cleavage generates both positive and negative feedback capable of integrating multiple

pathways together to direct cell motility and growth and proliferation °*72.

This places
TACE as a direct modulator of disease state in multiple types of cancer. This protein is
of crucial importance for development, immune response, wound healing, and disease

but its regulation is still widely debated.
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Because the mechanism of TACE regulation remains disputed, there is a need
for more tools in the field to assess its activity. As TACE regulation becomes more
understood, it is imperative to understand how its regulation and role are tied in cells.
For example, ERK pulse propagation appears to depend on ligand shedding but several
reports on TACE regulation show that extracellular mechanisms control TACE activity.
Also, the pathways tied to EMT and metastasis are intricately connected to TACE
signaling through MAPK pathways and motility but its role and regulation in this process
are not understood. In this dissertation | describe a novel biosensor for TACE activity
which | then use to validate signaling regulation of TACE, discover a novel regulator of
TACE, compare TACE activity in single cells to their ERK pulsing behavior, and address

how cell-cell junctions affect TACE activity with the removal of a-catenin.
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Chapter 2

A biosensor for the activity of the "sheddase” TACE (ADAML17) reveals novel and

cell type-specific mechanisms of TACE activation.
Published with permission from Science Signaling
Introduction

The Tumor Necrosis Factor-a Converting Enzyme (TACE/ADAM17) is a trans-
membrane protease that has been implicated in numerous physiological processes,

including  inflammation*”™, wound healing’®, development’”” and cancer

87 In these diverse processes, TACE plays a common role as an

progression
extracellular sheddase that cleaves the pro-/transmembrane form of a wide variety of
ligands and receptors’®. For example, TACE activity mediates auto/paracrine release of
TNFa during immune response through the cleavage of pro-TNFa and release of
soluble TNFa, which binds to and activates the TNF receptor’®. Similarly, TACE activity
mediates auto/paracrine release of TGFa and amphiregulin®, both of which are
Epidermal Growth Factor Receptor (EGFR1) ligands that regulate cellular motility during
development, wound healing, and metastasis®®*. Although ligand shedding has gained
increased attention as a major posttranslational modification mechanism and significant
research has been conducted in an effort to understand the consequences of
auto/paracrine release of TACE substrates, relatively less is known about how TACE
activity is itself regulated. Several lines of evidence suggest that TACE activity is

spatially and temporally regulated within a cell or a tissue®®®>#. TACE activation has

been proposed to require the proteolytic cleavage of the auto inhibited pro-TACE form®*,
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via the protease activity of Furin’®, however, Furin deficient cells have displayed a clear
ability to mature and activate TACE®®. Thus, the mechanism of proteolytic activation of
TACE still remains unclear. It has been suggested that the trafficking of TACE to the
plasma membrane is the primary means of TACE regulation in cells. Direct
phosphorylation of TACE at Thr735 by either p38 or Erk has been proposed to facilitate
trafficking of TACE to the plasma membrane, and subsequent extracellular

62638688 Other studies point to the importance of ER exit due to the action of

activity
iRhom2 in the activation of TACE®. Additionally, pathophysiological mutants of Src
have been shown to regulate plasma membrane display of TACE, and there is some

evidence that wild type Src may also mediate this process®®*°

. Clearly, there are many
outstanding questions in the field that aim to answer how the TACE protease is able to
be regulated in such a manner as to have 76 substrates’ and various roles in diverse
physiological and pathophysiological processes. The current mechanistic understanding
of TACE regulation is hampered by a lack of effective tools to measure the
spatiotemporal regulation of TACE activity in live cells. In this study, we demonstrate the
use of a novel FRET biosensor for TACE activity and how its use in live cells reveals
that there are at least three distinct mechanisms, including a novel actin-cytoskeleton
dependent pathway, by which TACE is activated in a cell type specific context. We find
that in some cells TACE activation depends solely upon the kinase activities of p38 and
Erk, while in other cells TACE activity depends upon either vesicle trafficking alone or a
combination of kinase activation and vesicle trafficking. Our data clearly shows that

there are multiple distinguishable mechanisms for TACE activation that can be either

cell type specific, or TACE activator specific (i.e. PMA or EGF specific). Such insight
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into the complexity of TACE regulation can help explain how TACE activity may be
targeted to specific cellular substrates in order to mediate the diverse cellular

responses.

Results

The TSen FRET biosensor was designed using a mixtur e of domains from TGF «

and TNFa

Using a chimeric protein design approach, we developed a novel, genetically encoded
FRET biosensor, which we call TSen, to measure TACE activity in live cells by
fluorescence microscopy. As displayed schematically in Fig. 2.1a, TSen has an N-
terminal leader sequence derived from TGFa, a TACE cleavage site from TNFa flanked
by linker regions, a PDGFR (platelet-derived growth factor receptor) transmembrane
domain, an eCFP (enhanced cyan fluorescent protein) FRET donor, and a YPET [a
yellow fluorescent protein (YFP) variant] FRET acceptor in a similar manner as to what
has been used for the MMP14 (matrix metalloproteinase 14) FRET biosensor®. A key
difference between TSen and other protease cleavage biosensor designs is that two
tandem valines make up the immediate C-terminal end of the sensor, which mimic the
C-terminal valines that are required for TGFa maturation in live cells®’. The use of a
TACE cleavage site derived from TNFa in TSen is the result of extensive research that
identified a small peptide region within TNFa as an efficient and specific substrate of

TACE over other metalloproteinases %,

Although a TACE-specific cleavage site
derived from TNFa is incorporated into TSen, TSen differs from the TNFa and TGFa

proteins in the distance between the cleavage site and the transmembrane domain
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along the polypeptide chain (about 245, 18, and 7 amino acids, respectively). However,
in TSen, the TACE cleavage site is separated from the PDGFR transmembrane domain
with an eCFP domain, whose N and C termini are positioned within 22 + 1.8 A
(corresponding to a distance of about six amino acids) of each other, according to the
eCFP structure in Protein Data Bank (identifier 2WSN)®. Thus, although the TACE
cleavage site in TSen is fairly distant from the transmembrane domain in the primary
structure, these two domains are likely positioned near each other in the tertiary
structure. Additionally, TSen differs from TNFa in that TSen is a type | transmembrane
protein, whereas TNFa is a type Il. Because TGFa, another TACE substrate, is a type |
transmembrane protein, it appears that TACE does not take into account the type of
transmembrane protein as a parameter for selectivity. Despite the highly chimeric
structure of TSen relative to the structures of endogenous TACE substrates, we found
that this chimeric nature did not interfere with TSen being a highly suitable substrate for

TACE.

TSen measures TACE activity in live cells

TSen measures TACE activity as a function of inverse FRET ratio (CFP/FRET),
meaning that the FRET signal decreases relative to CFP when TSen is cleaved,
presumably by TACE, and the CFP and YPET fluorophores are separated, where YPET
is then released as a soluble protein into the surrounding medium. In HeLa S3 cells
stably expressing TSen, the inverse FRET ratio rapidly increased when PMA (phorbol
12-myristate 13-acetate), a previously reported activator of TACE®, was added to the
culture medium (Fig. 2.1b and 2.2a). This PMA-induced change in the FRET signal was

blocked by the addition of TACE inhibitors BMS-561392 (DPC-333) or GM6001. BMS-

25



‘AjAizoe IDv1L
pue ‘ged 43 uodn spuadap s||92 USS1-1 6T Ul U3S] Suisn payiodal AliAIde IDVL (9) “Z6ET9S-SING JO JUBWIRSI1-0D
Ag pax20|q g ued Yda1ym ‘3OV1 O uoileAlde pided B S3INPUl VIAId 31BY1 S|ESASJ O11e) | JY4 9SISAUI JO 3SIN0IBWIL VY (B)

‘VIAld 03 3suodsaJ ul UoIjBAI}IE. U] JO SIIBUD] dY] *Z'Z 24nSi4

JOVL _H‘Il'lll“_
v491-0id _LF.IEI In'_
(1w/Bu YINd) mmmmmwmwmo
NISL-43N D
S
@@d&& 5 (uIw) swiL
& Lo o 0ST 00T 0S5 O
\Cmu&l @n.\vﬁu &OZ O&@ L L L 70
Q Q

- €0 _ =

L g0 4 SWa/vNd [l m__u._

L 90 M swa | &

VINd ] L - .0 W_ e W

oswa | L g0 m.. osa m =
NISL1-1£62 e \aslesen LvT Y

26



561392 is a partially selective TACE inhibitor (K; = 180 pM) and has 100-fold selectivity
over several other MMPs and ADAM family members [MMP12: ICsy (half maximal
inhibitory concentration) = 2 nM; MMP13: ICso = 12 nM; ADAMTS4: IC5o = 10 nM),
whereas GM6001 is a nonselective MMP/TACE inhibitor®®. Similar results were found in
human embryonic kidney 293T cells transfected with TSen (herein called 293T-TSen
cells) (Fig. 2.2b). To determine whether PMA-dependent TACE activity, as measured by
our sensor, is contingent on the specific sequence of the TNFa cleavage site, we
constructed a noncleavable sensor, in which the TACE cleavage site no longer
resembled an ideal TACE substrate (Fig. 2.1a). The noncleavable sensor sequence
was predicted to be a poor TACE substrate, according to a previous study”’. PMA-
dependent activation was not observed in HeLa S3 cells stably expressing the
noncleavable sensor compared to those stably expressing TSen (HeLa S3-TSen cells)
(Fig. 2.1Db), validating that the TACE cleavage site is the primary and required feature of

TSen to show PMA-dependent TACE activity.

Because TSen was designed to display reduced FRET efficiency through proteolytic
cleavage, we validated that cleavage was indeed occurring. To this end, we additionally
measured the release of YPET and CFP from HelLa S3-TSen cells after a 3-hour period
of PMA stimulation in the presence or absence of either BMS-561392 or GM6001. PMA
enhanced YPET, but not CFP, release into the medium, and YPET release was
inhibited by either pharmacological TACE inhibitor (Fig. 2.1c). When the same
experiment was conducted in HeLa S3 cells transfected with the noncleavable sensor,
PMA-stimulated YPET release was greatly reduced but was not completely absent (Fig.

2.1c). This residual PMA-dependent cleavage of the “noncleavable” sensor is likely still
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dependent on TACE because both GM6001 and BMS-561392 inhibited its activation.
The remaining small portion of TACE activity detected through YPET release is likely to
be attributed to cleavage at a cryptic site located between CFP and YPET in the
noncleavable sensor that is independent of the TNFa cleavage site. These YPET
secretion experiments, in conjunction with the microscopy experiments, demonstrate
the versatility of TSen. Thus, TSen can be used in either a secretion-based fluorescent
spectroscopy assay, in a similar manner to the available TACE bioassays®’, or in a

FRET-based live cell microscopy assay.

The use of TSen in live cells also enabled the determination of the intracellular location
at which TACE is active. Using confocal microscopy, we repeated our experiments with
HeLa S3-TSen cells in the presence of PMA to determine whether cleaved TSen
localizes to intracellular vesicles or to the plasma membrane. We found that TSen
cleavage localizes to a large degree to the plasma membrane and to a far lesser degree
to intracellular vesicles under these conditions (Fig. 2.1d). This may be the result of
selectively localized TACE activity, or more likely, it is a reflection of the selective
localization of TSen. Therefore, TSen is not expected to show all possible subcellular
locations where TACE may be active, nor does it elucidate where TACE itself is
activated within a cell. Rather, the observations suggest that TSen is primarily a sensor

of TACE activity at the plasma membrane.

TSen reports TACE activity with similar dose and ki netic profiles to that of pro-

TGFa cleavage at the plasma membrane
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Mouse embryonic fibroblasts (MEFs) have been used previously to study TACE-
dependent cellular responses, wherein TACE mediates the cleavage of EGFR ligands’’.
MEFs stably expressing TSen (MEF-TSen) responded to PMA stimulation with TACE
activation, assessed by an increase in inverse FRET ratio (Fig. 2.1e), similar to that
observed for both HeLa S3-TSen and 293T-TSen cells (Fig. 2.1b and 2.2b). We aimed
to determine whether the time and dose profiles of TACE activity in response to PMA
were similar between TSen-measured activation of TACE and endogenous TGFa
cleavage assessed by Western blot analysis. Although we could not detect cleavage of
endogenous pro-TGFa in whole-cell lysates (Fig. 2.2c), we could detect the time-
dependent disappearance of pro-TGFa in subcellular fractions enriched for plasma
membrane (Fig. 2.1f). The time- and dose-dependent amount of pro-TGFa at the
plasma membrane closely resembled the TACE activity as reported by TSen in
fluorescence microscopy experiments (Fig. 2.1, f and g). These similarities between the
PMA-induced dose- and time-response profiles for TSen and TGFa cleavage suggest
that TSen may be a faithful reporter of TACE activity in general at the plasma

membrane.

TSen reports TACE activity with high specificity

To determine the specificity of TSen for measuring TACE activity, we stably expressed
short hairpin RNA (shRNA) against ADAM17 (the mRNA encoding TACE) in HeLa S3-
TSen cells. Knocking down TACE (Fig. 2.3a) showed that the PMA-induced change in
FRET ratio reported by TSen was dependent on TACE (Fig. 2.3b).
Similarly, Adam17~~ MEFs transfected with TSen had no measurable changes in the

TSen-reported inverse FRET ratio in response to PMA, in contrast to wild-type MEF-
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TSen cells, which display a significant increase in inverse FRET ratio in response to
PMA (Fig. 2.3c). Previous studies show that TNFa can be cleaved not only by TACE but
also by the protease PR3 (proteinase 3, encoded by PRTN3)%. Additionally, the
peptidomimetic gelatinase B inhibitor Regasepin-1 is capable of inhibiting not only
gelatinase B but also MMP8 and TACE to the same degree, suggesting that these
proteases may share overlapping substrate specificity®®. However, knocking down either
MMP8 or the protease PR3 in HeLa S3-TSen cells (Fig. 2.3d) was insufficient to alter
either the basal or PMA-stimulated inverse FRET ratio of TSen (Fig. 2.3e). Together,
these series of experiments show that TSen is a biosensor that faithfully reports TACE

activity with specificity for TACE over other similar proteases

TACE activation by stimulating EGFR is p38- and ERK  -dependent

TACE has been reported to mediate the proteolytic activation of several EGFR
ligands’*®°. We determined that PMA-dependent TACE activation measured through
TSen depends patrtially on the kinases p38 and ERK (Fig 2.4a), which is consistent with

the findings in other studies®®®®

. Because p38 and ERK are both activated upon
stimulation of EGFR, and there is uncertainty whether this can enhance TACE
activation®®, we aimed to determine the breadth of the phenomenon of EGFR-mediated
activation of TACE in several established cell lines. To this end, we created three
additional stable epithelial cell lines expressing TSen (HaCaT keratinocytes, SCC13
squamous carcinoma cells, and VMCUB1 bladder cancer cells) and tested their
responses to EGF. Although TACE was not activated by exogenous EGF in HelLa S3-

TSen cells (Fig 2.5a), EGF efficiently activated TACE in HaCaT, SCC13, and VMCUB1

cells (Fig 2.4, b-d). The kinetics of activation of TACE was faster in PMA-stimulated
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cells (1 hour to saturation, Fig. 2.2a), compared to EGF-stimulated cells (3 hours to
saturation, Fig. 2.5b). EGF-dependent TACE activation was blocked in all cell lines by
pharmacological EGFR inhibition using gefitinib, which is consistent with the theory that
the activation of TACE by EGF occurs through EGFR. As expected, the TACE inhibitor
BMS-561392 diminished both basal and EGF-dependent TACE activation, revealing
that only a portion of the total TACE activity in all three of these cell types was
dependent on EGFR. Additionally, the effects of the inhibitors SB-203580 and CI-1040,
which target p38 and MEK1 (MAPK kinase 1, which phosphorylates ERK), respectively,
consistently showed the importance of both of these kinases in EGF-dependent TACE
activation. Thus, EGF-dependent activation of TACE in these three cell lines was similar
to that of PMA-dependent activation of TACE in both HeLa S3 and 293T cells (Fig. 2.1e
and 2.2b), in which both chemical and biochemical activation of TACE were p38- and

ERK-dependent.

Chemical compound screening reveals novel activator s and inhibitors of TACE

To further understand the cellular regulation of TACE, we conducted an unbiased
screen of small-molecule compounds in HaCaT-TSen cells to find those that are
capable of modifying TACE activity. We screened 81 compounds that affect diverse
cellular functions (table 1.1), from a library of small molecules that either have been
widely used research tools or are approved by the Food and Drug Administration for
clinical applications. Thus, each compound has a known mechanism of action. Our
screen revealed two candidate compounds that activate TACE [cytochalasin D (CytoD)
and quinacrine] and two candidate compounds that repress TACE (doxorubicin and

sunitinib) (Fig 2.6a). All four candidates were validated in independent titration
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experiments (Fig 2.6b and 2.7a-c). Doxorubicin is a DNA-damaging agent that can
activate an apoptosis response in cells through the activation of caspase-8, a protease
capable of activating TACE'®. Although we observed doxorubicin to be an inhibitor of
TACE activity, we investigated whether this suppression was an indirect effect as a
result of its activation of apoptosis. We found that doxorubicin did not activate apoptosis
as assessed by caspase-3 cleavage under the experimental conditions we used, but it
can cause the accumulation of pro-TGFa in whole-cell lysates, supporting the claim that
doxorubicin inhibits TACE (Fig. 2.7d). Presumably, this inability of doxorubicin to
activate apoptosis in these cells may be attributed to the high density (1200 cells/mm?)
at which cells were screened, which leads to density-dependent inhibition of cellular
proliferation (Fig. 2.7e) and hence to decreased DNA replication and a decreased

amount of doxorubicin-associated DNA intercalating damage.

