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Abstract

One of the enigmas of cellular biology is the process by which eukaryotic cells,
abandoning their unitary role, organize to form complex systems of organs. Despite
the details of such pattern emergence process are yet to be elucidated, there is a
significant degree of coordination among adjacent cells. For decades, several proteins
have been monitored to track cellular communication. Although advancements have
been made regarding our understanding of the internal cellular signaling network,
there is no clear answer regarding how cells can communicate. One of the most
studied families of proteins is the Extracellular-signal-regulated-kinases. Due to its
myriad interactions and influence over most major cellular processes, it has been
established as a central node in the cellular signaling network. However, the number
of studies regarding its dynamic behavior is limited. Although its connection with
cellular morphodynamics has also been well-documented, there is no consensus on

the time scale of their relationship.

By studying ERK's dynamics upon growth factor stimulation, we found that the
local cellular environment influences ERK's activation tendencies. Nonetheless, this
effect is more significant at low growth factor concentrations. We employed a non-
linear dynamics multidimensional analysis to explore the existence of recurring
patterns within ERK dynamics and cellular morphodynamics. We focused on the high-
frequency components of each of these dynamics during the basal state of cells and
after either EGF or HRG stimulation. After cells were exposed to cell-fate-decision
induing dosages of growth factors, our analysis showed an increase in the persistence
of ERK dynamics and cellular morphodynamics recurrence patterns. Furthermore,
we found that the recurrences that exist within ERK dynamics and cellular
morphodynamics occur at similar time scales. Moreover, our results showed that these
two dynamic processes are intrinsically related, and their relationship is not modified

upon growth factor stimulation.

By extending the recurrence analysis to neighboring cells' dynamic behavior,
we corroborated our findings on the influence of the local cellular environment on ERK
dynamics and cellular morphodynamics. ERK dynamics in neighboring cells kept their

communication pattern after EGF stimulation. However, cellular morphodynamics



between neighboring cells synchronized only after stimulation with low concentrations
of EGF.

Our work sets the framework for conceiving ERK dynamics and cellular
morphodynamics as inseparable processes. It also sheds light on conceptualizing
cellular communication as a process that could occur via physiological concentrations
of EGF among MCF-7 cells.



Zusammenfassung

Eines der Ratsel der Zellbiologie ist der Prozess, durch den sich eukaryotische
Zellen unter Aufgabe ihrer einheitlichen Rolle zu komplexen Organsystemen
organisieren. Obwohl die Einzelheiten eines solchen Musterbildungsprozesses noch
nicht geklart sind, gibt es ein erhebliches Mal an Koordination zwischen benachbarten
Zellen. Seit Jahrzehnten werden verschiedene Proteine Uberwacht, um die zellulare
Kommunikation zu verfolgen. Obwohl unser Verstandnis des internen zellularen
Signalnetzwerks Fortschritte gemacht hat, gibt es keine klare Antwort darauf, wie
Zellen kommunizieren konnen. Eine der am meisten untersuchten Proteinfamilien ist
die der extrazellularen signalregulierten Kinasen. Aufgrund ihrer unzahligen
Interaktionen und ihres Einflusses auf die meisten wichtigen zellularen Prozesse hat
sie sich als zentraler Knotenpunkt im zellularen Signalnetzwerk etabliert. Die Zahl der
Studien zu ihrem dynamischen Verhalten ist jedoch begrenzt. Obwohl sein
Zusammenhang mit der zellularen Morphodynamik gut dokumentiert ist, gibt es keinen
Konsens Uber die Zeitskala ihrer Beziehung.

Bei der Untersuchung der ERK-Dynamik nach Stimulation durch
Wachstumsfaktoren haben wir festgestellt, dass die lokale zellulare Umgebung die
Aktivierungstendenzen von ERK beeinflusst. Dieser Effekt ist jedoch bei niedrigen
Konzentrationen des Wachstumsfaktors starker ausgepragt. Wir setzten eine
multidimensionale Analyse der nichtlinearen Dynamik ein, um die Existenz
wiederkehrender Muster innerhalb der ERK-Dynamik und der zellularen
Morphodynamik zu untersuchen. Wir konzentrierten uns auf die hochfrequenten
Komponenten jeder dieser Dynamiken wahrend des Grundzustands der Zellen und
nach EGF- oder HRG-Stimulation. Nachdem die Zellen einer den Zellzustand
beeinflussenden Dosis von Wachstumsfaktoren ausgesetzt wurden, zeigte unsere
Analyse eine Zunahme der Persistenz der ERK-Dynamik und der zellularen
Morphodynamik-Rezidivmuster. Daruber hinaus stellten wir fest, dass die
Wiederholungen innerhalb der ERK-Dynamik und der zellularen Morphodynamik auf
ahnlichen Zeitskalen auftreten. Daruber hinaus zeigten unsere Ergebnisse, dass diese
beiden dynamischen Prozesse eng miteinander verbunden sind und ihre Beziehung

durch die Stimulation mit Wachstumsfaktoren nicht verandert wird.



Indem wir die Rekurrenzanalyse auf das dynamische Verhalten benachbarter
Zellen ausdehnten, konnten wir unsere Erkenntnisse Uber den Einfluss der lokalen
zelluldaren Umgebung auf die ERK-Dynamik und die zellulare Morphodynamik
untermauern. Die ERK-Dynamik in benachbarten Zellen behielt ihr
Kommunikationsmuster nach der EGF-Stimulation bei. Die zellulare Morphodynamik
zwischen benachbarten Zellen synchronisierte sich jedoch nur nach Stimulation mit
niedrigen EGF-Konzentrationen.

Unsere Arbeit bildet den Rahmen, um die ERK-Dynamik und die zellulare
Morphodynamik als untrennbare Prozesse zu begreifen. Sie wirft auch ein Licht auf
die Vorstellung, dass zellulare Kommunikation ein Prozess ist, der durch

physiologische EGF-Konzentrationen zwischen MCF-7-Zellen stattfinden konnte.



1 Introduction

The hallmark of eukaryotic cells can be entrusted to their ability to form
arrangements with groups of their peers to develop complex structures with highly
specified functions. Regardless of the size of these structures, the organization of
tissues leads to the formation of organs. These organs are grouped into systems and,
in turn, create an organism. This entire process solely relies on the ability of cells to
interact with their environment and coordinate with the surrounding cells. The cellular
environment is conformed by mechano-chemical signals that convey information to
the cell. This compendium of stimulus, in turn, integrates said information and
responds according to several factors that can be resumed as its current state.
Consequently, the cell's morphological or chemical reciprocation contains information
about the cellular signaling network and how the stimulus was processed by the cell.
Although said cellular responses are fast-paced, the effects of stimulation that reaches
a cell can develop into long-lasting morphological changes (Guo et al., 2020; Mayr et
al., 2019; von Kriegsheim et al., 2009; Yarden and Sliwkowski, 2001; Yoon and Seger,
2006). The difficulty of predicting the outcome of a particular stimulus resides in the
complexity of the signaling network within the cell. A complex system that comprises
thousands of protein interactions, some of which are negligible, others transcendental.
Fortunately, extensive work has been done on characterizing one family of proteins
that could be considered a central node of this signaling network, "Extracellular
regulated kinases" (ERK).

1.1 Extracellular regulated kinases (ERK)

The term ERK is used to refer to two protein complexes, ERK1 and ERK2. ERK
interacts with diverse proteins, and thanks to decades of studies, its mechanism of
action and effect on several cellular processes have been identified (Roskoski, 2012).
However, the main focus of the study of ERK has been how its activity is affected by
the transduction of membrane-receptor-emitted signals due to the exposure of cells to



external chemical cues such as epidermal growth factor (EGF), Hereguling (HRG),
and fibroblast growth factor (FGF) (Lavoie et al., 2020).

ERK proteins are members of the family of kinases called "Mitogen-activated
protein kinases" (MAPKs). MAPKs covey signals emitted by receptors located at the
cellular membrane and transmit them to downstream effectors through
phosphorylation (Cargnello and Roux, 2011). ERK is mainly involved in the
transduction of growth factor-triggered reactions and mitogen-induced signals
affecting the RAS GTPases' family. First, GTP-loaded RAS activates the kinase RAF,
which then phosphorylates the kinase MEK, which activates ERK by direct
phosphorylation (Cargnello and Roux, 2011; Lavoie and Therrien, 2015). Once
phosphorylated, ERK keeps on the conveys the signal initiated by RAS via
phosphorylation of a myriad of substrates in different cellular regions. Among the
primary substrates of ERK are the protein complexes RSK and MSK. However, ERK's
extensive collection of direct phosphorylation sites comprises a much broader range

of compounds(Unal et al., 2017).

1.2 ERK spatial localization

Although the details of ERK spatiotemporal activation remain to be clarified, its
relationship has been established with RAS-GTPases. RAS-GTPases locations and
their connection with ERK initiating reactions bring as a consequence the localization
of ERK activation mainly to the plasma membrane, and in a lesser role, to the
endoplasmatic reticulum, endosomes, and other endomembrane-rich cellular
structures (Good et al., 2009; Tsukada et al., 2008). Once activated, ERK species can
be identified on the cytoplasm or can translocate to the nucleus. ERK cytoplasmic
activity and its eventual nuclear translocation have been used to characterize several
cellular processes, and despite the inability to achieve ERK translocation has been
described as a sign of quiescence, the specific role of each type of ERK is yet to be
fully understood(Harding et al., 2005; Raina et al., 2022; Stanoev et al., 2018).
However, it has been suggested that dimerized ERK is mainly found in the cytoplasm,
whereas nuclear ERK proteins are primarily monomers. Interestingly, dimerized ERK
has been reported to possess autophosphorylating properties. The ability of



cytoplasmic ERK to self-activation suggests that this species is more dynamic than its
nuclear counterpart (Herrero et al., 2015; Lai and Pelech, 2016; Lorenz et al., 2009).

1.3 ERK as a central node of the cellular signaling network

Despite ERK proteins are mainly identified with the MAPK cellular signaling
network, they have been found to have de involved in cellular processes such as
migration, proliferation, survival, growth, metabolism, and differentiation (Lavoie et al.,
2020).

1.3.1 Cell migration and motility

ERK signaling is responsible for cellular morphodynamics by its effect on
downstream proteins that regulate membrane retraction and protrusion and are
capable of inducing cell-matrix adhesion (Tanimura and Takeda, 2017). Thus, ERK
monitoring yields information about cell motility and migration. Our previous research
showed that ERK phosphorylation and the subsequent KSR activation are
characteristics of growth factor-induced cell migration. This ERK phosphorylation is
characterized by being localized at the plasma membrane (Briggemann et al., 2021).
Simultaneously, It has been reported that when there is an overexpression or a gain-
of-function mutation in one of the proteins upstream of ERK, it is responsible for
epithelial to mesenchymal transition. Polarized epithelial cells can transform into
mesenchymal cells, which are associated with invasive metastatic tumors (Yang and
Weinberg, 2008) .

In addition, ERK phosphorylation and post-activation interactions are
associated with cellular membrane protrusions via filopodia and lamellipodia. ERK
interacts with a protein called WAVE, which enhances actin polymerization, which
indicates modification of the cytoskeleton and, thus, morphodynamic activity.
Furthermore, it has been reported that the ERK-mediated WAVE activity may induce
sustained cell motility and migration (Mendoza et al., 2011; Miki et al., 1999).