Actin cytoskeleton—dependent activation of TACE rel ies on the accumulation of

TACE at the plasma membrane

Because CytoD, an inhibitor of actin polymerization, emerged as the strongest potential
activator of TACE, we investigated the possible regulatory connection between the actin
cytoskeleton and TACE activity. We conducted a dose-response experiment in HaCaT-
TSen cells using latrunculin B (LatB), which is another actin-depolymerizing agent with
a mechanism of action that is different from that of CytoD. We found that LatB had a
similar ability to increase the inverse FRET ratio (Fig. 2.7f and 2.6 c-e) with faster
kinetics than that of EGF (half maximum at ~30 min compared with ~120 min,
respectively) (Fig. 2.5b and 2.7h). We confirmed that these actin-targeting drugs were

capable of modulating the actin cytoskeletal structure at their respective ECsg (half

38



HOSTD ——
E
5 o————
 J—
i|=
5| e ——— e
ER —— —
=3 [ T I
o...aw%.ﬂr s&mw%o%&% et
.%.n%,é E#On-&&.
E N T L T
%3
.my
=
R
Nl 3] @mv
& & &
9l
B
Ll
sS4
g | I a1 M
amia oEl
8l
OSWO W I Sl @
[ z
HYMI-LEMINA _
() ~ouod

0ol 0l I 1o
s+ 53

Wizo=z L =%23 .

a1e

o 0T o &.ab
< @ 005
(]
O 5L - muﬂ_
O 05 o m
[x]
B = m
ﬁﬁm
=
n.n__.m
[£FA
(o) awry
ook 05 ]
I
-
[ - bl =
END N._.mﬂm
£L° 3
¥ 3
- una w
)
NEHRERET ‘H ¥Ha
() “auon

oey 1 assanul

ook ok L 10

1070
20

m 580

Wi g 0Fgl =03
EL T he]=11T1T )

60
560

I

S0°1

0s¢

oey 1 assanul

o

&

ao¥ig |

R

0sWa

—»
+
k. 3] [=]
[=1
aauaasalond D

X

&
oy

£ I

&

RS

&
;e la

Twlu 52

-
=238

L= =T =]

{wrt) "suod
0l I 10

mi gz s oy =03
quupung

&

: : Il

'l

I 81
: &
V' w
i o

£z

o O
osma |
HYHIELD0S ‘o
7
L
W D. HOdvS
0 m £ eseds=n-14 —— ——
=]
co E EUdiT-490-00d | o — - —
E
S o
& FE S
T ofe..
&
(r) “ouon
100 ook ok I L0
50 €0
ss0 3 .
0
a0 m . m
Sg0 @ -
L0 m w.cm
SLo .
L0
20
520 W 20 W
80 wigzzeL =03 g0
g uIIgnIoxoQq aq_

39



"SUOI}PUOD J9Y310 ||e 03 paJedwod SUOIPUOI JuUeAl|aJ JO (TO'0>d) @ouedijiusis |eaiysiiels Ajusis syold

uIyHm sjoquiAs ssou) *s|192 YH)I-ETDDS 404 anuy st awes ay] (f) “gieq pue goiA) 01 asuodsad uj uolleAlde TY493
Aedsip s|192 Y¥XI-TINDINA (1) "S91HAI0E 8Ed 10 343 uo Aj3eau3 puadap J0uU S0P YdIym ‘s||92 uasSl-TANIIAA Ul
JDVL d1eAI30E Y104 gieq pue goiAd (Y) s||92 uss-1eJeH ul gieq pue qoiA) Aq uonieande 30y o 9|ijoad ainauly (3)
‘g1e7 40 go3AD J9Y1ID JO 9dUdSqe pue 3duasad BY3 Ul paJnseaw sem eipaw 3ujpunolins 3yl ojul |92 Uas|-1edeH
WoJ} SIN0OY € J9AO0 UOI132423S d4A (4) 9187 pue qoiA) 03 asuodsad ul u13de Jo uollezidwAjodap aA13034)D S|EIADM S||D
1eDJeH paxiy Jo 3uluiels |dya pue uipiojjeyd (3) ‘s|[92 uasl-1eJeH ulJnoy T Ja}e g uijndunJieq 40 9AInd asuodsal
9s0( (p) 'S||92 udS1-1EeDEH Ul JNOY T J9})e SULIDBUINYD JO dAIND dsuodsal 3soq (3) S||92 udS]-1eJeH ulJnoy T Ja)e
giuiuNng 4o aAJNd dsuodsal 9soq (q) 'S||92 UaS1-1eJeH ulJnoy T J314e uIdIgnioxoq 40 3AIND dsuodsal 3soq (e)
*3DVL JO uoijeAllde Juapuadap qoiA) jJo uonepijep £ ‘814

40



*s103e|n8aJ 3DV 10} UIIS 0} PAsh S|eIIWAYD O 3s1| 13|dW0d v *T°C d|qgeL

1e1SOULIOA
qi3apouwsin
91€§|NS SUNISLIDUIA
alej|ns aulisejquin
qluajesnwiap
qlueidpuen
upignijea
paeisnwi [deIn
ulounaJy

IDH ueddlodo)
edajolyyl
auiuensolyy
aplwopljeyl
apisodiual
aplwojozowa)
a1edl) udjixowe]l
dleje\ qiuinung
uozoydans
qluajelos
(uAwedey) snwijoais
uisdapiwoy

IDH dudajixojey
auLeuinp

IJH 3uizeqJedoud
d1exasejeld
uijelsojuad

wniposiq paxallawad
IDH giuedozed
[oxell|oed

auiqese|aN

IDH duosjuexoMN

J upAwon
ua|esxoydAl
91eXaJ10YId N
aurndoidedia

|IJH duiweyiaiojyra
NNDD ‘3unsnwo
9]0z043917
dplwopijeus
ajejAsonq qiunede]
auojidaqex|

IDH uedajould|
91ejAsaIAl qlunew
9plwejsoy)
eainAxoipAH

IJH 3uiqendwan
qiunyan
jueJISan|ng
(n4-S) ;1Peanosoniy
auiplnxo|4
auelsawaxy
snwijoJan]
apisodol3

IDH uniqnioxoq
|9xe1ddoQq

IDH duexozeixaq
aulqeinaqg

IDH uIgniouneq
qluneseq
upAwouideq
auizeqiedeq

@ uisejeysolA)
J-ely ‘auiqeseir)
apiweydsoydo|dA)
qlunozi)
aulqupe
unejds
[IPnqwesoy)d
qIX023|3)
aunsnwie)
auiqelnade)
|oxeyzeqe)
uejinsng
qlwozaylog
aulpnezy
qluixy

dpIxXou] d1uasiy
9jozoaiseuy

pY J1ulnABjoUIWY
aulwelaa|y
Joulndoy|y

41



maximal effective concentration) concentrations by fixing HaCaT cells in the presence
or absence of either CytoD or LatB and staining for F-actin using phalloidin—-rhodamine
B (Fig. 2.79). Furthermore, the actin depolymerization—induced increase of the inverse
FRET ratio in TSen-expressing cells did not require the kinase activity of ERK or p38 in
HaCaT and SCC13 cells (Fig 2.6¢c and d), but it did in VMCUBL1 cells and MEFs (Fig
2.6e and f). Although this ERK and p38 dependence was cell type—specific, the fact that
actin disruption can occur independently of these kinase activities suggests that actin
disruption is capable of regulating TACE activity through a mechanism that is distinct

from TACE phosphorylation.

Three observations suggested that actin cytoskeletal disruption does indeed cause
endogenous activation of TACE. First, CytoD-dependent induction of an inverse FRET
ratio in MEF-TSen cells was completely blocked upon deletion of the Adam17 gene (Fig
2.69). Second, actin-depolymerizing drugs efficiently induced the release of YPET into
the surrounding medium, which was blocked by pharmacological inhibition of TACE with
BMS-561392 (Fig 2.6f). Third, actin-depolymerizing agents induced EGFR-dependent
ERK activation in HaCaT, SCC13, and VMCUBI1 cells stably expressing a well-known
ERK FRET biosensor, EKAR', which was blocked by pretreating cells with either
BMS-561392 or gefitinib (Fig 2.6i and 2.7i and j). These experiments provide additional
support that TSen enabled the detection of a previously unknown mechanism of TACE

activation: perturbation of the actin cytoskeleton.

Because cytoskeletal disruption is variably mediated by p38 and ERK activities across
the many cell lines investigated, we sought to explain how actin-depolymerizing drugs

were capable of activating TACE independently of p38 and ERK. The actin cytoskeleton
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is important for a myriad of cellular processes, including endocytosis through clathrin-
coated pits'®. Thus, we performed subcellular fractionation of MEFs by differential
centrifugation to separate the plasma membrane in cell lysates from the vesicle and
soluble components of the cytosol. TACE accumulated at the plasma membrane in cells
exposed to CytoD but not PMA (Fig 2.6j). However, pro-TGFa abundance was
decreased in cells exposed to either PMA or CytoD, the latter eliciting a greater
magnitude change (Fig 2.6j), which was consistent with our fluorescence microscopy
experiments (Fig 2.4b and 2.61). Upon either PMA or CytoD treatments, the abundance
of the TACE sensor TSen at the plasma membrane remained unchanged. The
accumulation of TACE at the plasma membrane is likely to be independent of the
kinase activity of p38 or ERK, because PMA-dependent activation of TACE consistently
relies on the activity of these kinases, but it did not lead to an accumulation of TACE at
the plasma membrane. Although cleavage of the full-length sensor was expected to
mirror the cleavage of pro-TGFa, we were unable to detect a substantial decrease of
the uncleaved TSen by Western blot, although the cleaved product (YPET)
accumulated in the medium (Fig 2.6h). To explain this observation, we performed
fluorescence recovery after photobleaching (FRAP) in HaCaT-TSen cells, which
revealed that TSen turnover at the plasma membrane occurred with a half-life of 1 min,
independently of TACE activity (Fig. 2.7k). In contrast, the activation of TSen measured
by fluorescence microscopy occurred about 30 times more slowly (Fig. 2.7h). These
data suggest that the combination of a relatively small portion of plasma membrane—
localized TSen being cleaved by TACE and the high turnover of TSen at the plasma

membrane may preclude the ability to detect TSen cleavage by Western blotting.
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Nevertheless, our subcellular fractionation data suggest that only actin cytoskeleton
disruption, not PMA stimulation, alters the subcellular trafficking of TACE to and from

the plasma membrane.
DISCUSSION

Our study illustrates not only a novel technique for measuring plasma membrane—
localized TACE activity with high specificity in live cells but also how the TSen sensor
can successfully be used to shed light on the complexity of TACE activation in cells.
The development and use of TSen enabled us to discover a previously unknown actin
cytoskeleton—dependent mechanism of TACE activation by regulating its accumulation
at the plasma membrane. We propose that this mechanism for TACE activation
highlights a role for the actin cytoskeleton as a sensory structure, whose integrity is
functionally linked to TACE activation, EGFR ligand shedding, and subsequent ERK
activation. ERK regulates cytoskeletal remodeling through cortactin activation'®*°°,

suggesting that cells may use TACE-mediated shedding of EGFR ligands as a means

to induce ERK-mediated actin remodeling and repair in response to actin damage.

In addition, TSen enabled us to determine that EGF-dependent activation of TACE was
driven by a combination of p38- and ERK-dependent mechanisms ubiquitously, but to
varying degrees, across the many cell lines investigated. This observation suggests that
cells may engage a positive feedback system for TACE-dependent shedding of EGFR
ligands, where TACE activity can promote subsequent increases in TACE activity
through EGFR and p38 and/or ERK activation. Such positive feedback has been

proposed in previous studies’®. One physiologically relevant occurrence of such a



feedback loop may be in the skin to promote wound healing. In wound healing model
systems for the skin, epithelial sheets of keratinocytes undergo sustained motility upon
wounding, which depends on sustained EGFR activity'®’. Initiation of epithelial sheet
migration may rely on a wide range of possible initial stimuli, such as reactive oxygen

species'®

,that activate p38 and/or ERK in response to direct wounding. Our study
suggests that TACE-mediated EGFR ligand shedding likely continues after the initial
activation of p38 or ERK subsides, even when the initial stimulus has been removed.
Using TSen may provide insight into not only how individual cells respond to
environmental stimuli, as shown here, but also how groups of cells respond during a
physiological process like wound healing. This TACE biosensor should facilitate the

investigation of mechanisms regulating TACE activation and the development of new

pharmacological agents to control its activity.

MATERIALS AND METHODS

Cell culture and pharmacological inhibitors

All cells were cultured using Dulbecco’s modified Eagle’s medium as previously
described'®”. Wild-type and Adam17 null MEFs were gifts from C. Blobel. Unless
explicitly stated in the figures, the following doses were used for cell treatments: EGF,
100 nM; BMS-561392, 2.5 uyM; GM6001, 10 uM; CytoD, 1 pM; LatB, 2.5 yM; PMA, 200

nM; gefitinib, 1 uM; CI-1040, 500 nM; SB-203580, 10 uM; doxorubicin, 5 uM.

Construction of the TACE sensor
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The parental vector for TSen, EKAREV, is described by Komatsu et al.**®

and provided
by K. Aoki and M. Matsuda. A cassette encoding a TGFa signal peptide
(MVPSAGQLALFALGIVLAACQALENSTSPLSDPPVAAAVVSH), hemagglutinin = (HA)
tag (YPYDVPDYA), PDGFR transmembrane domain, and FLAG tag VV
(DYKDDDDKVV) was synthesized by GenScript (sequence is available upon request)
and subcloned into the Eco RI-Sal | site of EKAREV to produce the pBBSR-TGFA-HA-
PDGF-FLAG plasmid. Oligonucleotides encoding the TACE cleavage site (sense
strand: 5'-
TCGAGAGCGGCCTGAGATCTAGCGGCCTGGCCCAGGCCGTGAGATCCAGCTCCA
GAGGCGGCAGCGGATCCACCAGC-3,, and antisense strand: 5'-
GGCCGCTGGTGGATCCGCTGCCGCCTCTGGAGCTGGATCTCACGGCCTGGGCCA
GGCCGCTAGATCTCAGGCCGCTC-3") or a noncleavable site (sense strand: 5'-
TCGAGAGCGGCAGCGGCAGCAGCGGCAGCGCTCCCCCGGGCATGAGCGGCAGC
GGCGGCGGCAGCGGCACC-3,, and antisense strand: 5'-
GGCCGGTGCCGCTGCCGCCGCCGCTGCCGCTCATGCCCGGGGGAGCGCTGCCG
CTGCTGCCGCTGCCGCTC-3") were inserted in Xho I-Not | site of the EKAREV
plasmid to generate TACE-REV and NCS-REV plasmids, respectively. The fragments
encoding YPET-TACE-REV-ECFP or YPET-NCS-REV-ECFP were excised by digestion
with Eco RI-Xba | and inserted in between the HA and PDGFR domains (Eco RI-Avr II)

of pBBSR-TGFA-HA-PDGF-FLAG. The resultant vectors were named as TSen and

NCS (Fig. 2.1a).

FRET data analysis and fluorescence spectroscopy
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Live cell microscopy was conducted as previously described (42). Filters used for FRET
measurements were the following: FRET excitation 438/24-25, dichroic 520LP,
emission 542/27-25 (Semrock MOLE-0189); CFP excitation 438/24-25, dichroic 458LP,
emission 483/32-25 (Semrock CFP-2432B-NTE-Zero). Time lapse microscopy images
were analyzed, and FRET calculations were performed using MATLAB (data file S1).
Briefly, images were background-corrected through subtraction using images acquired
from samples of cell-free media. Pixels representing cells were identified as having an
intensity 1000 units above background. FRET ratio or inverse FRET ratio was
calculated as either FRET intensity against CFP intensity or CFP intensity against FRET
intensity, respectively, and all relevant pixels were averaged. Each image was acquired
at x4 magnification for calculations, which encompasses data from at least 1000 cells
per measurement. Measurements were done in triplicate. For images displayed, x40
magnification was used. A similar method of inverse FRET ratio calculations was used
in confocal microscopy experiments, where azplane of 1-um height at %100
magnification was measured, and segmentation of membrane and vesicle fractions was

performed in MATLAB.

Fluorescent protein secretion experiments

YPET media secretion was quantified by transfer of media supernatant to 96-well
plates, followed by measurement of YPET fluorescence using a Tecan Microplate
reader (excitation 500/20, emission 550/20). CFP media secretion was performed in the

same manner with different parameters (excitation 438/20, emission 485/20).

Stable shRNA expression
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Stable shRNA expression was achieved using TRC Lentiviral ShRNA (Thermo) with the
following shRNA constructs: ADAM17 (TACE), TRCNO0000052172 and
TRCNO0000052168; PR3, TRCN0000418696; MMP8, TRCN0000373060; and SHC016
(a control construct). Stable shRNA knockdown cell lines were selected in the presence
of puromycin (2 pg/ml). Lentiviral manufacturing was done in 293T cells, using pHCMV-

VSVg, pMDLg, and pREV vectors.

Western blotting

Whole-cell lysates were prepared in radioimmunoprecipitation assay buffer [25 mM tris-
HCI (pH 7.4), 150 mM NacCl, 1% sodium deoxycholate, 1% Triton X-100, 0.1% SDS, 1
mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF)]. Subcellular fractionation was
achieved by lysis in fractionation buffer [25 mM tris-HCI (pH 7.4), 150 mM NacCl, 1 mM
PMSF, 0.1% Tween 20], with a buffer-to-cell ratio (by volume) of 10:1, for 10 min at 4°C,
followed by seven volume strokes with a 1-ml syringe/25G needle. Lysate was
centrifuged at 3000g to pellet nuclei. Supernatant was then centrifuged at 16,000g. The
resulting pellet was used as the plasma membrane fraction, whereas the supernatant
was used as the cytosol/vesicle fraction. Antibodies used for Western blots were against
pro-TGFa (3715S, Cell Signaling Technology), TACE (Ab39162, Abcam), GAPDH
(SC47724, Santa Cruz Biotechnology), caspase-3 (9665p, Cell Signaling Technology),
flotillin-2 (3436s, Cell Signaling Technology), PDI (3501p, Cell Signaling Technology),

and YPET (632376, Clontech Laboratories).

Reverse transcription polymerase chain reaction
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For RT-PCR, the following primers were used: ADAM17 (TACE), 5"

GAGCCACTTTGGAGATTTGTTAATG-3' (forward) and 5'-
GTTCCGATAGATGTCATCAACTCTGTC-3' (reverse); PR3, 5'-
ATGGCCTCCCTGCAGATGCGGGGG-3' (forward) and 5'-
GCCCAGCCAACCTCAGTGCCTCCG-3' (reverse); and MMP8, 5'-
AGCTGTCAGAGGCTGAGGTAGAAA-3’ (forward) and 5'-

CCTGAAAGCATAGTTGGGATACAT-3' (reverse).

Small-molecule compound library

All drugs in the screen were used at 10 uM, and measurements were made after 1 hour.
The small-molecule compound libraries included selected compounds from the
Approved Oncology Drugs Set and the Structural Diversity Set, which were provided by
the National Cancer Institute Developmental Therapeutics Program

(http://dtp.nci.nih.gov/branches/dscb/repo open.html).

FRAP experiments

TSen-expressing HaCaT cells were imaged using a Nikon A1R LSM confocal
microscope. Measurements for CFP were achieved using a 405 laser with a 450/50
emission filter. A 100x oil immersion objective was used. A 2 ym x 2 ym square was
selected over both the cellular junctions and an unoccupied extracellular space, where
photobleaching was performed for 4 s at 100% laser power. n = 20 cells in each of two

independent experiments. Image analysis was performed in MATLAB.

Cell proliferation assay
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The Click-IT EdU Alexa Fluor 488 Imaging Kit (Life Technologies) was used to assay
the percentage of cells dividing in populations of cells plated at different density,
according to the manufacturer’s instructions. Cells were exposed to EdU (5-ethynyl-2'-

deoxy-uridine) for 8 hours.

Statistical analysis

All comparisons indicated with brackets were the result of a two-tailed t test, from
which P values were obtained, using Microsoft Excel. Two-tailed t tests were conducted

between data collected from triplicate trial measurements in individual experiments.
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Chapter 3

Automated Image Processing and Analysis and Dual Sensor Reporting of ERK

and TACE in Single Cells
Introduction

Microscopy has an essential role in biological research. It is sometimes the most
direct route to answering a question, especially those about large-scale structures or
localization. It has the potential to track changes in real time while simultaneously
registering where they are in space. Some questions cannot be answered without
microscopy as a tool, for instance single cell tracking experiments have revealed
behaviors within a population other types of assays could never have measured**°.

The power of this technique has led researchers to generate creative techniques for the

indirect measurement of cellular activities.

Fluorescence resonance energy transfer (FRET) is the nonradiative movement of
energy from an excited-state donor molecule to an acceptor. The efficiency of this
transfer depends on the overlap between donor emission and acceptor excitation, the
distance between the two molecules, and the orientation of the chromophore dipoles
relative to each other''®. By placing a FRET pair around a binding site of interest, FRET
can be used to measure secondary messengers or to decipher cellular activities™***2.
This technigue was used to place the ERK docking domain, phosphorylation substrate
peptide, and a linker separated phospho-binding domain between a FRET pair so that
active ERK would cause a conformational change, subsequently increasing FRET

101

detectable in live cells This sensor was later optimized with the FRET pair YPET
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and eCFP as well as an extended linker region optimized to improve dynamic range by

lowering FRET of unphosphorylated sensor, termed EKAR-ev'?.

In an attempt to lower the number of wavelengths a sensor needs to report
activity, the Covert lab developed kinase translocation reporters (KTRs) so that
signaling could be monitored by the position of the sensor rather than FRET. By
modifying a minimal fragment of c-Jun to include two phosphorylation sites and its
nuclear export signal attached to a fluorescent protein, it was found that kinase activity
could lead to altered localization between the nucleus and cytoplasm. This construct
was further adapted by adding inhibitory phosphorylation sites adjacent to the nuclear
localization signal to lower import so that kinase activity would both increase export and
prevent re-entry to the nucleus. This construct was adapted for other kinases by
changing the docking site to those of interest and the sensor was validated for ERK,

p38, and JNK'.

Using both EKAR-ev and the KTR for ERK (ERKTR), ERK activity has been
seen in single-cell tracking experiments as discrete activity pulses®™°. ERK activity
pulses are correlated with both EGF concentration and proliferation. Stimulating ERK
with the same dynamics as the pulses caused expression of SRF-regulated genes and
increased proliferation compared to prolonged activation®®. There are contradictory
results as to the origin of ERK activity pulses; one set of experiments indicated that
cellular noise leads to stochastic activation of Raf to activate ERK and propagate
through ligand shedding to nearby cells*®. However, another finding is that changing the
system to a related tyrosine kinase receptor did not result in pulsing activity but retained

Raf as an upstream component to ERK, indicating that ERK activity pulses originate at
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the receptor*’. These results agree in that autocrine/paracrine ligand shedding appears
to aid in the appearance of ERK pulses for signal propagation but there is still a

fundamental lack of information as to how these pulses are regulated.
Results

To generate rapid and unbiased results from a high-content microscope, it is
essential to generate methods for automated processing and analysis of acquired
images. This chapter will cover the basic techniques used to prepare images for
accurate quantification as well as some more advanced algorithms used to obtain novel
results. Some of these techniques, to the knowledge of the author, are novel and could
be useful for others. In general, images are first flat-field corrected if they have an
artificially bright center, then background subtracted to lower an inaccurately high
signal. Once pixel values are adjusted, segmentation can be performed to identify the
pixels of interest for quantification; a method that changes drastically with the assay

being assessed.

General Processing

Many images acquired in this thesis were acquired on a microscope with a large
(2160x2160 pixel) camera but with restricted light flow between the sample and the
camera. While a large camera has the advantage of obtaining larger sample sizes, an
undesired side effect is vignetting. Vignetting generates an artificially bright center to
the image and dim edges and corners; this can be accounted for by a flat-field
correction given in the following equation:

(R=D)xm
c=—2~ —
F—-D

53



where C = corrected image, R= raw image, F = flat field image (an example vignette), D
= dark frame (signal with no incident light), and m = average value of (F-D)***. While it
is reasonable to obtain example vignette images in each experiment, many
microscopes make it difficult to completely block the camera for a dark frame. If the

dark frame image is considered negligible and C can be estimated:

The raw image R (Fig. 3.1b) is divided by an image of a well containing only media (Fig.
3.1a) and multiplied by the image’s mean to retain its average value to generate a flat-
field corrected image (Fig. 3.1c). If no background image is obtained, and no large
features exist in the image, a Gaussian filter with a large standard deviation could

potentially be use for flat-field correction®*.

Once working with a flat image, either after correction or in a situation where flat-
field correction is not necessary, it is important to subtract background signal. A
common method for subtracting background in fluorescence microscopy is to select a
region of interest (ROI) in which there are no cells, average the pixels within the ROI,
and subtract it as a flat number across the image. For automated image analysis, this
would become the rate-limiting step by a considerable amount as well as being prone to
human error. Another common approach is to move a structuring element across an
image and determine the average intensity within that element and subtract it. This has
the advantage of removing uneven backgrounds because it subtracts regionally instead
of a flat number from all pixels but has the major drawback of including non-background

pixels in the calculation. If pixels of interest are included in a background subtraction
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then gquantification can be massively distorted, especially when comparing the FRET
ratio across populations of cells. A common feature of fluorescence images is that the
pixels of interest are brighter than background pixels, even in situations where there are
bright non-cell pixels such as an aggregate, an ROI selected by a human would avoid
these pixels. Using this feature, a histogram can be constructed for each channel of all
pixels fluorescence intensity (Fig. 3.1d), if the majority of the image is background then
the mode of all pixels would be ideal for identifying an optimal background to subtract.
This approach is used to convert the flat-field corrected image in Figure 3.1e to the
subtracted image in 3.1f. A potential drawback to this approach is when cells are
imaged at higher confluence; for this scenario an approximate percent of the image as
background can be manually set then the median of that region of the histogram can be

used as the background.

Segmentation

For population analysis, an important next step is to segment cells from
background. By the same logic as background detection, cells can be identified by their
fluorescence intensity using a threshold to generate a binary image containing cells
(Fig.3.1g) then multiplying it by the original image (Fig. 3.1 h). Simple morphological
segmentation, such as size or shape of objects, is occasionally useful in these
scenarios. For example, if a noisy background breaches the cell threshold,
segmentation can be as simple as removing single pixel points or performing
morphological erosions in the binary image. Once cells are segmented from
background the population can be measured for whatever the assay requires, such as a

ratio of FRET over CFP (Fig. 3.1i) or simple intensity measurements. If calculating a
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FRET ratio, it should be noted that cells with higher expression and therefore brighter
pixels should not be exceptionally bright or dim in the ratio image (Fig. 3.1h-i) or there

could be an artefact from not acquiring similar levels of light for each channel.

For quantification of signals from single cells, extra steps must be used for
segmentation. Because each bright point generated from pixels of interest generate a
point spread function around them, tightly packed cells as often seen in epithelial
colonies, will appear merged together when using a simple intensity threshold (Fig. 3.2
a & d). To circumvent this problem, I've developed a method of performing Gaussian
filtration with low standard deviation on the image (Fig. 3.2b), then dividing the image by
this filter to generate an image with intensity equalized across the cells (Fig. 3.2c). | can
then threshold the equalized image to create its own binary image, with well separated
nuclei but poorly segmented background (Fig. 3.2e). Once the binary image from the
original image and the binary from the equalized image are multiplied together, nuclei
can be differentiated both from each other and from background (Fig. 3.2f). Once cells
are segmented from each other they can be identified by the connected components in
an image and analyzed in a loop for whatever the assay requires. Figure 3.2g shows
an overlay of Hoechst dye in blue and EdU stained nuclei in red; each nucleus was
identified and segmented with the DAPI channel then the average red fluorescence in
its area measured and plotted in a histogram (Fig. 3.2h). Once a threshold is set to
identify EdU positive cells, the cells can be treated as binary and the fraction of EdU

positive cells identified (Fig. 3.2i).

When dealing with epithelial cells forming tight colonies it is difficult to segment

the cytoplasmic region of individual cells from one another. In HaCaT cells expressing
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both ERKTR in the cytoplasm and nucleus (Fig. 3.3a), TSen in the secretory pathway
and plasma membrane (Fig. 3.3b), stained with Hoechst dye to label the nucleus (Fig.
3.3¢), there was a need to segment apart each cell at the plasma membrane to track
the activity reported by each sensor. To accomplish this, | separated the nuclei much
like in the EAU example, then each channel is mathematically combined with the nuclei
and cytoplasm as low points, and both channels for TSen were used to create high
points at the junctions (Fig. 3.3d). | then imposed the segmented nuclei as minima and
performed watershedding to determine the lowest points and the lines that separate
them (Fig. 3.3e). Once the lines between cells are found, each cell is segmented and

indexed for tracking through the experiment (Fig. 3.3f).

Tracking and Filtration

Once the cells are segmented well enough that many can be detected
consistently across timepoints, they can be tracked between time points. The tracking
algorithm works by saving the pixels for each cell from the previous time point then
comparing to the current time point and ordering the current cell index to match the old
one. This begins by going through each cell one at a time. It first finds which cells are
near the old cell by comparing the Euclidean distance of their centroids, this increases
efficiency because only nearby cells must be compared. The tracking algorithm then
finds which pixels of these nearby cells overlap with the pixels of the old cell and
whichever has the most overlap is considered the same cell in both frames. This
technique would not work if the time interval is too long for a given cell’'s motility, as
another cell could move into its position. If no overlaps are found the algorithm then

moves to find which centroids are the nearest, within a given threshold, and would
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consider that the most recent cell. Both loops have to consider which cells are already
claimed — a cell from the last frame may see the most overlap with a cell from the
current frame but that cell from the current frame may have a different cell from the last
frame with more overlap. As a result, the algorithm cannot simply remove cells from the
list as they are claimed but it finds the optimal pairing after recording all overlaps then
repeats for distance. Once all cells have been paired between frames, any
undocumented cells left over were written in as new cells and a new index was made to
replace the current index, which then matched the index from the previous frame.As the
analysis runs it can record any feature of the single cells desired — the centroid for
location and speed, the CFP intensity, FRET intensity, cytoplasmic mRuby2, and
nuclear mRuby2 were all measured in this example and the intensity of the nuclear stain
could also be measured for detection of mitosis or apoptosis. Upon completion of the
analysis, there are very large arrays for each measurement, largely due to error in
segmentation leading to error in tracking. To create arrays that would be useful for
display and analysis, these have to be filtered. First, the arrays are filtered by the
number of frames for which each cell was tracked, then each cell is analyzed for
missing numbers — if a single frame is missing for that cell it imputes the average of the
frame before and the frame after. If two or more frames in a row are missing, that cell is
filtered out. This leaves smaller arrays of cells that have values for all frames and can
be used to generate heatmaps like those seen in Figure 3.4. If the time interval is too
long then this approach would not generate points within a signaling event, but if the

acquisition interval is well beneath the rate of signaling being observed then this
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approach can be useful in restoring data that would have been filtered out and increase

sample size.

ERK Activity Pulses

Signal noise caused by segmentation error or cellular shape change during
acquisition can lead to sporadic peaks and troughs in the final quantification. Because |
am interested in transient pulses of ERK activity, | need to segment biological signaling
from artefacts introduced in both acquisition and analysis. To address the issue of
identifying true activity pulses, | recorded both the cytoplasmic mRuby2 and nuclear
mRuby?2 signals rather than just the ratio of the two for each cell. The shape change of
the cell or error in the focus of the microscope could potentially raise or lower both
signals non-proportionally and lead to a positive change in ratio if each region changes
differently. | used a peak detection algorithm on the ratio of the two then filtered it
based on peaks discovered in the cytoplasmic signal and the negative of the nuclear
signal for more robust detection of ERK pulses (Fig. 3.5). Filtering peaks from the
ratiometric signal by both cytoplasmic and nuclear signals prevents both acquisition-
and analysis-based peaks caused by disproportionate changes of each channel in the

same direction.

Once ERK pulses were identified they could be correlated to the ERK pulses of
neighbor cells as pulses tended to propagate from cell to neighbor cell*®10811¢
Because the centroid of each cell was tracked as the activity was tracked, it was
possible to identify which cells lay within a certain distance without rerunning any

analysis. Once identified, pulses can be filtered by which neighbor cells have an

identified ERK pulse in a similar time frame as the cell of interest. These pulsing
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neighbor cells can then be segmented into two groups: those pulsing before the cell of
interest and those pulsing after. With all pulses identified, and all pulsing neighbors
identified, the average activities for each cell and neighbor cell can be displayed (Fig.
3.6a-b). For neighbor cells that pulse prior to the current cell, a large peak in activity
was found approximately 4 minutes prior to the current cell and another peak after
indicating a recurrent event in some cells (Fig. 3.6a). Neighbor cells pulsing after the
current cell showed a similar time separation from the current cell, peaking around 4 or
5 minutes post-current cell (Fig. 3.6b). To further address the time separation of an
ERK pulse from a neighbor cell's ERK pulse, | used cross-correlation upon each pair of
pulse and neighbor pulse to assess their similarity as a function of time displacement.
The averagecross-correlation analysis shows that the peak to peak change in time is
3.5 minutes and 4 minutes for the pulsing before the current cell and the pulsing after
the neighbor cell conditions, respectively. This corresponds to the 3-6 minute range
seen previously*® and is likely on the lower end of their findings because | monitored an
ERK sensor while they compared the translocation of fluorescent-labeled ERK protein
time separated from an upstream response. The comparable dynamics seen here
indicate that the tracking and reporting of ERK pulses with ERKTR are consistent with

past results.

Processing TSen

TSen proved to be the more difficult sensor for measuring single cell activity.
Both CFP and FRET channels, as well as the ratio of the two, were found to be
exceptionally noisy, possibly because a large portion of this sensor is at the membrane

and junctions between cells, and these pixels are shared between multiple cells. |
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found that simply smoothing each channel still lead to a large degree of noise, as a
single frame spike or trough in signal is still averaged into the processed form as a more

dispersed spike or trough. To address this issue, | used a Savitzky-Golay filter*’ t

0
reduce noise by fitting adjacent frames with a low degree polynomial which is less likely
distorted by large changes in a single frame and therefore generated more reliable
trends (Fig. 3.7a). Once a more reliable signal was obtained for single-cell TSen, I
needed its dynamics to be comparable to ERKTR to compare TACE activity to transient
ERK activity pulses. Because TSen is a cleavage-based reporter it is non-reversible in
its activity reporting, unlike EKAR or ERKTR which report a balance of kinase and
phosphatase activity. This means that at any given point in time the CFP/FRET ratio is
a combination of sensor molecules that are cleaved or intact. Therefore the sensor
reports an integration of past TACE activity rather than its current rate of substrate
cleavage. In order to use the dual-reporting system and simultaneously determine both
ERK activity and TACE activity, the sensors had to have comparable dynamics. To
determine the timing of TACE activity | used the rate of change of TSen (Fig. 3.7b); the

derivative of its signal should provide information on its current rate of substrate

cleavage.

To determine the rate of change in the population of TSen molecules, |
calculated the first derivative of the filtered FRET ratio. The first derivative showed a
pulsing activity at a similar time interval to ERKTR in fast-pulsing cells (Fig. 3.8). To
address whether the apparent TACE activity pulses resulted as an artefact of data
processing, a non-cleavable form of TSen (NCS) was analyzed in a similar manner in

the presence or absence of EGF (Fig.2.1a). Fewer pulses were seen with NCS than
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with TSen and when EGF was added there was a large increase in the number of TSen
pulses and only a marginal increase with NCS (Fig. 3.9). The marginal increase seen
with NCS could be due to a higher rate of motility in the cells, which would lead to
greater error in segmentation and tracking. The apparent pulsing activity is at the very
least increased upon EGF treatment in TSen cells, this indicates that the pulse-like
behavior of the sensor is likely recording actual biological activity overlaid with noise

seen in NCS cells..