Regarding cell spreading regulation, ERK is also related to the protein Vinexin,
which decreases cell motility via surface adhesion (Parsons et al., 2010). ERK-
phosphorylated Vinein has been localized to the leading edge of migrating cells
colocalized with active ERK. Intriguingly ERK forms a complex with a protein complex
called FAK. The ERK-FAK complex serves as a scaffold protein for MEK, an upstream
phosphorylator of ERK, which activates a complex called calpain. Calpain, specifically
calpain 2, cleaves proteins that fixate the cytoskeleton to focal adhesion complexes.
Thus, diminishing cell-to-surface adhesion and enhancing cellular motility(Case and
Waterman, 2015; Eblen et al., 2004; Parsons et al., 2010; Slack-Dauvis et al., 2003). In
addition, ERK phosphorylates a protein complex called FAK, and a protein complex
called paxillin disturbs the association ratio between them. This interaction ultimately
leads to the dissociation of FAK from the FAK-paxillin complex, which releases cell
adhesion sites (Nayal et al., 2006; Sundberg-Smith et al., 2005). The release of these
sites enhances cell spreading. In addition, it enables the formation of protrusions in
the form of lamellipodia and filopodia. Naturally, the release of the cells from adhesion
sites enables the extension of the cellular membrane, which is necessary for cellular

motility.

Though the details of the mechanism involved in cellular motion have not been
clarified, a continuous balance between cellular adhesion, and cellular spreading,
combined with protrusions of the cellular membrane, appears to revolt around ERK
activity and to be a constant in moving cells. Despite the details remain unclear as to
how ERK phosphorylates Myosionn light chain kinase (MLCK), once it activates it,
they are colocalized on the leading edge of migrating cells. MLCK phosphorylates the
Myosin Il light chain, which regulates Myosin Il (Brahmbhatt and Klemke, 2003;
Klemke et al., 1997; Webb et al., 2004). The latter interacts with actin and generates
the contractile force that drives the cellular motion and is associated with the extension

of the cellular membrane.

Cell movement appears to be a consequence of attachment on the leading
edge. At the same time, force is generated by the myosin || complex and detachment
of the following end of the cells. Once the following recoiling end of the cell approaches
the leading edge, the latter detaches. The cellular membrane extends while the



following edge of the cell is attached until the myosin Il generates enough force to
reset the process. Cellular retraction is mainly linked to Rho GTPases which stabilize
actin and enhance cellular retraction via myosin. This process is negatively regulated
by Rho phosphorylation (Brahmbhatt and Klemke, 2003). Once phosphorylated, Rho
is marked for its ubiquitin-proteasome-dependent degradation . Despite the fact that
the mechanism has not been clarified, it is known that ERK phosphorylates, whether
directly or indirectly, Rho (Vicente-Manzanares et al., 2009; Webb et al., 2004). Thus,

further linking ERK to the retraction process involved in cellular motility.

1.3.2 Proliferation

The transition between cell cycle phases G1 and S depends on ERK activation
via RAS. Namely, the activation of ERK through RAS induces the transition from G1
to the S phase of the cell cycle (Drosten et al., 2010; Stacey and Kung, 1984). Thus
perennial activation of RAS or gain of function mutation that leads to trigger-friendly
phosphorylation of RAS and subsequent phosphorylation of ERK is associated with
uncontrollably dividing cells, such as many types of cancer cells (Deschénes-Simard
et al., 2014; Koseska and Bastiaens, 2017).

Interestingly, Up-regulated ERK is likely to be responsible for cellular senesce
induction cell cycle exit. Additionally to the RAS-related effect on the cell cycle, ERK's
substrate RSK, once phosphorylated, increases the binding of serum response factors
(SRF) to DNA (Fowler et al., 2011; Lavoie and Therrien, 2015). SRF forms tetramer
with three ternary complex factors (TCF), later phosphorylated by ERK. Once
phosphorylated, TCF induces chromatin modifications that lead to methylation,
acetylation, and transcription initiation (Hollenberg and Gregory, 1980; Rivera et al.,
1993). The location of these modifications upregulates cell proliferation and is linked

to some types of cancer.

In addition, ERK directly phosphorylates proteins that belong to the FOS and
JUN family complexes. This phosphorylation blocks their proteasomal degradation
and increases their DNA binding activity, enhancing their transactivation. FOS and
JUN family complexes are strongly related to cell proliferation induction (Lopez-
Bergami et al., 2010; Murphy et al., 2002). ERK signaling has been found to be



necessary for the transcription of G1-specific cyclin and late G1-specific cyclin that
induces feedforward loops that lead to the irreversibility of S phase induction
(Albanese et al., 1995).

1.3.3 Cell survival

Cell population and genetic stability are maintained by the induction of
programmed cell death or apoptosis. This process maintains tissue stability and
prevents cells with significant DNA damage from pass-down mutations (Matsuura et
al., 2016; Mohammad et al., 2015). Conversely, inhibition of pro-apoptotic
mechanisms induces abnormal growth in tissues due to excessive cell population and
accumulation of mutations that could develop into malignant transformations
(Bakhoum and Cantley, 2018; Lukow et al., 2021).