TSen and ERK Pulses

To decipher if the apparent pulsing behavior of TSen is biologically relevant, |
need to compare it to ERK activity, which lies both upstream and downstream of TACE
in a feedback loop. Monitoring single cells in Figure 3.8 showed pulses both overlaid
and uncorrelated with ERK pulses, presumably due to a combination of noise and
relevant signal. To assess if there is a pulse in apparent TACE activity on a population
level, | used the same strategy as before to compare ERK pulses to those of neighbor
cells and determine if there is spike in apparent TACE activity occurring at a similar time
to ERK pulses. First the TACE activity within the same cell as an ERK pulse was
averaged across all instances (Fig. 3.10a) to reveal a strong peak approximately 8
minutes after the ERK pulse that begins rising around 3 minutes later. The pinnacle of
this peak is so far from the ERK pulse it does not show up strongly in the averaged
cross correlation (Fig. 3.10c), but instead it appears that many of the pulsing cells may
have had a less prominent peak prior to the ERK pulse. Because TACE activity is
expected to affect nearby cells in a paracrine manner as well as the cell of interest, |

examined the TACE activity in all neighbors at the times around an ERK activity pulse
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and found a peak in TACE activity 4 minutes prior as well as apparently some cells
pulsing afterward (Fig. 3.10b). The cross-correlation for this peak is slightly offset in
time from the local maximum in average signal but still shows peaks for both neighbor
cells having pulsing TACE activity before and after the current cells ERK pulse
(Fig.3.10c). These results indicate that there are changes in the TSen FRET ratio that
correspond to a high TACE activity in a neighbor cell prior to an ERK pulse and a high

TACE activity in the same cell after an ERK pulse.

To determine if the neighbor cells’ ERK activity pulses are responsible for their
spikes in apparent TACE activity, | once again identified neighbor cells with ERK activity
pulses before the cell of interest and segmented them from those pulsing after. By
averaging their processed TSen signal in this timeframe and plotting it against the ERK
pulse of the cell of interest | can see that both cell pulsing in ERK before and after seem
to have spikes in derivative TSen signal before and after in each segmented population
(Fig. 3.11a-b). The averaged cross-correlation also showed each population having
pulses before and after the ERK pulse, though perhaps slightly weighted toward the
population with an ERK pulse afterward (Fig.3.11c). This result is somewhat confusing
in that the apparent TACE pulses do not appear to originating in the same cell as an
ERK pulse for propagation. This could be an issue of single cell TSen being noisy and
possible artefacts overlaid in the smoothing process on top of real signal, or possibly
due to the alternate methods of TACE being activated such as p38 phosphorylation® or
actin remodeling as discussed in chapter 2. In either case, it does appear that TACE is
showing some pulsing activity and that activity is somewhat correlated in time with ERK

activity pulses. Unfortunately, without an orthogonal means to measure TACE activity
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pulses it is hard to disprove that these are not an artefact of the analysis and this work

must be verified by alternative means to be the focus of a publication.
Discussion

| aimed to adapt, improve, and design image analysis techniques for automated
analysis of cellular behavior. Many of these methods are useful for basic image
processing and segmentation of pixels of interest while others are tailored to the more
challenging problem of tracking individual epithelial cells. Once these techniques are
employed, cell signaling can be interpreted from the image quantification. Elucidation of
cell signaling is sometimes straightforward but in other cases requires heavy filtration

and processing to reveal a biological response.

Many of the image analysis techniques used here are not new to the field, they are
simply adapted to fit the research project using MATLAB as the processing platform.
However, several of the basic components of this analysis are, to the best knowledge of
the author, new methods in making image analysis automated. These techniques
include using the pixel histogram for each channel then thresholding what fraction of the
image is background and identify an optimal number to subtract. Also, using the same
technique as flat-field correction, a Gaussian filter can be used to equalize the regional
intensity of cell-sized objects and allow for easy segmentation between nearby bright
objects; this is a simple method to utilize in practice and could easily be implemented in

any MATLAB code.

ERK activity pulses are correlated with a cell’'s decision to proceed through the cell

cycle® and their modulation can increase cell proliferation*®. ERK activity pulses also

77



propagate from cell to cell in a wave-like behavior thought to be driven by ligand

shedding through TACE or other proteases like it***’.

Using our novel biosensor for
TACE activity in conjunction with the recently innovated translocation reporter for ERK
activity, | was able to monitor single cell signaling for both TACE and ERK in real time.
By identifying ERK pulses and comparing TACE activity, the dual-reporting of TSen and
ERKTR in single cells has validated a time separated correlation between TACE and
ERK activity as predicted. Unexpectedly, | found that processing TSen signal showed a
pulse-like behavior. While these apparent TACE activity pulses are a novel
observation, it is intuitive that an ERK activity pulse propagating to a nearby cell would
require a temporal spike of ligand shedding. Because ERK phosphorylates TACE® to
modulate its activity, it is expected that TACE activity would shortly follow an ERK pulse.
Then, if there is a mechanism to lower TACE activity such as internalization or local

depletion of substrate, that activity would lower and a pulse of TACE activity would

release ligands to nearby cells.

Because TACE pulses have been found with a single sensor and cannot be
validated by a population-based assay such as ELIZA or western blot, this work remains
unpublished. However, there are several exciting areas to test with this system and a
potentially viable orthogonal method to see these pulses. | have generated HaCaT
cells with a CRISPR-cas knockout of TACE to find that ERK activity and proliferation are
lost but that rescue with wild-type TACE then restores the phenotype (See chapter 4).
Furthermore, we have obtained DNA for TACE lacking the phosphorylation site for ERK

62,63
S

and p38 at threonine 73 Rescuing TACE with this phosphosite mutant will allow

us to see if ERK pulse propagation still occurs without direct activation of ERK using
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EKAR-ev as well as determining if there is still a time-offset correlation between TACE
activity and ERK activity using ERKTR in conjunction with TSen. Furthermore, while
writing this chapter we found that HaCaT cells expressing mRuby2 chimerically
attached to TGFa between the signal sequence and the cleavage site (Fig. 4.9) showed
an apparent pulsing behavior, with rise and loss of cell-accumulated fluorescence
intensity. By repeating pulsing experiments with phosphomutants in parallel to ERK and
p38 inhibitors, validating ERK effects with EKAR-ev, and validating TACE pulses with
an alternate fluorescent TACE substrate this work will should reveal an exciting feature

of autocrine and paracrine signaling in the near future.
Methods
Cell culture

HaCaT cells were cultured in DMEM supplemented with 2 mM L-glutamine, 100 U/mL
penicillin, 100 U/mL streptomycin, and 10% (v/v) fetal bovine serum under 5% CO, at

37°C.
Cell Proliferation Assay

The Click-IT EdU Alexa Fluor 647 Imaging Kit (Life Technologies) was used to
stain dividing cells in the population. Cells were exposed to EdU (5-ethynyl-2'-deoxy-

uridine) for 4 hours.
Image Acquisition

Population FRET measurements and Click-EdU experiments were imaged on a

Molecular Devices ImageXpress MicroXL plate scanner. FRET measurements were

79



done with the following filters: FRET excitation 438/24-25, dichroic 520LP, emission
542/27-25; CFP excitation 438/24-25, dichroic 458LP, emission 483/32-25. EdU stain
imaged with Alexa-647 using excitation 628/40-25, dischroic 660LP, emission 692/40-
25. Hoechst dye imaged with excitation 377/50-25, dichroic 409LP, and emission

447/60-25.

Single cell tracking experiments with dual-sensor cells were done on a Nikon spinning
disc confocal. Excitation for Hoechst, CFP and FRET, and mRuby2 were done with
405, 445, and 561 laser lines, respectively. Emission filters used were 447/38, 482/35,

540/30, and 620/60 for Hoechst, CFP, FRET, and mRuby2, respectively.
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%This is example code for single timepoint population analysis for a FRET
%ratio

%Typical setup

clear,clc

curdir=pwd;

addpath C:\Users\LiuLab\Documents\MATLAB\functions

wavelengths=2;
sites=4;

%ldentify media only wells
ye=1;
xe=2:4;

%Generate an average Vignette Image
wb=waitbar(0);
i=1;
for y=ye
Row=char(y+64);
for x=xe
%int2strz is a function that can be accessed on the mathworks file
%exchange
Column=int2strz(x,2);
fors=1:4
imdir=dir([foldername,'\',exp_name,'_',Row,Column,'_s',int2str(s),' _*']);
for w=1:wavelengths
im=imread([foldername,'\',imdir(w).name]);

backall(:,:,w,i)=imgaussfilt(im,25);
i=i+1;
end

end
end
end
back=mean(double(backall),4);

%Read through wells of interest for analysis
fory=2:7
Row=char(y+64);
for x=2:11
Column=int2strz(x,2);
try,wb=waitbar(((y-2)*10+x-1)/60,wb,[Row,Column]);end
for s=1:sites
%Determine the image name to read
imdir=dir([foldername,'\',exp_name,'_',Row,Column,'_s',int2str(s),' *']);
for w=1:wavelengths
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%Read the image
im(:,;,w)=imread([foldername,'\',imdir(w).name]);

%Generate value to indicate if image is out of focus

if w==1
r=corrcoef(double(imgaussfilt(im(:,:,w),5)),double(im(:,:,w)));
ofi(y,x,s)=r(2);

end

%Flat-field Correct Image
im2(:,:,w)=uintl6(double(im(:,:,w))./back(:,:;,w)*mean(mean(back(:,:,w))));

%Background subtract
background=0.1;
imsort=sort(reshape(im2(:,:;,w),numel(im2(:,:,w)),1));
imb=median(imsort(1:round(numel(imsort)*background)));
im3(:,;,w)=im2(:,:,w)-imb;

end

frt=im3(;,:,1);
cfp=im3(;,:,2);

%Remove any background pixels by intensity
frt_Thresh=500;

cfp_Thresh=500;

fre2=frt;

cfp2=cfp;

frt2(frt<frt_Thresh)=0;
cfp2(cfp<cfp_Thresh)=0;

%Generate a ratio image of the two channels
Ratio=double(frt2)./double(cfp2);
Ratio(isnan(Ratio))=0;

Ratio(isinf(Ratio))=0;

%Save the average ratio indexed by well and site
ratio(y,x,s)=sum(sum(Ratio))/nnz(Ratio);

end

end
end
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%This is example code for a single timepoint to segment nuclei from each
%other and measure the average intensity of a second wavelength in those
%nuclei

%Typical setup

clear,clc

curdir=pwd;

addpath C:\Users\LiuLab\Documents\MATLAB\functions

wavelengths=2;
sites=4;

%ldentify media only wells
ye=1;
xe=2:6;

%Generate an average Vignette Image
wb=waitbar(0);
i=1;
for y=ye
Row=char(y+64);
for x=xe
%int2strz is a function that can be accessed on the mathworks file
%exchange
Column=int2strz(x,2);
for s=1:sites;
imdir=dir(['*_',Row,Column,'_s',int2str(s),'_*'1);
for w=1:wavelengths

im=imread(imdir(w).name);
backall(:,:,w,i)=imgaussfilt(im,25);

end
i=i+1;
end
end
end
back=mean(double(backall),4);

%Read through wells of interest for analysis
fory=4:7
Row=char(y+64);
for x=2:11
Column=int2strz(x,2);
wb=waitbar(((y-2)*10+x-1)/60,wb,[Row,Column]);

83



for s=1:sites
%Determine the image name to read
imdir=dir(['*_',Row,Column,'_s',int2str(s),'_*'1);
for w=1:wavelengths
%Read the image
im(:,:,w)=imread(imdir(w).name);

%Flat-field Correct Image
im2=uint16(double(im(:,:,w))./back(:,:;,w)*mean(mean(back(:,:,w))));

%Background subtract

background=.25;
imsort=sort(reshape(im2,numel(im2),1));
imb=mode(imsort(1:round(numel(imsort)*background)));
im3(:,;,w)=im2-imb;

end

%Generate value to indicate if image is out of focus and move
%on to the next image if so
r=corrcoef(double(imgaussfilt(im(:,:,1),2.5)),double(im(:,:,1)));
ofi(y,x,s)=r(2);

if r(2)>0.99,continue,end

dap=im3(:,:,1);
edu=im3(:,:,2);

%Generate binary image based on intensity
bwd=im2bw(dap,2500/65535);

%Generate equalized image with a Gaussian filter
dapb=imgaussfilt(dap,4);
dape=uint16(double(dap)./double(dapb)*mean(mean(dapb)));

%Generate binary image based on equalized image and multiply it
%by the first binary image
bwe=im2bw(dape,graythresh(dape.*uint16(bwd))*1.75);
bw=bwe.*bwd;

%Remove anything from binary image less than a certain size
bw2=bwareaopen(bw,15);

bwf=bw?2;

%mulitply the dapi image by the binary image
dapn=dap.*uint16(bwf);

%Find single cells using their connected components
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cc=bwconncomp(bwf);

%Calculate average edu signal in each nucleus

clear edu_temp

parfor c=1:cc.NumObjects
cell=zeros(size(bw));
cell(cc.PixelldxList{c})=1;

edu_temp(c)=sum(sum(edu.*uint16(cell)))/nnz(cell);
end
%Determine number of objects in the image
cents=imextendedmax(imgaussfilt(dap,1),100).*bw;
cc_cents=bwconncomp(cents);
blah
%Save relevant information indexed for well and site, density
%measurements are to confirm cells are under same confluence
%conditions
edu{y,x,s}=edu_temp;
density_are(y,x,s)=nnz(bw);
density_int(y,x,s)=sum(sum(dap));
density_num(y,x,s)=cc_cents.NumObijects;

end

end
end

85



function [cells,cc_nuc,bwi3,bwnuc,bwcells2] = auto_segment_disc2(im3)

toolarge=1500;
toosmall=250;
firstgauss=7;

%segment the cells from background using the mRuby signal
bwm=im2bw(im3(:,:,3),1000/65535);
bwm3=imclose(bwm,strel('disk',3));
bwmd4=imopen(bwm3,strel('disk’,5));
bwmb5=imclose(bwm4,strel('disk',10));
bwm6=bwareaopen(bwm5,1000);

bwcells=bwm6;

%segment nuclei from background and each other using a gaussian to blur
%them then find local maxima to impose a minumum for watershedding
irp=im3(:,:,4);

nucmax=imextendedmax(imgaussfilt(irp,firstgauss),10);
bwi=im2bw/(imgaussfilt(irp,4),2000/65535);

bwi2=bwi;

irpb=imgaussfilt(irp,15);
irpe=uint16(double(irp)./double(irpb)*mean(mean(irpb)));
bwe=im2bw(irpe,1500/65535);

bwi2=bwi.*bwe;

bwi3=imopen(bwi2,ones(3,3));

%Use a distance matrix of how far the background has to reach into a
%nucleus to watershed apart elongated looking nuclei into more rounded
%shapes

iczimcomplement(bwdist(~bwi3));

|_mod=imimposemin(ic,nucmax);

L = watershed(l_mod);

bwid=bwi3;

bwi4(L==0)=0;

%Use the segmented cells to remove any nuclei not in bright enough regions
%for quantification

bwi5=bwi4.*bwcells;

bwi6=bwareaopen(bwi5,150);
bwi7=im2bw(bwi6-imdilate(~bwcells,ones(3,3)),0);

%Use the variable 'toolarge' to identify unreasonably large nuclei and
%repeat gaussian with smaller standard deviation to repeat watershedding
%with more minima

bwl=bwareaopen(bwi6,toolarge);

irp_large=irp.*uint16(bwl);
largemax=imextendedmax(imgaussfilt(irp_large,firstgauss-2),1);
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iczimcomplement(irp_large);
I_mod=imimposemin(ic,largemax);
L2 = watershed(l_mod);

bwl2=bwl;

bwl2(L2==0)=0;

%If any remain too large after second watershedding, repeat with distance
%matrix but with no imposed minima

bwl3=bwareaopen(bwl2,toolarge);

bwid=imdilate(bwI3,strel('disk',1));

bwid(L==0)=0;
d=bwdist(~bwid);
dn=-d;

dn(~bwid)=-Inf;
L2b=watershed(dn);
bwi8=bwi7;
cuts=true(size(bwi8));
cuts(L2==0)=0;cuts(bwl==0)=1;
cuts(L2b==0)=0;cuts(bwl==0)=1;
bwi8(cuts==0)=0;

%Remove anything too small to be a trackable nucleus and fill any holes in
%the nuclei

bwi8=bwareaopen(bwi8,toosmall);

bwi9=imfill(bwi8,'holes');

bwnuc=bwi9;

%Generate a complement image of bright junctions using both channels of

%TSen and dim nuclei and cyotosol then impose the segmented nuclei and

%watershed across cell junctions

ic3=imcomplement(uint16(double(im3(:,:,4))+double(im3(:,:,3))...
-double(im3(:,:,2))-double(im3(:,:,1))));

|_mod=imimposemin(ic3,~(bwcells) | bwnuc);

L3=watershed(l_mod);

bwecells2=bwecells;

bwcells2(L3==0)=0;

%Generate connected components for cells and nuclei
cc_nuc=bwconncomp(bwnuc);
cc_nuc.centroid=regionprops(cc_nuc,'Centroid');
cells=bwconncomp(bwecells2);
cells.centroid=regionprops(cells,'Centroid');
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function [cc_now]=trackcellstestd (cc_new,cc_old)

old index=zeros(l,cc_old.NumObjects);

new_cen=zeros (cc_new.NumObjects,2);

maxdist=100;

for cl=l:cc new.NumObjects
%Generate an array of all centroids in the new index and if it can't
%$find one, make a large number instead of 0

try

new cen(cl, :)=cc_new.centroid(cl) .Centroid;
catch

new cen(cl,:)=[10000,10000];
end

end
overlaps=zeros (cc_old.NumObjects, 3);
dists=zeros (cc_old.NumObjects,cc new.NumObjects) ;

%$This for loop finds overlaps and dists by going through the last frames
%index
eucd=inf (cc_new.NumObjects, 1) ;
for c2=1:cc_old.NumObjects
$First it calculates the distance from the current centroid to all the
%$new centroids
cur_cen=cc_old.centroid(c2) .Centroid;

if numel (cur cen)==0;continue, end
for cl=l:cc new.NumObjects

eucd (cl)=sgrt (sum((cur_cen - new cen(cl,:)) .” 2));
end

%It generates a matrix of all close centroids
cl idx=find(eucd<maxdist) ;

%Calculates the overlap of the pixels indexes for each new cell to the
%old cell

overlap=zeros (max (cl idx),1);

for ctemp=1:numel (cl idx)

overlap(cl idx(ctemp))=nnz (intersect (cc new.PixelIdxList{cl idx(ctemp)},cc ol
d.PixelIdxList{c2}));

end

try

overlaps (c2,l:numel (overlap) )=overlap;

end

%$And saves the distances of all cells within the threshold

dists (c2,1:numel (eucd) ) =eucd;
end

%Once all overlaps and distances are saved for nearby cells to each cell in
%the old index it attempts to find the optimal overlap and optimal distance
%separately
overlaps2=zeros(size (overlaps));
dists2=zeros(size (dists)):;
ovmax=max (overlaps) ;
dsmin=min (dists);
for n=1:numel (ovmax)
overlaps?2 (overlaps (:,n)==ovmax (n),n)=ovmax (n) ;
dists2(dists(:,n)==dsmin (n),n)=dsmin (n) ;
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end
dists2 (dists2<maxdist)=0;

%0Once the optimal overlap and distances are found, it saves the index for
$overlap and finds whichever cells lack an overlap and uses distance
%instead

ov_idx=logical (sum(overlaps2,2));

ds_idx=logical (sum(dists2,2) .*~ov_idx);

[~,0ld index (ov_idx) ]=max (overlaps2 (ov_idx,:),[],2);
[~,0ld index(ds_idx) ]=min(dists2(ds_idx,:),[],2);

$If a cell didn't show up within thresholds for distance as well as not
%having an overlap then it is appended to the end of the index
temp=ismember (1:cc new.NumObjects,old index);
undoc_index=find (temp==0) ;
n=1;
for u=find(undoc_index)
0ld index(cc_old.NumObjects+n)=undoc_index (u) ;
n=n+1;
end

%0nce all cells are accounted for a new connected components structure is
%generated with the index created
cur_idx=true(l,numel (old index));
for c3=1:numel (old index)
if old index(c3)>0
cc_now.PixelIdxList{c3}=cc new.PixelIdxList{old index(c3)};
cc_now.centroid(c3)=cc _new.centroid(old index(c3));
cc_now.cur_ idx(c3)=1;

else
cc_now.PixelIdxList{c3}=cc old.PixelIdxList{c3};
cc_now.centroid(c3)=cc_old.centroid(c3);
cc_now.cur_ idx(c3)=0;
end
end

cc_now.NumObjects=numel (cc_now.PixelIdxList);
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clear,clc
addpath C:\Users\bunker\Documents\MATLAB\functions
addpath

%$Load in the time-stamped matrix saved by the analysis code
load('tif dump\2016 10 10 18 17 39")
try,close (wb),end

%$There are a lot of arrays, etc. so all are cleared except the relevent
sones
clearvars -except cyt2 nuc?2 fret cfp centx centy tratio teratio

%$It's optional here to filter based on all timepoints
timeframe=1:241;
figure
for site=2
%$Pull information into consolidated arrays, with the desired timeframe
ratiocall (timeframe, :,1)=cyt2(timeframe, :,site,1l);
ratioall (timeframe, :,2)=nuc2 (timeframe, :,site, 1) ;
tsenall (timeframe, :,2)=fret (timeframe, :,site, 1) ;
l)=cfp(timeframe, :,site, 1) ;
timeframe, :,1)
2)
1)

tsenall (timeframe, :,

centall ( =centx (timeframe, :,site, 1) ;

centall (timeframe, :,2)=centy(timeframe, :,site, 1)
(

tratiot (timeframe, :,1)=tratio(timeframe, :,site,1);

clear filt idx
%$the ratio is used to confirm that both segmentations detected
$something to pass the filter
ratio=ratiocall(:,:,1)./ratioall(:,:,2);
%An index is created for every cell to determine the number of Not a
SNumber (NaNs) and zeros
clear nan_idx zer idx
for n=l:size(ratioall, 2)

nan_idx (n)=nnz (isnan(ratioall(:,n,1)));

zer idx(n)=nnz (ratioall(:,n,1)==0);
end
%A soft threshold of half the timepoints is used in this example, this
%still removes many cells that appeared in just a few frames, likely as
%error because of segmentation
nan_idx(nan_idx<size(ratio,1l)*.5)

=0;
filt idx(l:nnz(~nan_ idx.*~zer idx))=

find(~nan_ idx.*~zer idx);

tsenf (:,1l:nnz (filt idx),:)=tsenall(:,filt idx(l:nnz (filt idx)),:);
ratiof (:,1l:nnz (filt idx),:)=ratioall(:,filt idx(l:nnz(filt idx)),:);
centf (:,1l:nnz (filt idx),:)=centall(:,filt idx(l:nnz (filt idx)),:);
tratiof (:,1l:nnz (filt idx),:)=tratiot(:,filt idx(l:nnz (filt idx)),:);

%Find data with only one frame missing, impute mean from frames around
missing point
tsen imp=tsenf;ratio imp=ratiof;cent imp=centf;tratio imp=tratiof;
clear idx n
wb=waitbar (0) ;
%n changes from cell to cell
for n=l:size(tsenf, 2)
wb=waitbar (n/size (tsenf,2),wb);
temp=ratiof(:,n,1)./ratiof(:,n,2);
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if nnz (isnan (temp)==0)==numel (temp), idx (n)=1;continue, end

$Find the nans in each cell's timeframe

nans=find (isnan (temp))

%$Find if the nans are adjacent to each other and only impute if not
nands=diff (nans) ;

if nnz (nands==1)>0
idx (n)=0;
continue

end

for i=1:numel (nans)

$If the first point is missing a value, impute the second point.
This should not alter any pulsing information but still allow
% that cell to be analyzed

if nans (i)==

o

tsen imp(nans(i),n,1l)=tsenf(nans(i)+1,n,1);

tsen imp(nans(i),n,2)=tsenf (nans(i)+1,n,2);

ratio imp(nans(i),n,l)=ratiof(nans(i)+1,n,1);

ratio imp(nans(i),n,2)=ratiof(nans(i)+1,n,2);

cent_imp(nans(l),n,l)=centf(nans( i)+1l,n,1);

cent imp(nans(i),n,2)=centf(nans(i)+1,n,2);
i),

tratio_imp(nans(i),n,1,1l)=tratiof(nans(i)+1,n,1,1);
$If the last point is missing a value, impute the second point.
% This should not alter any pulsing information but still allow
% that cell to be analyzed
elseif nans(i)==size(tsen imp, 1)
tsen imp(nans(i),n,1l)=tsenf (nans(i)-
tsen imp(nans(i),n,2)=tsenf (nans (i) -
ratio imp(nans(i),n,1l)=ratiof (nans (i
ratio imp(nans(i),n,2)=ratiof (nans (i
cent imp(nans(i),n,1l)=centf (nans(i)-
cent imp(nans(i),n,2)=centf (nans(i)-1,n, ;
tratio_imp(nans(i),n,1,1l)=tratiof(nans(i)-1,n,1,1);
else
$If a point in the middle is missing a value, impute the mean
%0f the point before it and the point after it. With 30 second
$timeframes this should allow for a near continuous view of
%$signaling changing and not miss any relevant information

tsen imp (nans(i),n,1l)=mean([tsenf (nans (i) -
1,n,1),tsenf(nans(i)+1,n,1)]);

tsen imp(nans(i),n,2)=mean([tsenf (nans(i)-
1,n,2),tsenf (nans(i)+1,n,2)1]);

ratio imp(nans(i),n,1l)=mean([ratiof (nans(i)-
1,n,1), ratiof (nans(i)+1,n,1)1);

ratio imp(nans(i),n,2)=mean([ratiof (nans(i)-
1,n,2),ratiof (nans(i)+1,n,2)1);

cent imp(nans(i),n,1l)=mean([centf (nans(i)-
1,n,1),centf(nans(i)+1,n,1)]);

cent imp (nans(i),n,2)=mean([centf (nans (i) -
1,n,2),centf(nans(i)+1,n,2)1]);

tratio imp(nans(i),n,1,1)=mean ([tratiof (nans(i)-
1,n,1,1),tratiof (nans(i)+1,n,1,1)1]);
end
idx (n)=1;
end
end
close (wb)
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%Use only the values that had no nans back to back
clear *all?2
idx2=find (idx) ;

ratioall2(:,:,1)=ratio_imp(:,idx2,1);

ratioall2(:,:,2)=ratio_imp(:,1idx2,2);

tsenall2(:,:,1)=tsen imp(:,1idx2,1)

tsenall2(:,:,2)=tsen imp(:,1idx2,2);

centall2(:,:,1)=cent imp(:,idx2,1);

centall2(:, ,2)=cent_imp(:,idx2,2)

ratiocall2 (:,:,3)=ratioall2(:,:,1)./raticall2(:,:,2);
3)=

tsenall2(:, :, tratio _imp(:,idx2,:);

$Perform a Savitzky-Golay filter on the TSen signal (here using the

$mode of the ratio of the whole cell signal), then measure its binned

%change in time, and smooth it

bin=5;

smooth num=10;

clear dsg dsgs

for n=l:size(tsenall2, 2)
sg(:,n)=sgolayfilt(tsenall2(:,n,3),3,25);
temp=sg(:,n);
dsg=temp (bin+l:end) -temp (l:end-bin) ;
dsgs (:,n)=smooth (dsg, smooth num) ;

rationorm(:,n)=smooth(raticall2(:,n,3)-median(raticall2(:,n,3))

end

%Because of the smoothed binned change in time, the binned tace

;5) 7

%activity has a different size than the ERKTR, this creates an array of

$same size

tab=dsgs;

tab2=NaN (size (tab, 1) +bin,size (tab,2)):;
tab2 (bin/2+1:size (tab, 1) +bin/2, :)=tab;

tab3=tab2;
rat3=rationorm;

subplot(1,2,1)

ratio image=shiftdim(rat3,1);
scale=[-.15 .157];
imagesc(ratio image, scale)
colormap Jjet

set (gca, "xtick',0:60:241, 'xticklabel', [[0:60:241]1*.5]/60, 'tickdir"',

xlabel ('time (hr) ")
ylabel ('Cells")
title ('ERK Activity')

subplot(1,2,2)

tsen image=shiftdim(tab3,1);
scale=[-0.5 0.5];
imagesc (tsen image, scale)
colormap Jjet

set (gca, "xtick',1:60:241, "xticklabel', [[0:60:241] 1/60, "tickdir",
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end

xlabel ('"time (hr)")
ylabel ('Cells'")
title ('\DeltaTSen'")
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%This is example code for the single cell tracking of ERKTR/TSen HaCaT
%cells from exported tif images orginally in an ND2 file generated by the
%spinning disc confocal. Frames were every 30 seconds and the wavelengths
%were 1-FRET, 2-CFP, 3-mRuby (TRITC), and 4-DAPI(Hoechst)

clear,clc

addpath C:\Users\LiuLab\Documents\MATLAB\functions
addpath ..

warning off

firstpoint=1,;
timepoints=241;
sites=2;
background=0.05;

wb=waitbar(0);

curdir=pwd;

%Two new functions are used in this code and will be published adjactent to
%this code, one for segmentation and the other for tracking. The path
%added here is where they were stored during analysis
addpath([curdir,'\.."])

im_name='dmso’;
for s=1:sites

for t=firstpoint:timepoints

try
wb=waitbar((t+1-firstpoint)/(timepoints+1-firstpoint),wb,['site ',int2str(s),' t ',int2str(t)]);
end

imname=[im_name,'xy',int2str(s),'c*t',int2strz(t,3),".tif'];
imdir=dir(imname);
for c=1:4
temp=imread(imdir(c).name);
%Because these images were obtained on the spinning disc
%confocal there was no need for flatfield correction

%It was found that the DAPI channel achieved higher success
%with segmentation using a structuring element for background
%subtraction. This channel is used for segmentation only and
%it is irrelevent if a slightly incorrect number is used for
%this subtraction.
if c<4
imsort=sort(reshape(temp,numel(temp),1));
imb=mode(imsort(1:round(numel(imsort)*background)));
im3(:,:,c)=temp-imb;
else
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im3(:,:,c)=temp-imopen(temp,strel('ball’',50,50));
end
end
clear temp

%The auto segmentation function will be published adjacent to this
%script
[cells,cc_new,bwi3,bwnuc,bwcells2] = auto_segment_disc2(im3);

%For cell tracking, the first frame is matched to itself and all
%later frame to the frame previous
if t==firstpoint
cc_old=cc_new;
old_cells=cells;
end

%Tracking function will be published adjacent to auto segmentation
%function
cc_now=trackcellstest4(cc_new,cc_old);

%The centroids of all cells in this frame and last are recored

new_cen=zeros(cc_new.NumObijects,2);

clear cell_cen*

for c=1:cells.NumObjects
cell_cen(c,:)=cells.centroid(c).Centroid;

end

for c=1:0ld_cells.NumObjects
cell_cenold(c,:)=old_cells.centroid(c).Centroid;

end

%Centroids are used to calculate minimum distances to each current
%cell
clear idx idxold
for n=1:cc_now.NumObjects
clear eucd eucdold
cur_cen=cc_now.centroid(n).Centroid,;
if cc_now.cur_idx(n)==0,continue,end
for c=1:cells.NumObjects
eucd(c)=sqrt(sum((cur_cen - cell_cen(c,:)) .» 2));
end
for c=1:0ld_cells.NumObjects
eucdold(c)=sgrt(sum((cur_cen - cell_cenold(c,:)) .» 2));
end
idx(n)=find(eucd==min(eucd));
idxold(n)=find(eucdold==min(eucdold));
end

%The ratio of CFP over FRET is calculated pixel by pixel
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Ratio=double(im3(:,:,2))./double(im3(:,:,1));

Ratio(isnan(Ratio))=0;

Ratio(isinf(Ratio))=0;

%Single cell quantification is done in parallel

clear array*

parfor n=1:numel(idx)
%This tells it to ignore this cell if it wasn't tracked in the
%current frame, all potentially useful information is stored
if cc_now.cur_idx(n)==0,continue,end
if idx(n)==0;continue,end

%A binary image is created and the current cell set to 1
curcell=zeros(size(im3(:,:,1)));
curcell(cells.PixelldxList{idx(n)})=1;

%This moves through all cells in the last frame within a
%certain distance and removes their pixels from the current
%cell's binary image if they are not the same cell in an
%attempt to remove noise from improperly segmenting the
%membrane at the cell junctions
tempold=idxold;tempold(n)=0;
oldarray=tempold(tempold>0);
for no=1:numel(oldarray)
if no==n,continue,end
curcell(old_cells.PixelldxList{oldarray(no)})=0;
end

%This cleans up any stray pixels after removing other cells
%overlapping pixels
curcell=bwareaopen(curcell,50);

%A binary image of the nucleus of the current cell is generated
%and then a dilation and erosion made

nuc=bwi3.*curcell;

Nuc_d=imdilate(nuc,strel('disk’,1));
Nuc_e=imerode(nuc,strel('disk’,1));

%For analysis the nucleus is considered the more conservative,
%eroded binary image and the cytoplasm a 6 pixel ring around the
%dilated image

Nuc=Nuc_e;

Cyt2=(imdilate(Nuc_d,strel('disk',6))-Nuc_d).*curcell;

%the pixel-by-pixel inverse fret ratio for current cell
currat=logical((curcell==1).*(Ratio~=0));

ratio=Ratio(currat);

%The centroid of the cell is extracted from the structure
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cent=cc_now.centroid(n).Centroid;

%The edge of the cell is a 5 pixel run near the side, excluding
%the nucleus because Hoechst could leak into the CFP channel
celledge=imdilate(bwperim(curcell),strel('disk',5)).*logical(curcell-Nuc_d);

%Within parallel loops, arrays can only be written to index

%based on that loop's variable. All single cell values were

%saved into temporary arrays then written into structures later
arrayl(n)=sum(sum(im3(:,:,3).*uint16(Cyt2)))/nnz(im3(:,:,3).*uint16(Cyt2));
array2(n)=sum(sum(im3(:,:,3).*uint16(Nuc_e)))/nnz(im3(:,:,3).*uint16(Nuc_e));

%Each channel for TSen is stored separately from the pixel by
%pixel ratio, also stored. These values are calculated at the

%cell membrane which has the most error in segmentation but was
%previously found to be where TSen measures TACE activity. An
%alternate means for ratio was to find where the peak of the
%histogram for that cell is,because changes along the outside

%of the cell would not shift the mode of all of the cells

%pixels. Because the mode itself could change slightly and add
%noise, the average of all pixels near the mode were used.
array3(n)=sum(sum(im3(:,:,1).*uint16(celledge)));
array4(n)=sum(sum(im3(:,:,2).*uint16(celledge)));
array5(n)=mean(ratio(find(round(ratio,2)==mode(round(ratio,2)))));

%MATLAB indexes by row then column, soxis2 andyis 1
array6(n)=cent(2);
array7(n)=cent(1);

end

%Save all temporary array information into a structure with time,
%cell, and site information
cyt2(t+1-firstpoint,1:size(arrayl,2),s)=arrayi;
nuc2(t+1-firstpoint,1:size(arrayl,2),s)=array2;
fret(t+1-firstpoint,1:size(arrayl,2),s)=array3;
cfp(t+1-firstpoint,1:size(arrayl,2),s)=array4;
tratio(t+1-firstpoint,1:size(arrayl,2),s)=array5;
centx(t+1-firstpoint,1:size(arrayl,2),s)=array6;
centy(t+1-firstpoint,1:size(arrayl,2),s)=array7;

%Save the old connected components for this frame to be used for
%tracking in the next

cc_old=cc_now;

old_cells=cells;

%Binary choice to save images or not
if 0
figure('visible','off')
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%This shows both the nuclei and cyotosol segmented for the
%current frame
imshowpair(bwcells2,bwnuc)
%This loop adds the cells' indexed number at its centroid
for n=1:cc_now.NumObjects
if cc_now.cur_idx(n)==0;continue,end
cent=cc_now.centroid(n).Centroid;
try
text(cent(1),cent(2),int2str(n))
end

end
%Save the image in a folder named tracking, make the folder if
%it does not already exist
try
saveas(gcf,['tracking\',im_name,'s ',int2str(s),'t ',int2strz(t,3),".tif'])
catch
mkdir('tracking')
saveas(gcf,['tracking\',im_name,'s ',int2str(s),'t ',int2strz(t,3),".tif'])
end
close(gcf)
end

end
end

close(wb)

%Save the script as a filename that will not overwrite an older version
save(int2str(clock))
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function [fin_peaks, fin_locations]=pulse_peaks_spin_ERKraw(ratioall2)