According to the literature, receptor tyrosine kinases (RTK) mediated ERK
activation is mainly involved in inhibiting pro-apoptotic signals. RTK are protein
complexes responsible of the transduction of extracellular chemical signals cytoplasm
(Lemmon and Schlessinger, 2010). The evidence suggests that ERK-mediated
inhibition of apoptosis is focused on stopping the permeabilization of the mitochondria
despite the cell death-inducing signals (Ostrakhovitch and Cherian, 2005). It has been
found that ERK inhibits a pro-apoptotic protein called BIM, responsible for
oligomerizing proteins that form pores on the mitochondrial membrane. Apoptosis is
blocked by blocking the release of cellular death-inducing proteins such as
Cytochrome C, BAK, and BAX (Chen et al., 2005; Edlich, 2018; Kale et al., 2018). In
addition, ERK phosphorylates FOXOS3A, a transcription activation factor that encodes
the above-mentioned BIM (Lopez et al., 2012). ERK phosphorylation of FOXO3A
promotes its cellular exclusion and enhances its degradation at the proteasome (Yang
et al., 2008).

In addition, ERK phosphorylation has also been positively correlated with the
disruption of other pro-apoptotic complexes such as BIK and BAD. ERK induces
proteasomal degradation of BIK by direct phosphorylation (Lopez et al., 2012). In the
case of the BAD protein complex, ERK-activated RSK enables the translocation of
BAD from the mitochondrial membrane to the cytosol, which blocks its negative control
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over the anti-apoptotic factors BCL-2 and BCL-xL (Bonni et al., 1999; Shao and Aplin,
2012). ERK has also been linked to inhibiting protein complexes that are released
post-mitochondrial permeabilization. For example, caspase 9, a crucial protein that,
once active, marks the irreversibility of programmed cell death, Is phosphorylated and
inhibited by ERK (Allan et al., 2003). Furthermore, ERK also enhances the viability of
anti-apoptotic complexes. MCL1 and BIRCS, both anti-apoptotic proteins, have been
found to be positively regulated by high ERK and ERK-related activity (Bonni et al.,
1999; Ye et al., 2014).

1.3.4 Cell growth

Cell size and its modification in response to environmental cues dictate the
triggering of cell proliferation. The size of the cells, influenced by the biomass intake
from the cellular environment, has been linked to the G1/S transition in proliferating
cells (Ginzberg et al., 2015). However, the G1/S transition also depends on the type
and concentration of extracellular chemical cues and the nature of the cell involved in
the process. Cues that induce growth in cells are conveyed to the intrinsic building
machinery by specific nodes of the cell signaling network. Although cell growth is not
dominated by ERK activity, it is involved in several cell volume regulatory mechanisms
by the induction of ribosomal DNA transcription (Ginzberg et al., 2015). Specifically,
ERK phosphorylates the transcription factor RRN3, which enhances the production of
Pol | and Pol lll. Consequently, this upregulates the uptake of biomass (Bywater et al.,
2013; Zhao et al., 2003).

Furthermore, ERK activity has been linked to mTOR complex 1 mediated
mMRNA regulation. mTOR-1 significant effect on cell size has been well documented
(Saxton and Sabatini, 2017). mTOR complex 1 interacts with several cellular metabolic
sensors and conveys the availability of nutrients in the cellular environment to the
internal signaling network. It has also been shown that ERK phosphorylation of
RAPTOR leads to mTORC1 activation, which subsequently enhances protein
synthesis (Carriére et al., 2008).
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1.3.5 Cellular metabolism

ERK is involved in 2 different cellular metabolic processes. One of these is
directly related to ATP. Releasing of energy by ATP dissociation is enhanced by active
AMP-dependent kinase (AMPK) (Herzig and Shaw, 2018). This kinase is negatively
regulated by the AMP: ATP ratio. ERK antagonizes AMPK and indiscriminately
induces ATP production. Interestingly, AMPK opposes ERK-mediated ATP production
by inhibiting BRAF, one of ERK effectors (Shen et al., 2013).

The other mechanism of energy production that involves ERK is aerobic
glycolysis. Otherwise known as the Warburg effect, it is a well-known trait of rapidly
dividing cells, undifferentiated cells, and cancer cells (Warbug, 1956). Although the
mechanism and targets of ERK phosphorylation are yet to be clarified, ERK activity
has been positively correlated with aerobic glycolysis. However, it is likely that ERK
impedes anaerobic glycolysis by suppressing pyruvate dehydrogenase activity due to
its direct phosphorylation of MYC and hypoxia-inducible factor 1 a (HIF1 a) (Mylonis
et al., 2006; Parmenter et al., 2014; Richard et al., 1999).

Upregulated ERK has been found to promote the Warburg effect by silencing
the aerobic generation of energy in the mitochondria (Herzig and Shaw, 2018).
Interestingly, ERK's pharmacological inhibition turns off glycolysis-mediated ATP
production and shifts energy generation to an oxidative-phosphorylation-mediated
process (Haq et al., 2013). Furthermore, this change in the energy generation
mechanism has been found to prevent metastasis in melanoma cells (Houles et al.,
2018). In addition, ERK activity has been linked to "Dynamin-related protein 1"
activation and subsequent mitochondrial morphology modification (Serasinghe et al.,
2015). Consequently, with its influence over the Warburg effect, ERK activity favors
anabolic reactions that involve glycolysis. These reactions include the activation of
non-oxidative pentose phosphatase-mediated reactions and phosphorylation of
carbamoyl phosphate synthase, which stimulates pyrimidine synthesis (Graves et al.,
2000).

12



1.3.6 Differentiation

Cell fate and tissue fate decisions have been described as processes that
strongly rely on ERK activity (Patel and Shvartsman, 2018; Saba-El-Leil et al., 2016).
For example, ERK's effect on cellular development is found in stem cell self-renewal
and differentiation. In addition, homeostasis in osteocytes, cardiocytes, and brain cells
is dependent on balanced ERK activity (Lavoie et al., 2020).