%Generate a loop to analyze each cell
for cell=1:size(ratioall2,2)
clear pk* *locs*
%Smooth the signal in cytosolic (1), nuclear (2), and ratio (3)
fori=1:3
ratioall3(:,cell,i)=smooth(ratioall2(:,cell,i),5);
end
%Find peaks in all three dimensions but use the maximum-nuclear as we
%want peaks for decreasing signal
[~,locs,wds]=findpeaks(ratioall3(:,cell,3),'MinPeakProminence',...
std(ratioall3(:,cell,3))/2,'minpeakdistance',20,...
'minpeakheight’,0.1);
[pks1,locs1l,wdsl]=findpeaks(ratioall3(:,cell,1),'minpeakdistance’,15,...
'MinPeakProminence',std(ratioall3(:,cell, 1))/2);
[pks2,locs2,wds2]=findpeaks(max(ratioall3(:,cell,2))-(ratioall3(:,cell,2)),'minpeakdistance’,20,...
'MinPeakProminence',std(max(ratioall3(:,cell,2))-ratioall3(:,cell,2))/2);
if numel(locs)==0 | | numel(locs1)==0 | | numel(locs2)==0,continue,end

%Filter peaks in the ratiometric channel by their width
locs_fl=locs;

locs_f1(wds>40)=0;

locs_f1(wds<3)=0;

%For peaks for cytosol and nucleus, find region around each peak based

%on its width

for p=1:numel(pks1)
if wds1(p)>30,wds1(p)=30;end
temp=round(locs1(p)-wds1(p)/2:locs1(p)+wdsi(p)/2);
pkwds1(p,1:numel(temp))=temp;

end

for p=1:numel(pks2)
if wds2(p)>30,wds2(p)=30;end
temp=round(locs2(p)-wds2(p)/2:locs2(p)+wds2(p)/2);
pkwds2(p,1:numel(temp))=temp;

end

%Find the overlap between the ratiometric peaks and the nuclear and
%cytosolic peaks
pkintl{numel(locs_f1),1}=[];pkint2=pkint1;
for p=1:numel(locs_f1)
if locs_f1(p)==0,continue,end
temp=round(locs(p)-wds(p)/2:locs(p)+wds(p)/2);

for p1=1:size(pkwds1,1)

pkint1{p,pl}=intersect(temp(temp>0),pkwds1l(pl,:));
end
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for p2=1:size(pkwds2,1)
pkint2{p,p2}=intersect(temp(temp>0),pkwds2(p2,:));
end
end

%Make it so each overlap only corresponds to the peak with maximum
%overlap for both nuclear and cytosolic peaks
pkintl_2=zeros(size(pkint1,1),size(pkint2,2));
for p1=1:size(pkint1,2)
clear int_size*
for p=1:size(pkintl,1)
int_sizel(p)=numel(pkint1{p,p1});
end
pkintl_2(logical(int_sizel==max(int_sizel)),p1)=max(int_sizel);
end
pkint2_2=zeros(size(pkint2,1),size(pkint2,2));
for p2=1:size(pkint2,2)
clear int_size*
for p=1:size(pkint2,1)
int_size2(p)=numel(pkint2{p,p2});
end
pkint2_2(logical(int_size2==max(int_size2)),p2)=max(int_size2);
end

%If a ratiometric peak still have overlap with peaks for cyotol and
%nucleus then consider it a real pulse
p2=0;locs_f=[];
for p=1:numel(locs_f1)
if nnz(pkintl_2(p,:))>0 && nnz(pkint2_2(p,:))>0

p2=p2+1;
locs_f(p2)=locs(p);
end

end
fin_locations(1:numel(locs_f),cell)=locs_f;
fin_peaks(1:numel(locs_f),cell)=ratioall3(round(locs_f),cell,3);

end
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%Use the ratiometric (cyto/nuclear) dimension and smooth it
for c=1:size(ratioall2,2)
rationorm?2(:,c)=ratioall2(:,c,3);
rationorm2(:,c)=smooth(rationorm2(:,c),5);
end

clear xc_* ERK_c* ERK_n* TACE_c* TACE_n*

self_i=1;
nehb_i=1;
nebp_i=1;
nebp2_i=1;
ts=20;
maxdist=35;

%loop for current cell
for c=1:size(tsenall2,2)
n2=idx2(c);
%loop for pulses in current cell
for cp=1:nnz(e_locs(:,c))
t=e_locs(cp,c);
%0nly acknowledge pulses well within timeframe
if (t>ts && (t<=(size(ratioall2,1)-ts-1)))==0
continue
end

%correlate self TACE to ERK
norml=rationorm2(t-ts:t+ts,c)-median(rationorm2(t-ts:t+ts,c));
xc_self(:,self_i)=xcorr(norm1,tab2(t-ts:t+ts,c));
TACE_curcell(:,self_i)=tab2(t-ts:t+ts,c);
ERK_curcell(:,self_i)=rationorm2(t-ts:t+ts,c);

self_i=self i+1;

%Find neighbors
cur_cen=[centall2(t,c,1),centall2(t,c,2)];
for c1=1:size(centall2,2)
eucd(cl)=sqrt(sum((cur_cen - [centall2(t,c1,1),centall2(t,c1,2)]) .» 2));
end
eucd(eucd==0)=Inf;
c1_idx=find(eucd<maxdist);

for n=1:numel(c1_idx)
%correlate neighbor ERK and TACE to current ERK
norml=rationorm?2(t-ts:t+ts,c)-median(rationorm2(t-ts:t+ts,c));
norm2=rationorm2(t-ts:t+ts,c1_idx(n))-median(rationorm2(t-ts:t+ts,c1_idx(n)));
xc_neb_erk(:,nehb_i)=xcorr(norm1,norm2);
xc_neb_tace(:,nehb_i)=xcorr(norm1,tab2(t-ts:t+ts,c1_idx(n)));
TACE_nebcell(:,nehb_i)=tab2(t-ts:t+ts,c1_idx(n));
ERK_nebcell(:,nehb_i)=rationorm2(t-ts:t+ts,c1_idx(n));
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nehb_i=nehb_i+1;

%For all neighbor pulses
np_idx=find(e_locs(:,c1_idx(n)));
for np=1:nnz(np_idx)

tn=e_locs(np_idx(np),cl_idx(n));

%Find neighbors that pulse after current cell

if tn>t && tn<t+ts
norml=rationorm2(t-ts:t+ts,c)-median(rationorm2(t-ts:t+ts,c));
norm2=rationorm?2(t-ts:t+ts,c1_idx(n))-median(rationorm2(t-ts:t+ts,c1_idx(n)));
%correlate neighbor ERK and TACE to current ERK
xc_nebp_erk(:,nebp_i)=xcorr(norm1,norm2);
xc_nebp_tace(:,nebp_i)=xcorr(norm1,tab2(t-ts:t+ts,c1_idx(n)));
TACE_nebpcell(:,nebp_i)=tab2(t-ts:t+ts,c1_idx(n));
ERK_nebpcell(:,nebp_i)=rationorm2(t-ts:t+ts,c1_idx(n));
nebp_i=nebp_i+1;

%Find neighbors that pulse before current cell

elseif tn<t && tn>ts
norml=rationorm?2(t-ts:t+ts,c)-median(rationorm2(t-ts:t+ts,c));
norm2=rationorm?2(t-ts:t+ts,c1_idx(n))-median(rationorm2(t-ts:t+ts,c1_idx(n)));
xc_nebp2_erk(:,nebp2_i)=xcorr(norm1,norm2);
xc_nebp2_tace(:,nebp2_i)=xcorr(norm1,tab2(t-ts:t+ts,c1_idx(n)));
TACE_nebp2cell(:,nebp2_i)=tab2(t-ts:t+ts,c1_idx(n));
ERK_nebp2cell(:,nebp2_i)=rationorm2(t-ts:t+ts,c1_idx(n));
nebp2_i=nebp2_i+1;

end

end
end
end
end
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%$This script was designed to be useful for sharing amongst the lab and
%anybody else who could use it.

%It rewrites the images produced by the image xpress in a format that would
%be readable by imageJ as an image stack, so that a video across time is
easily

%accessible for human truthing and fast observation of experimental
%conditions

clear,clc
curdir=pwd;

w=waitbar (0, 'Deleting Thumbs') ;

direct=dir;
OriginalFolderCount=numel (direct)-2;
%$The image xpress generates thumbnail versions of your images that retain
%no information of their own but can be used by metaxpress software. The
Sretain all of the name information of the images for analysis but also
$contain the word "thumb", this piece deletes them.
for f=1:0riginalFolderCount

cd(direct (£+2) .name) ;

delete ("*thumb*"');

cd (curdir)
end

%$this piece determines the experiment name provided by the image xpress, it
%$1is important that it does not change between timepoints
cd(direct (3) .name)
subdirect=dir;
for i=1:numel (subdirect (3) .name)
if subdirect (3) .name(i)=="_"
m=i-1;
break
end
end
ExperimentName=subdirect (3) .name (1l:m) ;
cd (curdir)

%Because the experiment can have varied complexity and the image xpress
%changes the name based on the complexity, much of this code is redundantly
swritten so that almost any experiment can be run through the same pipeline
if subdirect (3) .name (m+5)~=" "'

%type 1 = one site one wavelength

nametype=1;

elseif subdirect (3) .name (m+6)=="'s'
if subdirect (3) .name (m+9)~="w'
$type 2 = multiple sites one wavelength
nametype=2;
else
Stype 4 = multiple sites multiple wavelengths
nametype=4;
end
elseif subdirect (3) .name (m+6)=="w'

Stype 3 = one site multiple wavelengths
nametype=3;
end
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%$This is so a pre-timepoint can be taken before adding any conditions to
%the cells and it is easily added to the image stack despite being from
%another experiment number
if numel (dir('TimePoint 0"))>0;

firstpoint=0;
else

firstpoint=1;
end

timepoints=0riginalFolderCount-1+firstpoint;
%$The large if loops below were separated at the expense of brevity to
%increase the speed of running the reorganizer, each of the 4 if-loops is
$for a specific name type consisting of 1 or more wavelengths or sites
nametype 1 is forone site one wavelength
if nametype==
for t=firstpoint:timepoints
%$This is the working piece of int2strz, a script on the mathworks
%$file exchange, extracted to that others could run the reorganizer
Swithout obtaining that function. TimePoint then becomes '02'
%$instead of '2' in this case but retain '10' instead of '010'.
if t==firstpoint, tic, w=waitbar(0,w, 'Calculating Time
Remaining') ;end
M= 1;
xmax = double (max (abs(t(:))));
if xmax>=1
M =M+ floor(loglQO(xmax));
if M<2, M = 2; end

else
M = M+1;
end
S = sprintf(['%0"' int2str (M) '.0f'],round(t(:)));
S = reshape(S,M,numel (t))."';clc

Timepoint=S;

%Determine the folder to read current images from
timefolder=['TimePoint ',int2str(t)];

cd(timefolder)
%y being the column of a 96 or 384 well play
for y=1:16 SA to P
Row=char (y+64) ;
rowname=[ExperimentName, ' ',Row, '*'];
$If the row does not exist in this experiment then keeping
$moving to the next row or timepoint
if numel (dir (rowname) ) >0
%x 1is the row of a 96 or 384 well play
for x=1:24
%$Rerun the function part of int2strz to get '02' for x
%instead of '2' but retain '10' instead of '010'
M=1;
xmax = double (max (abs(x(:))));
if xmax>=1
M =M + floor (logl0 (xmax));
if M<2, M = 2; end
else
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M = M+1;

end
S = sprintf(['%0"' int2str(M) '.0f'],round(x(:)));
S = reshape(S,M,numel (x))."';

Column=S;

file=[ExperimentName, ' ',Row,Column, '*'];
%$If the column does not exist in this experiment
%$then the file name will not exist keeping moving
%to the next column or row
if numel (dir (file))>0
if t>firstpoint
w=waitbar (t/timepoints,w, ['estimated time
remaining: ',int2str(tl*timepoints* (1-(t/timepoints))/60),' minutes']);
end
%Generate a directory of image names
imageD=dir (file);

%Read the image
image=imread (imageD (1) .name) ;

%$If this is the first timepoint then create a
%folder to place the image in based on the well
if t<firstpoint+l

cd (curdir)

foldername=['well ',Row, Column];

mkdir (foldername) ;

end
%$Generate a new name for the image
imagename=['t', Timepoint];

%Move to the folder to write the image then
%$save it and move the directory back
foldername=['well ', Row ,Column];
cd(curdir) ;
NewDirect=dir;
cd (foldername)
imwrite (image, [imagename, '.tif'])
cd(curdir)
cd(timefolder)

end

end
end
end
if t==firstpoint,tl=toc;end
cd (curdir)
end
Stype 2 = multiple sites one wavelength
elseif nametype==
for t=firstpoint:timepoints
if t==firstpoint, tic, w=waitbar(0,w, 'Calculating Time
Remaining') ;end
M=1;
xmax = double (max(abs(t(:))));
if xmax>=1
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M =M + floor(loglO (xmax));
if M<2, M = 2; end

else
M = M+1;
end
S = sprintf(['%0"' int2str (M) '.0f'],round(t(:)));
S = reshape(S,M,numel (t))."';

Timepoint=S;
timefolder=['TimePoint ',int2str(t)];
cd(timefolder)

for y=1:16 %A to P
Row=char (y+64) ;

rowname=[ExperimentName, ' ',Row,'*'];
if numel (dir (rowname) ) >0
for x=1:24
M= 1;
xmax = double (max (abs(x(:)))):

if xmax>=1
M =M+ floor(logl0(xmax));
if M<2, M = 2; end

else
M = M+1;
end
S = sprintf(['%0' int2str(M) '.0f'],round(x(:)));
S = reshape(S,M,numel (x)) ."';

Column=S;

file=[ExperimentName, ' ',Row,Column,' s*'];
if numel (dir (file))>0
if t>firstpoint
w=waitbar (t/timepoints,w, ['estimated time
remaining: ',int2str (tl*timepoints* (1-(t/timepoints))/60),"' minutes']);
end
NumberofSites=numel (dir (file));
for s=1:NumberofSites
cd(curdir),cd(timefolder)

file=[ExperimentName,' ',Row,Column,' s',int2str(s),"'*"'];
imageD=dir (file);
image=imread (imageD (1) .name) ;

if t<firstpoint+l

if s<2
cd (curdir)
foldername=['well ',Row, Column];
mkdir (foldername) ;
end
end
imagename=['site ', int2str(s),’'

t',Timepoint];
foldername=['well ', Row ,Column];
cd(curdir) ;
NewDirect=dir;
cd (foldername)
imwrite (image, [imagename, '.tif'])
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cd(curdir)
cd(timefolder)
end
end
end
end
end
if t==firstpoint,tl=toc;end
cd (curdir)
end
$type 3 = one site multiple wavelengths
elseif nametype==
for t=firstpoint:timepoints
if t==firstpoint, tic, w=waitbar(0,w, 'Calculating Time
Remaining') ;end
M= 1;
xmax = double (max(abs(t(:))));
if xmax>=1
M =M+ floor(loglQ (xmax));
if M<2, M = 2; end

else
M = M+1;
end
S = sprintf(['%0"' int2str (M) '.0f'],round(t(:)));
S = reshape(S,M,numel (t))."';

Timepoint=S;
timefolder=['TimePoint ',int2str(t)];
cd(timefolder)

for y=1:16 %A to P
Row=char (y+64) ;

rowname=[ExperimentName, ' ',Row,'*'];
if numel (dir (rowname) ) >0
for x=1:24
M= 1;
xmax = double (max (abs(x(:))));

if xmax>=1
M =M+ floor(logl0 (xmax));
if M<2, M = 2; end

else
M = M+1;
end
S = sprintf(['%0"' int2str (M) '.0f'],round(x(:)));

S = reshape (S,M,numel (x))."';
Column=S;

file=[ExperimentName, ' ',Row,Column, '*'];
if numel (dir (file))>0
if t>firstpoint

w=waitbar (t/timepoints,w, ['estimated time

remaining: ',int2str(tl*timepoints* (1-(t/timepoints))/60),' minutes']);
end
file=[ExperimentName, ' ',Row,Column,' w*'];

imageD=dir (file);
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NumberofWavelengths=numel (imageD) ;

images=zeros ((length (imread (imageD (1) .name)) ), length((imread (imageD(1l) .name))
) y NumberofWavelengths) ;
for i=1:NumberofWavelengths
images=uintl6 (images) ;
images(:, :,1)=imread (imageD (i) .name) ;
end
if t<firstpoint+l
cd(curdir)
foldername=['well ',Row, Column];
mkdir (foldername) ;
end
for i=1:NumberofWavelengths
imagename=["'wavelength ', int2str (i),
t',Timepoint];
foldername=['well ', Row ,Column];
image=images (:,:,1);
cd(curdir) ;
NewDirect=dir;
cd (foldername)
imwrite (image, [imagename, '.tif'])
end
cd(curdir)
cd(timefolder)
end
end
end
end
if t==firstpoint,tl=toc;end
cd (curdir)
end
Stype 4 = multiple sites multiple wavelengths
elseif nametype==4
for t=firstpoint:timepoints
if t==firstpoint, tic, w=waitbar(0,w, 'Calculating Time
Remaining') ;end
M= 1;
xmax = double (max (abs(t(:))));
if xmax>=1
M =M+ floor(loglQ(xmax));
if M<2, M = 2; end

else
M = M+1;
end
S = sprintf(['%0"' int2str(M) '.0f'],round(t(:)));
S = reshape(S,M,numel (t))."';

Timepoint=S;
timefolder=['TimePoint ',int2str(t)];

cd(timefolder)

for y=1:16 SA to P
Row=char (y+64) ;
rowname=[ExperimentName, ' ',Row, '*'];
if numel (dir (rowname) ) >0
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for x=1:24
M =1
xmax double (max (abs(x(:))))
if xmax>=1
M =M + floor(logl0 (xmax));
if M<2, M = 2; end

” ~e

else
M = M+1;
end
S = sprintf(['%0"' int2str (M) '.0f'],round(x(:)));
S = reshape(S,M,numel (x))."';
Column=S;
file=[ExperimentName, ' ',Row,Column,' s* wl*'];

if numel (dir(file))>0
if t>firstpoint
w=waitbar (t/timepoints,w, ['estimated time
remaining: ',int2str(tl*timepoints* (1-(t/timepoints))/60),"' minutes']);
end
NumberofSites=numel (dir (file));
for s=1:NumberofSites

file=[ExperimentName,' ',Row,Column,' s',int2str(s),"' w*'];
imageD=dir (file);
NumberofWavelengths=numel (imageD) ;

images=zeros ((length (imread(imageD (1) .name))), length((imread (imageD(1l) .name))
) , NumberofWavelengths) ;
for i=1:NumberofWavelengths
images=uintl6 (images) ;
images (:, :,1)=imread (imageD (i) .name) ;

end
if t<firstpoint+l
if s<2
cd(curdir)
foldername=['well ',Row, Column];
mkdir (foldername) ;
end
end
for i=1:NumberofWavelengths
imagename=['site ', int2str(s), ' wavelength

',int2str(i),"' t',Timepoint];
foldername=['well ', Row ,Column];
image=images (:,:,1);
cd(curdir) ;
NewDirect=dir;
cd (foldername)
imwrite (image, [imagename, '.tif'])
end
cd(curdir)
cd(timefolder)
end

end
end
end
end
cd (curdir)
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if t==firstpoint,tl=toc;end
end
end
lose (w)

Q

o\°
o\

o\°

This is an optional piece to delete the original
%$original images within. This should not be done
%backed up elsewhere but can consolidate space if
try

rmdir ('*TimePoint*"', 's")

catch
try
rmdir ('*TimePoint*', 's")
catch
warning ('Thumb.db could not be deleted at
end
end
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Chapter 4

Loss of Junctions by a-catenin Silencing Enhances Proliferation and MAPK

through Enhanced Ligand Shedding
Introduction

The vast majority of cancers are derived from epithelial cells®>. The large
occurrence of cancers from the epithelium is due to the nature of this tissue: it forms a
constantly proliferating defense against the environment, with the basal layer generating
cells to replenish the outer layers with a two week turnover®. Epithelial cells are
connected by a combination of tight junctions, desmosomes, and adherens junctions to
establish structural integrity throughout the tissue, create an osmotic barrier, and
regulate signaling in the cells. One of the most important regulators of epithelial cells in
retaining cell-cell junctions is E-cadherin; adherens junctions are essential to the
formation of tight junctions™® and lowered levels have long been correlated with tumor

23-25  The loss of E-cadherin in tumor metastasis is tied

aggressiveness and metastasis
to epithelial to mesenchymal transition (EMT), the process of removing cell-cell
junctions, losing apical-basal polarity, and generating morphological changes allowing
for an invasive phenotype™.

E-cadherin is a calcium-dependent adhesion protein that binds another E-
cadherin molecule on an adjacent cell with its ectodomain and forms a complex with
catenin proteins with its cytoplasmic domain®. The catenin proteins B-catenin and p120
bind E-cadherin directly through armadillo repeats whereas a-catenin binds (-catenin to

join the complex!. E-cadherin silencing is sufficient to cause EMT in some model

systems, but interestingly retaining its cytoplasmic region prevented a mesenchymal
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morphology while still disrupting cell-cell junctions, implicating the catenin complex in
this transition®®. Only some of these changes were linked to B-catenin by silencing its
expression in E-cadherin knockdown cells, while others remained elusive®.

E-cadherin silencing in MDCK cells failed to remove B-catenin at the membrane,
apical-basal polarity, or tight junction integrity due to redundancy with Cadherin-6,
whereas targeting the catenin complex by a-catenin silencing, caused a mesenchymal
phenotype with severe defects in both adherens and tight junctions, as well as loss of
apical-basal polarity while not affecting B-catenin levels or localization **. When a-
catenin was ablated in mice the epidermis became thick and disordered with mitotic
cells throughout all layers rather than being restricted to the basal layer, resembling a
precancerous squamous cell carcinoma®. It is unclear how a-catenin is capable of
affecting signaling to create a hyper proliferative phenotype; an early result shows that
a-catenin null cells are more sensitive to insulin and only caused increased growth in its
presence®, whereas another states that Yapl dysregulation is responsible for
increased proliferation*®.

a-catenin also has a fundamental role in mediating actin dynamics, homodimers
binding actin inhibit Arp2/3 activity and lower cytoskeletal dynamics®. In chapter 2 |
helped find that actin depolymerizing agents are some of the strongest activators of
TACE in both magnitude and kinetics that we have seen. Because TACE is a primary
regulator of growth in epithelial cells by activation of the epidermal growth factor
receptor (EGFR) through ligand cleavage, | hypothesize that loss of a-catenin causes
an increase in ligand shedding responsible for a hyper proliferative phenotype.

Results
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Silencing a-Catenin in HaCaT Keratinocyes

To address the role of a-catenin in a keratinocytes model, | transfected a short
hairpin RNA (shRNA) for a-catenin in HaCaT cells and achieved efficient knockdown of
protein levels (Fig. 4.1a). Silencing of a-catenin caused a significant morphological
change in HaCaT cells as seen by fibroblast morphology and spreading from distinct
colonies (Fig. 4.1b). Because a-catenin knockdown causes a mesenchymal
morphology, li treated control cells treated with TGF-3 for 48 hours to cause EMT and
compared mesenchymal and epithelial protein markers (Fig. 4.1a). | found that there is
a marginal decrease in B-catenin and epithelial marker E-cadherin, as well as a slight
increase in mesenchymal marker vimentin in a-catenin knockdown cells, which was mild
compared to TGF-B treatment. | used immunofluorescence to image [B-catenin to
determine if it was localized to the nucleus or to cell-cell junctions and found its
localization was unperturbed by a-catenin silencing (Fig. 4.2). Because E-cadherin
levels were mostly unaffected upon a-catenin knockdown, | performed
immunofluorescence on E-cadherin and found that most of the protein was not at cell
junctions as those junctions did not exist (Fig. 4.1d). These results are in agreement
with past studies in other epithelial cell models®*=%in that the effects of a-catenin

silencing show sufficient loss of junctions and change in morphology to appear

mesenchymal but do not show an EMT phenotype when observing protein markers.

The epidermis of mice with a double knockout of a-catenin showed hyper
proliferation throughout its layers®. To test for this phenotype within our model system,
| used EdU to stain cells proceeding through S phase in a four hour period and found a

significantly higher fraction of EJU positive cells in HaCaT cells with reduced a-catenin
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compared to control cells (Fig. 4.2a), verifying this effect in our model system. | then
began to interrogate the signaling responsible for proliferation and aimed to determine if
ERK activity was affected by this knockdown. | used the FRET-based ERK sensor
EKAR-ev to measure a large increase in the ratio of FRET to CFP in a-catenin
knockdown cells (Fig. 4.2c), indicative of increased ERK activity. | then validated this
increase with a western blot and found a noticeable increase in phosphorylated ERK in
a-catenin knockdown cells compared to control cells (Fig. 4.2b). It appears that the
mechanism by which a-catenin silencing increases proliferation could be through

activation of ERK signaling.

HaCaT Cell ERK Activity and Proliferation

To understand how a-catenin may be affecting proliferation, it is important to
understand how growth is normally regulated in HaCaT cells. | began by characterizing
ERK activity with EKAR and found that it can be successfully blocked by the EGFR
inhibitor Gefitinib (Fig. 4.3a). ATACE inhibitor BMS-561392'%° is capable of lower ERK
activity to a similar level as Gefitinib (Fig. 4.3a). Depleted activity from both EGFR and
TACE inhibition indicates that ERK activity is a function of ligand shedding through
TACE to activate EGFR. | used neutralizing antibodies to further isolate signaling
components and found that blocking EGFR with Cetuximab led to a similar decrease in
ERK activity as a neutralizing antibody for the EGFR ligand transforming growth factor
alpha (TGFa) (Fig.4.3b), connecting a specific TACE substrate to EGFR activation.
Because ERK activity pulses have been implicated in proliferation**°, | tracked single
cells expressing EKAR-ev and found that TACE inhibition with BMS is capable of

blocking most activity pulses while EGFR inhibition appears to remove practically all
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activity pulses (Fig. 4.4). The near complete loss of ERK pulses with an EGFR inhibitor
validates a dependence on receptor activity found in a different cell model*’. The
reduction of ERK pulses upon TACE inhibition is likely due to reduced pulse
propagation from cell to cell, a process thought to act through ligand shedding*®*’. Both
population and single cell results show a strong connection between ERK signaling and

TACE-mediated ligand shedding to EGFR.

Because TACE appears intricately tied to ERK signaling in HaCaT cells, | used a
genetic approach to validate and further assess the scope of its regulation. | generated
a CRISPR-cas knockout of TACE in HaCaT cells grown from a single clone in EGF-
supplemented media (Fig. 4.5a). | used several known activators of TACE in cells with
or without a TACE knockout. Surprisingly, | found that TSen in HaCaT cells appears to
be much less specific than the cell lines we measured in chapter 2 (mouse embryonic
fibroblasts and HeLa cells). Treatment with the TACE activator Cytochalasin D in the
absence of TACE is still capable of causing a large increase in TSen cleavage, though it
does not remain high compared to wild-type cells (Fig. 4.5b). TGFpB treatment causes a
short-term pulse in TACE activity as seen in sensor cleavage in wild type but not TACE
null cells. After fifteen hours, however, TGF shows approximately the same amount of
sensor cleavage. This sensor-reported activity is presumably through the TGFB-induced

™).. ltis also notable

increased expression of other membrane proteases (reviewed in
that BMS, thought to be a specific inhibitor of TACE'?, lowered sensor cleavage in
both wild-type and TACE knockout cells, showing that whatever leads to this reduction
in activity is both inhibited by BMS and capable of cleaving TSen, while not being

TACE=. Though there also appear to be several contexts in which TACE is crucial for
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TSen cleavage; EGF did not cause any reported activity increase in TACE null cells,
TGFp lacked an early peak in activity, and Cytochalasin D did not cause as lasting of an
effect. Based on the EGF result, it is possible that kinases are responsible for the
TACE-dependent cleavage of TSen in HaCaT cells and that the early peak from TGFf
is due to kinase activity and the extended activity of Cytochalasin D is due to feedback

through ERK.

| then used this knockout cell line to measure downstream pathways and
determine if TSen is cleaved non-specifically or if HaCaT cells maintain redundant
proteases for EGFR activation. The FRET sensor EKAR-ev showed that there is a
large reduction of ERK activity, as indicated by a change in FRET over CFP (Fig. 4.6a).
CRISPR TACE cells showed a marked reduction in phosphorylated ERK that can be
restored when TACE is rescued in these cells (Fig. 4.6b). The reduction in
phosphorylated ERK closely matched the phosphorylated ERK seen cells incubated
with the MMP and ADAM inhibitor TMI-1 on both wild-type and rescue cells, showing
that blocking ligand shedding either genetically through TACE or by inhibition of the
protein family had the same result. | tracked single cells expressing EKAR-ev and
monitored their pulsing behavior to find an almost complete reduction of ERK activity
pulses in the TACE knockout cells (Fig. 4.7). The TACE knockout cells showed pulsing
behavior between TACE inhibited and EGFR inhibited levels (Fig. 4.7 vs 4.4),
suggesting that BMS had previously caused an incomplete blockage of ligand shedding
but that there is still a dependence on EGFR activity not accounted for with TACE. To
determine the effect of TACE knockout downstream of ERK activity pulses, | measured

proliferation with an EdU assay after four days of not supplementing media with EGF
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and using comparable cell densities at the time of EdU treatment. Complete knockout
of TACE protein appears to almost completely abolish mitosis in HaCaT cells as shown
by a vastly decreased fraction of cells with EdU incorporation (Fig. 4.8). Decreased
EdU incorporation was rescued by expression of TACE in these cells. While TSen is
cleaved non-specifically by proteases other than TACE, these results suggest that
downstream signaling is massively perturbed by TACE knockout. Overall, these results
support a model that HaCaT cells rely on TACE activity to cleave TGFa, activate EGFR,

activate ERK and ERK pulses, as well as to proliferate.

Ligand Shedding in Sha-catenin Cells

Because ERK activity and proliferation in HaCaT cells appear to be directly tied
to TACE-dependent ligand shedding of TGFa, | aimed to determine if the phenotype
seen in a-catenin silenced cells is due to increased TACE activity. | first used the TACE
sensor TSen to find that there is a marked increase in cleavage of the sensor with a-
catenin knockdown as shown by CFP/FRET (Fig. 4.9a). Because | found that other
proteases cleave TSen in HaCaT cells (Fig. 4.5), that TACE null cells appear to have no
activation of ERK or proliferation (Fig. 4.6-8), and that ERK activity appears to depend
on TGFa (Fig. 4.3b), | expect that TGFa is cleaved exlusively by TACE in this model
system. | aimed to validate the increased activity seen by TSen by generating a
fluorescent chimera of TGF-a, by inserting mRuby2 and Gaussia luciferase between the
signal sequence and TACE cleavage site (Fig. 4.9b). A fluorescent TGF-a construct
allows for TACE activity detection by monitoring loss of fluorescence on cells by
microscopy or detection of shed ligand by fluorescence or luciferase activity in the

media. | incubated control and a-catenin knockdown cells for 18 hours then measured
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fluorescence in the media and saw an almost two-fold increase in fluorescence upon a-
catenin silencing. The fluorescence in media was dramatically reduced by inhibiting
TACE in either cell line, which supports the concept that TACE activity is responsible for
increased fluorescence. The nearly two-fold change in fluorescence marks the
strongest effect | have seen with a-catenin knockdown in HaCaT cells short of the
striking morphological changes in figure 4.1 and implicates ligand shedding through

TACE as the most likely mechanism for how silencing a-catenin increases proliferation.

To test the hypothesis that increased ligand shedding through TACE causes a
hyper proliferative phenotype, | repeated the stable transfection of a-catenin shRNA in
TACE null cells (Fig. 4.10a). Silencing a-catenin causes a prominent change in
morphology in the presence or absence of TACE (Fig. 4.10b), though | found that there
is no longer an increase in vimentin in a TACE knockout background. | then used EdU
staining to determine if the hyper proliferative phenotype of a-catenin silencing
depended on TACE. As seen in figure 4.11, the decrease in proliferation in the absence
of EGF supplement was observed in TACE null cells, even upon a-catenin knockdown.
This result shows that a-catenin ablation leads to increased proliferation by means of

ligand shedding through TACE in HaCaT cells.
Discussion

There is a striking dysregulation of epithelial cells when a-catenin is silenced; all
mitotic cells in all layers of the epidermis shows a hyper proliferative phenotype and hair
defects indicate a lack of cooperation between mesenchymal and epithelial cells®. It is
apparent that loss of a-catenin is associated with loss of cell-cell junctions®(Fig. 4.1b

and d) and a cellular change of this magnitude could be responsible for a proliferative
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phenotype. In fact, similar results have been shown with E-cadherin loss*® and in some
epithelial models loss of E-cadherin has generated full EMT?°. While loss of E-cadherin
is a key component of EMT and has been correlated with aggressive tumors and

metastases!*# %

, in some cells instead causes an event called scattering, which is
characterized by loss of junctions but not transcriptional changes associated with
EMT?**! The lack of transcriptional changes is possibly due to B-catenin retention at
the plasma membrane in some epithelial models, but nuclear localization in others?®3!
and could be due to a redundant cadherin in some systems. While E-cadherin is
primarily viewed as an adherence protein, EMT induced by loss of E-cadherin did not
occur if the cytosolic region was retained, but instead cell-cell junctions were lost and
transcription unaffected. This is in-part to due [(-catenin binding the cytosolic region
causing membrane retention, but not all signaling changes were due to [B-catenin
activity?®. While | did not observe full EMT or translocation of B-catenin (Fig. 4.1 a and
c), | did observe a striking change in morphology and loss of cell junctions (Fig. 4.1 b
and d) paired with phenotypic changes in signaling (Fig. 2). This implicates a-catenin in
the B-catenin-independent signaling regulation caused by the E-cadherin cytosolic

domain as B-catenin levels and localization were unaffected upon knockdown but a

strong phenotype was still generated.

| found an epithelial cell model in which the ERK signaling cascade and
proliferation are controlled by a specific string of proteins: HaCaT cells mediate TGF-a
release through the membrane protease TACE, which leads to activation of EGFR in
the same and nearby cells, giving rise to ERK activion and subsequent cell cycle-

progression. This model system allowed me to examine the effect of a-catenin silencing
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and shed light on how a hyper proliferative phenotype can form in epithelial cells and
perhaps how this phenotype found in mice® is controlled. | validated that a-catenin
knockdown caused increased growth in HaCaT cells (Fig. 4.2) and that there is an
increase in the activity of key cell-cycle regulator ERK*. Because | tied ERK activity to
TACE activity in HaCaT cells, | proceeded to detect the rate of ligand shedding using
TSen and fluorescent-tagged TGFa. Indeed, using two fluorescence reporters for
TACE activity, | found that knocking down a-catenin causes a drastic increase in TACE
activity, consistent with ligand shedding (Fig 4.9). The mechanism of a-catenin
silencing leading to hyper proliferation appears to be tied to the increased activity of

TACE at the membrane and subsequent EGFR and ERK activation.

How a-catenin alters TACE activity is not entirely clear. Several possibilities
currently exist; core amongst them is that loss of a-catenin induces loss of junctions,
which could fundamentally alter TACE regulation. The morphological changes caused
by silencing a-catenin are dramatic and likely accompanied by large-scale changes in
cellular trafficking and organization of membrane proteins. Because a key component
of TACE regulation is its trafficking from the endoplasmic reticulum®® and presumably its
endocytosis from the plasma membrane, it is possible that increased ligand shedding
observed is due to its localization. It is equally likely that substrate trafficking is altered
and this accounts for increased activity, or even that an alternate regulator is affected

that could alter its state at the plasma membrane®®®.

Even if TACE protein levels at
the membrane remained the same, there is a large change in the distribution of proteins
when junctions are removed, as TJs no longer maintain apical-basal polarity’ and

polarity is lost upon a-catenin silencing®. Because of this protein redistribution, it is
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possible that TACE gains access to its substrates when polarity is lost, as they may be

sequestered in different regions in healthy epithelium.