Embryonic stem cells are maintained undifferentiated in-vitro by being cultured
on media that inhibits ERK signaling. However, the mechanism by which ERK-driven
differentiation occurs remains a topic of discussion (Burdon et al., 1999). Recent
evidence suggests that by silencing ERK's effector MEK, partial inhibition of ERK
induces continuous switching between partial ERK-signalling and negligible ERK
activity (Ying et al., 2008). It has been described that Fibroblast growth factor exposure
induces ERK that results in the damping of the pluripotency transcription factors
NANOG, KLF4, and KLF2 (Dhaliwal et al., 2018; Spelat et al., 2012). In addition, by
direct phosphorylation, ERK inhibits these three transcription factors and OCT4,
another key pluripotency transcription factor (Brumbaugh et al., 2014). Furthermore,
ERK directly phosphorylates other transcription factors associated with BMP signaling,
mainly STAT3. This inhibition suppresses STAT3 DNA binding and consequently
nullifies the ability of the transcription factor to maintain cells in naive pluripotency
(Huang et al., 2014). SMAD transcription factors, another set of complexes linked to
BMP signaling, are phosphorylated by ERK and subsequently driven towards
degradation (Fuentealba et al., 2007).

Additionally, ERK activity limits stem-cell self-renewal by damping BMP
signaling and inducing cell differentiation. As negative feedback, BMP4 reduces ERK
signaling and supports pluripotency as well as self-renewal of embryonic stem cells
(Huang et al., 2014). Although differentiation-associated pathologies are usually found
on cells with abnormally high ERK activity, decreased ERK activity has also been
linked to developmental diseases. These medical conditions are characterized by
symptoms that often include facial dysmorphism, cardiac malformations, cutaneous
and musculoskeletal anomalies, cognitive impairment, and increased cancer

susceptibility (Dinsmore and Soriano, 2018; Nakamura et al., 2009; Newbern et al.,
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2008). During embryonic development, a group of cells that arise from the ectoderm
germ layer called the neural crest is particularly susceptible to ERK imbalances.

These neural crest cells are crucial for skeletal development, specifically cranial
development. In these cells, it has been found that ERK phosphorylates and activates
transcription factors that are suspected of inducing abnormal osteogenesis. Thus,
upregulated ERK induces malformations in the cranial region (Rauen, 2013; Twigg et
al., 2013). Similarly, neural crest cells are responsible for supporting the formation of
aortic walls, valves, and the intraventricular septum (Nakamura et al., 2009). ERK
imbalance affects the development of these structures by perturbing the normal
functioning of the cell signaling network in neural crest cells. Interestingly, neighboring
cell communication has been found to be partially responsible for propagating
abnormal cell differentiation in cardiomyocytes during embryonic development (Yin et
al., 2017). However, ERK-related interactions in developmental cardiopathies are yet
to be fully described.

Normal ERK signaling is crucial for proper brain development. Abnormally high
ERK activity has been linked to several levels of cognitive disabilities, autism spectrum
disorder, attention deficit hyperactivity disorder, and memory impairment (Atkins et al.,
1998; Lu et al., 2017). Furthermore, the ERK-induced activity of complexes MNK1 and
MNK?2 are associated with the control translation factors involved in neuronal plasticity
(Ueda Takeshi et al., 2004). Furthermore, it has been reported that these MNK
complexes phosphorylate the protein elF4R in hippocampal neurons, which could be
related to cognitive impairment traits similar to the fragile X syndrome (Napoli et al.,
2008).

1.4 Erk phosphorylation by either EGF or HRG simulation

How it was mentioned in the previous section, ERK has a pivotal role in a myriad
of cellular processes. Such a significant impact on cellular behavior requires an equally
important precise output of responses. ERK dynamics robustness has been its broad
range of interactions, especially the complex reversible reactions (Obatake et al.,
2019; Unal et al., 2017). In addition, the competition between ERK substrates and
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ERK phosphatases affects the ERK dynamics, which also contributes to the stability
of the network (Legewie et al., 2007; Liu et al., 2011). ERKs robustness It has also
been linked to the co-existence of several feedback loops with two different
periodicities, one with a periodicity between 15 and 30 mins and another slower-
occurring feedback with a periodicity between 1 to 2 hours (Bluthgen and Herzel, 2003;
Brandman et al., 2005; Dessauges et al., 2022; Fritsche-Guenther et al., 2011;
Kochanczyk et al., 2017; Shankaran and Wiley, 2010). Considering the presence of
different time scales embedded in the signaling network implies that the duration of
ERK's activity internal cycles can convey important information about its signaling

network.

Regarding ERK activity duration, RTK of ERK can range between a few minutes
up to several hours. The duration of RTK-mediated ERK activity depends on the ligand
concentration and the type of activated receptor (Bergeron et al., 2016). The dynamics
of ERK are also highly dependent, as it has been corroborated by previous work of
this lab, on the internalization and further degradation mechanism of the ligand-
activated receptor, which is also ligand concentration dependent (Stanoev et al.,
2018). This project focused on studying ERK's dynamics after EGF or HRG

stimulation.