The function of a-catenin at the membrane is both to generate a link between

10-13 3nd to form

cadherin-cadherin junctions by binding actin and vinculin under tension
homodimers capable of binding actin filaments®® (Fig. 4.12). These homodimers are
capable of altering actin dynamics by inhibiting Arp2/3 activity, thus preventing actin
branching and lamellipodia formation at sites of high a-catenin concentrations®. The
inhibitory effect of a-catenin on actin dynamics would explain how it mediates ligand
shedding. One of the strongest activators of TACE activity is actin depolymerization as
indicated by treatment with depolymerizing agents Cytochalasin D and Latrunculin B
(Fig. 2.6 and 2.7). While it is unclear how changes in the cytoskeleton are altering
TACE activity, it is one of the largest effects seen. It is possible that this is how a-
catenin regulates TACE, as cytoskeletal changes and MAPK signaling are themes

throughout EMT and there is a gap in understanding as to how the cytoplasmic domain

of E-cadherin regulates this process.
Methods
Cell Culture

HaCaT cells were cultured in DMEM supplemented with 2 mM L-glutamine, 100 U/mL
penicillin, 100 U/mL streptomycin, and 10% (v/v) fetal bovine serum under 5% CO, at
37°C. HaCaT cells with a CRISPR-cas knockout of TACE were cultured in 6 pM EGF

until TACE was rescued.

Cell Proliferation Assays
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Cells were exposed to 5-ethynyl-2’-deoxy-uridine (EdU) for 4 hours before fixation with
4% paraformaldehyde for 5 minutes then treated as per the instructions in the Click-IT
EdU Alexa Fluor 647 Imaging Kit (Life Technologies) used to determine the percentage
of cells proliferating. Analysis was done as described in chapter 3 (Fig. 3.2). Assays
performed with CRISPR-cas knockout of TACE were withheld EGF supplement for five

days prior to treatment with EdU.
Western Blotting

Whole-cell lysates of 1.25x10° cells in a six-well plate were prepared in
radioimmunoprecipitation assay buffer [25 mM tris-HCI (pH 7.4), 150 mM NaCl, 1%
sodium deoxycholate, 1% Triton X-100, 0.1% SDS, 1 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 30 mM NaF, 1 mM sodim orthovanadate].
Antibodies used for Western blots were against TACE (Ab39162, Abcam), Slug (9585T,
Cell signaling), Vimentin (GTX100619, Genetex), ERK2 (sc-1647, Santa Cruz
Biotechnologies), p-ERK (sc-7383, Santa Cruz Biotechnologies), aTubulin (sc-12462,
Santa Cruz Biotechnologies), c-Myc (sc-40, Santa Cruz Biotechnologies), aE-Catenin
(sc-7894, Santa Cruz Biotechnologies), E-cadherin (sc-71008, Santa Cruz
Biotechnologies), N-cadherin (sc-393933, Santa Cruz Biotechnologies), and GAPDH

(sc-47724, Santa Cruz Biotechnologies).

Neutralizing Antibodies

Cetuximab was a gift from Gail Eckhardt and antiTGFa (ab9585) was purchased from

Abcam and were used at 100 pg/mL and 45 pg/mL, respectively.
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Stable shRNA expression

Stable shRNA knockdown of a-catenin was achieved using TRC Lentiviral ShRNA
(Thermo) with the construct TRCN0000234534 and control by SHC016 and lentiviral
transduction. Cell lines were selected by 1 pg/mL puromycin treatment for three days.
Lentiviral manufacturing was done in 293T cells with pHCMV-VSVg, pMDLg, and pREV

vectors.

CRISPR-cas Knockout

CRISPR-cas knockout of TACE was performed by cloning the sequence
CACCGCCAATTCATGAGTTGTAACC as the guide RNA into LentiCRISPR
(pPXPR_001)**? and using lentiviral transduction as a delivery system. The cells were
then selected with 0.5 pg/mL puromycin for three days then allowed to recover in 6 pM
EGF before diluting to single cells per well in 96 well plates. Single cells were grown
into large colonies in 6 pM EGF before moving into larger dishes. Clonally expanded

populations were measured for TACE levels by western blot (not shown).

Fluorescent protein secretion experiments

mRuby2-TGFa secretion experiments were conducted by transferring the media from a
96-well plate (Costar) containing cells for 18 hours to a 96-well PCR plate, centrifuging
at 233 RCF for 5 minutes, then transferring 100 pyL of the total 150 pL to a round-
bottomed 96 well plate (Corning 4520). The Fluorescence of the media was then
measured using a Tecan Microplate reader with an excitation of 570/10 nm and

emission of 610/5 nm.
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FRET data analysis and fluorescence spectroscopy

Cells were incubated and image in Corning 3603 96 well plates. Filters used for FRET
measurements were the following: FRET excitation 438/ 24-25, dichroic 520LP,
emission 542/27-25 (Semrock MOLE-0189); CFP excitation 438/24-25, dichroic 458LP,
emission 483/32-25 (Semrock CFP- 2432B-NTE-Zero). Measurements were done in

triplicate with 10x magnification. For images displayed, 40x magnification was used.
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Chapter 5
Discussion
Significance

The epidermis is the primary barrier between an organism and the environment.
Maintenance of the epidermis occurs through constant proliferation of keratinocytes in
the basal layer that then differentiate as they progress toward the exterior. These cells
not only proliferate at an extremely high rate, with a cellular turnover every two weeks,
but must be primed to increase growth even higher and become migratory upon
wounding®*. Because cellular programs regulating motility and proliferation remain
active long after embryogenesis and growth, it is understandable that basal-cell and

squamous-cell carcinomas are some of the most common cancers that occur>.

Cells in the epidermis fulfill their role in protecting the body by forming a series of
cell-cell junctions to strengthen the skin and provide a barrier for osmosis®. These cell-
cell junctions also inhibit adverse signaling, as their loss is strongly correlated with

14.23-25 "and can cause scattering or even EMT?%%°,

aggressive cancers and metastases
Some of this signaling can be linked to the cadherin-catenin complex; B-catenin release
and subsequent translocation to the nucleus up-regulates mesenchymal genes. But
there are a number of changes that occur in the absence of 3-catenin for which there
remains no explanation”. Removal of a-catenin from the cadherin-catenin complex
generates a hyper proliferative phenotype that resembles a squamous-cell carcinoma

without altering B-catenin interactions with E-cadherin,*? but the signaling pathways that

induce increased proliferation remain unclear.
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Because growth of epithelial cells is commonly dysregulated to create
uncontrolled growth and these cells are capable of forming aggressive and invasive
cancers, it is imperative that we understand the signaling and regulation of proliferative
pathways. A major hub for signaling is the mitogen activated protein kinase (MAPK)
pathway, specifically the extracellular signal-regulated kinase (ERK) cascade which can
regulate motility and survival as well as progression through the cell cycle to
proliferate®”*®. A primary mechanism of triggering the ERK cascade in epithelial cells is
activation of epithelial growth factor receptor (EGFR). EGFR ligands such as HB-EGF,
amphiregulin, and transforming growth factor alpha (TGFa) can be cleaved from a pro-
form into an active one by membrane-bound proteases such as TNFa-converting
enzyme (TACE). TACE has been found to be critical for cell motility, survival, and
proliferation in many scenarios as well as being a major player in immune

63,69,71,73

responses While TACE has been found to be fundamental for epithelial

migration in development™*"’

, there is a great deal of debate as to its regulation — there
are conflicting results as to the role of trafficking, phosphorylation, redox state, and lipid
binding in how TACE is regulated®®®?®3%%8 |n this work, | aim to create a better

understanding its role in epithelial maintenance and disease.
A Biosensor for TACE Activity

To determine how TACE regulates its various substrates it is important to
measure TACE activity in live cells. This allows for real-time detection of stimulated
changes as well as the potential for understanding spatial changes both at a subcellular
level and across a population. The design of a TACE sensor is aimed to be specific for

TACE over other MMPs and ADAM proteins as possible while maintaining plasma
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membrane localization for optimal detection of ligand shedding activity. To create such
a sensor (TSen), we used the TNFa cleavage site, which TACE cleaves efficiently and

specifically, >

as well as the PDGFR transmembrane region commonly used to
localize a protein to the plasma membrane. To ensure that TSen localized to a region
where TACE would likely be active, the signal sequence for TGFa was used as well as
dual valine residues on the C-terminus required for TGFa maturation®. While the
chosen cleavage sequence appears to be specific for TACE over ADAM10°’, the non-
catalytic domains of TACE are also important for achieving substrate specificity®®. It
would be difficult to generate a fluorescent probe without altering adjacent domains of a

TACE substrate and fortunately the chimeric nature of this sensor did not interfere with

its cleavage by TACE.

Once validated, | was able to use TSen to dissect the signaling networks that
regulate TACE activity. The phorbol ester PMA is often used to activate TACE and has

65124 | used

been proposed to operate either through PKC or directly on the ectodomain
kinase inhibitors to show that p38 and ERK activities are necessary for full activation of
TACE, though the degree that they regulate PMA-induced activation varies in different
cell lines. | then used EGF to induce MAPK signaling and monitored TACE activity in
the presence or absence of kinase inhibitors. | found that the activation of TACE
differed greatly in different cell lines, indicating that the signaling networks responsible
for TACE activation vary upon EGF stimulation. Furthermore, activating TACE with

EGF would presumably release more EGFR ligands generating a positive feedback

loop in these cells. This sort of response could potentially be used in epithelial cells to
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stimulate wound healing by promoting both motility and increased proliferation upon

either stress or release of EGFR ligands from other cells.

| was also able to use TSen to screen for novel modulators of TACE activity. |
detected several potentially interesting compounds and pursued one: Cytochalasin D.
The actin depolymerizing action of Cytochalasin D was found to be a major activator of
TACE activity, both in magnitude and kinetics. The mechanism of how actin
depolymerization is able to activate TACE to such a high degree is currently unclear,
but | found an increased amount of TACE on the plasma membrane compared to the
interior of the cell. This change in trafficking is potentially an off-target effect of
inhibiting endocytosis or may be related to the regulation of TACE trafficking from the
ER. Because there is debate as to how TACE is regulated in general — trafficking from

60,62,63,67,125’ redox StatGGG, or

the ER®®, dimerization and inhibition®’, phosphorylation
binding to phosphatidylserine® — it is difficult to predict the precise role of actin. |
predict that this activity is specific, as it is a very strong activator in several cell lines but
has no effect on TACE activity in HeLa cells. In cell lines where actin depolymerization

does cause TACE activation, the effect is very large in magnitude and there is

potentially an independent mechanism for TACE activation not known in the literature.
Autocrine and Paracrine TACE signaling

To further development of projects across the lab, | adapted image analysis
techniques into automated fashion using MATLAB. This has been an extended
undertaking to constantly improve efficiency and accuracy of many types of analysis
and experimental designs. The algorithms developed in this project span from the

simple reorganizing of images into a useful arrangement to tracking cells and
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deciphering their signaling through signal processing techniques. Some of the basic
tools developed here are, to the knowledge of the author, novel techniques for the field
and could be potentially useful for other researchers, such as using the pixel histogram
for background subtraction or generating an equalized image with a low deviation

Gaussian for segmentation purposes.

To put these techniques to use for finding novel signaling in cells, | generated an
epithelial line of HaCaT cells stably expressing both TSen and ERKTR, each a recently
developed sensor. | was then able to use this cell line and automated image analysis
techniques to track and monitor single cells activities of ERK and TACE simultaneously
in single cells for the first time. This process unearthed several unforeseen challenges,
such as the substantial amount of noise in the TSen reported signal for any given cell. |
was also challenged by many foreseeable issues such as segmenting HaCaT cells from
each other when the cell-cell junctions share the same pixels between cells and that the
two sensors have fundamentally different dynamics as one is based on cleavage and

the other on phosphorylation.

Upon processing the TSen signal into comparable dynamics to ERKTR, |
observed single cell pulses of sensor cleavage. This is a novel finding — ligand
shedding has never been reported as single cell pulses. It is intuitive that ligand
shedding could occur in spikes; if ERK activity occurs in pulses and is also able to
activate TACE, then it is expected that at least the activation of TACE could occur with a
rapidity of a pulse. As long as there is a somewhat rapid mechanism for the
downregulation of TACE activity such as endocytosis or local depletion of ligand, it can

be expected that ligand shedding would occur in spikes at the single cell level.
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| validated the propagation of ERK pulses to nearby cells using ERKTR and
cross correlation identified a similar time separation as seen previously*®. | then used
the processed TSen signal to determine when pulses of sensor cleavage occur
compared to ERK pulses. | find that after an ERK pulse, there is a spike in apparent
TACE activity that begins to rise shortly before neighbor cells have an ERK pulse but
reaches its peak afterward. This offset of timing could be an inaccuracy in the
smoothing and binning of TSen signal used to predict its activity. Alternatively, it could
be an issue with the sensitivity of TSen compared to TGFa and the neighbor cell’'s
EGFR; TGFa may be cleaved in enough abundance at the rise in activity to generate an
ERK pulse rather than at its peak. | was also able to detect neighbor cell pulses in
sensor cleavage adjacent in time to an ERK pulse but did not find an increased
correlation when | filtered the neighbors based on which one had an ERK pulse prior to
the cell of interest. This result is confusing; | expect a cell to have an ERK pulse then
stimulate TACE, which then stimulates an ERK pulse in a neighbor cell and thus
propagates the signal. Perhaps the TSen signal is noisy enough that actual activity is
hidden beneath the noise and larger sample sizes are required, or perhaps one of the
other activators of TACE such a p38 or actin depolymerization are playing a large
enough role in TACE activity that observing only ERK is insufficient to show the

predicted peaks.

Despite the concept of pulsing TACE activity being an intuitive addition to the
propagation of ERK pulses, describing them as a novel mechanism in cellular signaling
requires multiple lines of evidence, especially in the case of pulses appearing only after

signal processing. However, pulses of ligand shedding were seen during the writing of
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this thesis using the mRuby-TGFa construct (described in Fig. 4.9), and it appears that
an orthogonal approach to this conclusion could be forthcoming. Another exciting
contribution to this work is that a CRISPR-Cas knockout of TACE was generated in
HaCaT cells that showed almost no pulses of ERK activity (Fig. 4.7), and that this line is
primed for expression of TACE mutants lacking the phosphorylation site for ERK. In the
near future, |1 hope to identify if this phosphosite is necessary for ERK pulse propagation

and if TACE pulses still occur in conjunction with ERK pulses.
Ligand shedding is increased upon a-catenin knockdown

Using HaCaT keratinocytes as a model system, | was able repeat a hyper
proliferative phenotype seen in the literature®* and tease apart the underlying signaling
responsible for this proliferative phenotype. Using neutralizing antibodies and small
molecule inhibitors, | found that TACE appears to act through TGFa to activate EGFR
and ERK in HaCaT cells. | then used CRISPR-cas to generate a TACE knockout like to
show that HaCaT cells rely on TACE for nearly all ERK activity and proliferation. With
this knowledge, | was able to hypothesize that a-catenin knockdown increases ligand
shedding through TACE activation and this triggers the proliferative phenotype. | did
indeed find that HaCaT cells with reduced a-catenin have increased proliferation, ERK
activity, and ligand shedding. | repeated the sha-catenin knockdown using HaCaT cells
clonally expanded with a CRISPR-Cas knockout of TACE, a cell line that does not grow
without supplementing with EGF. | found that a-catenin silencing in the absence of
TACE has the same effect on morphology and junctions as with TACE, but that the
marked increase in proliferation has been removed. This causally links the decreased

a-catenin to increased ligand shedding as a mechanism for increasing proliferation.

144



The more detailed mechanism of how a-catenin is able to modulate TACE
activity is the next un-solved issue. The most striking features of a-catenin knockdown
are the morphological change and the loss of cell-cell junctions. Both of these features
are large cellular changes and likely have many underlying effects in the cell, including
trafficking. It is very likely that the regulation of protein movement from the ER to the
cell surface is altered when cell shape changes from a tight epithelial colony to a spread
out mesenchymal morphology; this alone could account for increased TACE on the
surface and could also affect the substrates themselves. Another possibility is that
because cell-cell junctions are lost, TJs are no longer able to establish apical-basal
polarity on the cell membrane and sequestered plasma membrane proteins may be
allowed to diffuse freely. This means that TACE at the membrane could have increased

access to its substrates without intracellular trafficking being the underlying mechanism.

Another role of a-catenin is to form homodimers that bind actin filaments and
inhibit Arp2/3-mediated actin branching. While it is difficult to tie this role directly to
TACE activity, | have seen that one of the strongest activators of TACE is the actin
depolymerizing agent Cytochalisin D. The mechanism of activating TACE through the
actin cytoskeleton is not known, but if changes in cytoskeletal dynamics are capable of
altering TACE activity then the mechanism of a-catenin knockdown could very well be in
relieving its inhibitory effect on Arp2/3. Regardless of mechanism, | have found that a-
catenin knockdown directly influences proliferation, which could further influence EMT.
Tying a-catenin to ligand shedding also helps explain how loss of E-cadherin, but not E-

cadherin’s cytoplasmic domain, is able to cause EMT?.
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TACE plays a fundamental role in the epithelium. In this model system, | have
found that this protease is required for the core signaling pathway ending with ERK and
its activity pulses, as well as proliferation. TACE regulation is also connected to the
actin cytoskeleton in epithelial cells and this connection possibly explains how it
performs its role in the epithelium. | found a large increase in ligand shedding when
cell-cell junctions were removed by loss of a-catenin; this could act as a mechanism of
wound sensing as an opening is created in the epidermis. Also, because TACE acts
through both an autocrine and paracrine manner, this would propagate the signal to
cells not adjacent to the wound. EGF treatment causes increased ligand shedding
which generates a positive feedback loop in the population and would aid in generating
increased proliferation and motility until the wound is sealed. | also expect that
increased motility would affect actin dynamics and potentially activate TACE through an
alternate mechanism; this is another potential feedback loop which would aid in wound
healing. If this mechanism is in place then it would not only be a powerful tool for
wound healing but also for cancer progression. This provides a possible mechanism of
cancer cells gaining aggressive behavior upon loss of junctions, as well as tying MAPK

signaling to this phenotype.
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