1.4.1 ERK activation by EGF

The epidermal growth factor (EGF) is a protein with an estimated molecular
weight of 6-kDa that was discovered in1980s (Hollenberg and Gregory, 1980). Even
though this protein has been majorly associated with cell anti-apoptotic and
proliferation, there is emerging evidence that depending on its concentration,
stimulation with EGF develops into a broader range of ERK-mediated cellular
behaviors. EGF-induced cellular proliferation and survival have been reported at
concentrations higher than 100 ng/mL (Lee et al., 2009; Li et al., 2019; Maachi et al.,
2020; Siromolot et al., 2020); its other effects have been found at lower concentrations.
Concentrations of 50 ng/mL of EGF have been found to increase biomass intake,
which is a sign of cellular volumetric growth (Deshpande et al., 1996; Phuc and
Taniguchi, 2017; Wang et al., 2018; Zhao et al., 2003). Similarly, stimulations with
concentrations up to 40ng/mL of EGF have been found to facilitate cellular
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differentiation (Li et al., 2019; Smitz et al., 1998). At concentrations ranging between
10ng/mL and 25 ng/mL, EGF-stimulation inhibited aerobic-glycolysis and enhanced L-
lactate production, as mentioned in the previous section, is what is described as the
Warburg effect, a characteristic switch found in cancer cells (Lee et al., 2015; Xu et
al., 2017). As reported in our previous results, EGF-stimulation at concentrations as
low as 1ng/mL leads to the activation of the KSR-ERK complex, eventually resulting
in cell migration (Bruggemann et al., 2021). Such EGF-concentration-dependent
distinct behaviors corroborate independent research that states the effect of EGF
concentration is a smooth curve regarding ERK phosphorylation and its subsequent
effect on cell-fate decisions (Birtwistle et al., 2007; Masunaga et al., 2017).

ERK-mediated processes

Proliferation

Proliferation - Survival EGF-Dosage
concentration
Cell growth - Differentiation - Survival

Migration - Metabolism - Differentiation - Survival

Figure 1. ERK-mediated process diversity dependency with EGF concentration

EGF directly stimulates the Epidermal growth factor receptor (EGFR), a well-
characterized member of the ErbB family. This family of receptors is composed of 4
members EGFR (ErbB1), ErbB2,3, and 4. lts downstream signaling network is
intrinsically linked to cell-fate decisions and the consequent tissue organization
processes (Parker et al., 2020; Yarden and Sliwkowski, 2001). Active ErbB receptors
undergo allosteric reactions that can result in the formation of homo- or heterodimers
(Zhang et al., 2006). Interestingly, depending on the aggregation state of these
receptors, their internalization and further degradation are different (Grecco et al.,
2011; Moran et al., 1990; Stallaert et al., 2018; Stanoev et al., 2018). In our previous
study, we found that EGF binding to EGFR at concentrations of 1ng/mL induces the
heterodimerization between EGFR and ErbB2 or ErbB3. In contrast, a concentration
of 100ng/mL led to the formation of EGFR homodimers (Baumdick et al., 2018, 2015;
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Bruggemann et al., 2021). Interestingly, EGFR-homodimers are rapidly internalized by
endosomes and degraded at the lysosomes (Sigismund et al., 2008). As a mechanism
to ensure the robustness of the signaling response, the endosomal system down-
regulates the receptor activation rate by breaking the chain of transmission between
ligands, receptors, and the other components of the signaling network. Despite the
fact that active EGFRs can maintain their signaling activity from endosomes, their
access to the downstream signaling relievers is constrained (Villasefor et al., 2016).
The internalization of EGFR-homodimers results in transient ERK activity. In contrast,
EGFR-heterodimers are internalized by the action of a protein called Clathrin. The
protein complex Clathrin forms a polyhedral lattice around the EGFR-heterodimer,
internalizes it, and recycles it back to the cell surface (Liu et al., 2020; Sigismund et
al., 2008). This recycling re-sensitizes the membrane to further growth factor
stimulation or autocatalytic phosphorylation by active EGFR monomers (Baumdick et
al., 2015; Sanderson et al., 2006; Stanoev et al., 2018). The Clathrin-dependent
internalization of EGFR results in sustained EGF-mediated ERK activity.

1.4.2 ERK activation by HRG

Heregullin (HRG) is a protein with a predicted molecular weight of 66.8 kDa,
which contains EGF-like domains (Shamir and Buonanno, 2010). This protein acts as
a ligand of the ErbB2, ErbB3, and ErbB4 members of the ErbB transmembrane
receptor family. HRG-stimulation leads to the formation of ErbB2/ErbB3 dimers
(Balana et al., 1999; Bourguignon et al., 2007; Kawamoto et al., 2015; Keely and
Barrett, 1999, p. 2; Negro et al., 2004). Despite its inability to autophosphorylate, even
low HRG concentrations (1 ng/mL) are sufficient for ErbB3 activation; this leads to
downstream-proteins phosphorylation through heterodimerization with ErbB2
(Steinkamp et al., 2014). This characteristic of ErbB3 has been attributed to the higher
motility of its inactive form. Once activated, ErbB3 receptors' motility significantly
decreases (Varadi et al., 2019); the complexes become collision targets for the mobile
inactive ErbB2 complexes, which leads to the formation of ErbB2/ErbB3 dimers
(Bertelsen and Stang, 2014; Ghosh et al., 2013, p. 3; Steinkamp et al., 2014). HRG-
stimulation of ERK is mainly linked to migration and cellular morphodynamics but has
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also been found to play a significant role in ERK-mediated cell differentiation (Kim et
al., 2013; Nakakuki et al., 2010). Regardless of the HRG concentration, it has been
found that activation of ErbB2/ErbB3 heterodimers enhances cellular motility. A
process necessary to guarantee cellular motility, cellular scattering, has been linked
to ErB3-mediated ERK-activation. Scattering of cells and the subsequent migration
have been induced by concentrations equal to and higher than 20ng/mL of HRG
(Chang et al., 2013; Keely and Barrett, 1999, p. 3; Okoshi et al., 2013). This
concentration threshold has also been found crucial to achieving direct activation of
ErbB2. Once activated, ErbB2 engages in dimerization with other members of the
ErbB receptor family . Interestingly, concentrations ranging from 25ng/mL up to
400ng/mL have been found to activate transcription factors mediated by ERK that
result in cell differentiation (Cedervall et al., 2013; Houlihan et al., 2010; Kim et al.,
2013). HRG-induced cell differentiation has been linked to the activation of the ErbB2
receptor (Negro et al., 2004).

ERK-mediated processes

Migration - Differentiation

HRG-Dosage
concentration

Migration

Figure 2. ERK-mediated process diversity dependency with HRG concentration

According to model predictions, unlike EGF, HRG-induced ERK activation
speed increases steeply as HRG concentration increases (Birtwistle et al., 2007;
Masunaga et al., 2017). Interestingly EGF and HRG both activate a protein that can
be considered a central node of the cell's signaling network, Protein Kinase B. This
protein, also known as AKT is a set of three kinases that, in its inactive form, is located
in the cytosol; once activated, it translocates to the plasma membrane (Ersahin et al.,
2015). Thus greatly enhancing cellular morphodynamics. AKT also plays an anti-
apoptotic role by blocking the above-mentioned caspase 9 activation (Liu et al., 2008;
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Mohammad et al., 2015). It has been linked to cellular differentiation due to its effect
on cellular-cycle-related triggering proteins such as cyclin-dependent kinases (Chen
et al., 2012; Worster et al., 2012; Ye et al., 2014). Despite ERK-related interactions
and AKT-related interactions being complementary cell signaling networks, the effect
of HRG and EGF concentrations show distinct behaviors. AKT shows a slow climbing,
wide-range concentration-dependent response to HRG and a steep concentration-
dependent response to EGF (Birtwistle et al., 2007; Masunaga et al., 2017). Our
results also showed that EGF-induced ERK-dynamics and HRG-induced ERK-
dynamics do not differ significantly in the peak activity. On the other hand, HRG-
induced AKT activity is much more significant and sustained than its EGF-induced
counterpart (Bruggemann et al.,, 2021). It has also been reported that at lower
concentrations of EGF and HRG, the reactions involved in AKT-activation compete
over the ErbB dimers with the ERK-activation reactions (Birtwistle et al., 2007;
Kawamoto et al., 2015; Kim et al., 2013).

1.5 ERK temporal patterns and cell-fate decisions

The complexity of ERK's signaling network not only acts as a guarantor of its
robustness. Paradoxically, this complexity also difficults its study, especially when it
comes to dynamic studies (Bruggeman et al., 2009; Pérez Millan and Turjanski, 2015).
The cellular environment comprises a myriad of constantly occurring
mechanochemical temporal patterns that convey information to the cell. Thus, cellular
responses are increasingly being considered as the integration of cellular history
rather than a one-input one-output process (Chen et al., 2012). There is mounting
evidence on the effect of the frequency and amplitude of growth factor temporal
patterns on cell-fate decisions. It should also be considered that the growth factor itself
is bound to the signaling network it activates, which is a determinant for cell-fate
decisions (Bruggemann et al., 2021; De Donatis et al., 2008; Freed et al., 2017;
Grecco et al., 2011; Moran et al., 1990; Muthuswamy et al., 1999; Stallaert et al., 2018;
Stanoev et al., 2018; Wagner et al., 2013). However, in the case of ERK, it has been
found that the growth factor, the duration of the ERK-activation, and the frequency of

active-ERK peaks determine the outcome of cellular processes (Bluthgen, 2015;
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Hiratsuka et al., 2020; Kuchenov et al., 2016; Nguyen et al., 2010; Raina et al., 2022;
Ryu et al., 2015). In in-vitro cells, sustained ERK activation led to cell proliferation,
whereas short-lived ERK peaks favored cell differentiation (Albeck et al., 2013; Chen
et al., 2012; Johnson and Toettcher, 2019; Ryu et al., 2015; Worster et al., 2012).
Thus, the same ligand can trigger different cellular processes depending on the ERK
temporal pattern it creates.

Additionally, ERK dynamics have also been found to be correlated to cellular
shape modifications by mechanical stress . Sustained mechanical stress has been
negatively correlated with ERK signal amplitude (Shankaran et al., 2009). However,
the frequencies embedded in ERK dynamics have been found indifferent to this
condition. Similarly, high cellular densities have also been strongly linked to the
shortening of growth-factor-induced-ERK peaks duration and overall have a significant
effect on ERK dynamics (Yang et al., 2018). In contrast, acute mechanical stress, such
as membrane deformations by neighboring cell protrusions, triggers ERK pulses which
drive local protrusions (Johnson and Toettcher, 2019). These local protrusions allow
cells to extend their boundaries and sense any possible mechano-chemical signal in
their neighborhood. Although the detailed mechanism has not been elucidated, it has
been reported that specific frequencies and magnitudes of acute mechanical promoted
cell ERK-mediated proliferation (Yan et al., 2012). Regardless of the lack of a
consensus on the time scale at which they correspond, cellular morphodynamics and
ERK dynamics appear intrinsically connected.

1.6 Protein dynamics tracking by fluorophores

Compared to other biochemical analyses that represent the system's behavior
at one specific time-point, live cell imaging with fluorophores gives researchers the
ability to record the behavior of the studied complex during the entire experiment.
Using the proper sampling time, molecular tracking reveals traits of the signaling
dynamics that carry information about the fast-occurring molecular interactions.
Moreover, live cell imaging with fluorophores can also convey information regarding

the spatial distribution of a molecule. Combining these two traits makes it possible to
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construct a distribution of spatiotemporal activity of the cell signaling network
component. The selection of the proper fluorophore and its monitoring technique is
critical for extracting the desired information from the cell. In this research, we used
high-resolution confocal live cell microscopy with a cytoplasmic Forster resonance
energy transfer (FRET) sensor.

1.6.1 FRET sensors

Fluorophores are essential to tracking proteins and protein dynamics in living
cells. Substances are designed to emit photons with a defined wavelength range after
exposure to a specific light frequency. The spectrum of a fluorophore illustrates at
which light frequency the energy it absorbs would cause a radiative transition or a non-
radiative transition. Non-radiative transitions indicate the absorption of energy that
leads to molecular reconfigurations that do not involve the emission of photons. In
contrast, the radiative transition describes the absorption of energy that takes the
electron of the fluorescent protein to an excited state and the subsequent emission of
photons once the electrons relax back to their ground state.

The dynamics of specific proteins, such as ERK, can depend on conditions
other than their location. Specifically, ERKs phosphorylation temporal pattern relies on
the information of its activity. Thus, sensors that can track this type of conformational
change within a molecule convey crucial details of its dynamics. These types of
sensors are called FRET sensors. FRET is a radiationless energy transmission
phenomenon that occurs between two fluorophores separated by short distances that
usually ranges between 1e-9 and 1e-8 m (Marx, 2017). One of the fluorophores acts
as an energy donor, and the other as an acceptor. When the electrons of the donor
jump from the ground state (So) to an excited state (S2), they transition within pico-
seconds to the lowest vibrational state (S1).This movement of electrons is illustrated
by its associated Jablonski diagram (Lakowicz, 2006) in Figure 3. At FRET conditions,
instead of solely decaying back to So and emitting photons, a portion of the energy of

these electrons is transferred to the electrons of the acceptor.
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Figure 3. Electron transition during FRET

This Jablonski diagram shows the nonradiative transference of energy by Forster resonance
from the electron of the donor fluorophore after coming down from the excited state S2 to the
acceptor's electron that reaches the excited stage S1.

The electrons of the acceptor fluorophore achieve excitation, get to the lowest
vibrational level (S1), emit light, and subsequently go back to the ground state (So).
This dipole-dipole coupling leads to the non-radiative exchange of energy. In
summary, when FRET occurs, the donor emits less light, and the equivalent in energy
is added to the intensity of the acceptor. FRET sensors composed of two fluorophores
are designed to have a "low-FRET" conformation that switches to a "High-FRET"
configuration when a specific conformational change, such as phosphorylation, occurs
in the target molecule. We used an ERK-substrate-based FRET biosensor equipped
with a nuclear export sequence (EKAREV-NES) (Fritz et al., 2013). This EKAREV-
NES is a second-generation RAC-1 biosensor composed of 2 fluorophores, a teal
fluorescent protein (mTFP1) as a donor and a circular permutation of the fluorophore
Venus as an acceptor. A WW binding domain links these fluorophores. The WW
domain senses the loading status of a 10-amino acid Cdc25C ERK phosphorylation

substrate attached to the acceptor (Figure 4).
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Figure 4. Principles of FRET fluorescence

(A) Schematic representation of the phosphorylated-ERK-substrate-based biosensor
EKAREV-2G1. Upon the presence of active ERK, The reconfiguration between the WW
(phosphoserine- and phosphothreonine-binding domain) and the Cdc25C (10-amino-acid
ERK phosphorylation substrate peptide) induces high FRET between the mTFP1 and the
Venus fluorophores. (B) Absorption (blue) and emission (orange) spectrum of the EKAREV
291 sensor

1.6.2 Confocal microscopy

Confocal microscopy relies on using a light source that passes through a
pinhole and excites a specific specimen section. The emitted light passes through
another pinhole in an optically conjugated plane placed in front of a light detector. The
portion of emitted light that reaches the detector is that produced very close to the
focal plane. Despite the fact that the pinhole blocks a significant portion of the emitted
light, this technique yields high-resolution images. Consequently, the sensitivity of the
detector is crucial for a confocal microscope. When working with two or more
fluorophores, in addition to the limitations of the technique, overlapping the spectral
distributions of the fluorophores must be considered when designing a microscopy
experiment. Accidental photoactivation and bleed-through can be avoided using

adequate activation wavelength, detecting range, and filters when available.

Furthermore, increasing the time of light exposure or higher laser intensity can
compensate for the emitted light blocked by the pinhole and consequently improve the
signal-to-noise ratio. However, cells can suffer from phototoxicity, and fluorophores
can be bleached. Fluorophore bleaching leads to a decrease in the signal and reduces
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the dynamic range. Naturally, to track fast-occurring molecular events, the frequency
of image acquisition should be sufficiently high. Thus, more extended periods of light

exposure can also lead to undersampling molecular dynamics.
Once the protocol has been established and the balance between dynamic
range, cell viability, and sampling rate has been achieved, the data can be processed.

The molecular dynamics recorded as time series can be analyzed to draw a

hypothesis from the studied complex and its role within the signaling network.
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Figure 5. Schematic representation of confocal microscopy

Excitation: the blue light comes from the source (laser) and gets reflected into the cell by the
dichroic mirror. The reflected light is aimed at the focal point (inside the cell) by the objective.
Emission: the light emitted by the sample is conveyed by the dichroic mirror through the focal
pinhole. The light from the co-focal plane reaches the detector.

1.7 Quantification of cellular morphodynamics

Cellular morphodynamics is crucial to understanding cellular behavior. The
modification of the cellular cytoskeleton is an extension of molecular interactions. It
has also been found that there is a relationship between molecular reactions and
morphological modifications in cells on minute time scales (Tsukada et al., 2008). This
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relationship hints at the fact that cellular morphodynamics and molecular dynamics
are inseparable. These morphological modifications were quantified as global cellular
deformations that were caused by a global stimulus on the cell signaling network.
Intending to prove the connection on a smaller time scale and extend this relationship
to continuously occurring communication between the cell signaling network and
cellular morphodynamics by monitoring ERK, a central node of the signaling network,
we probe a general quantification of the cellular shape. We applied a metric introduced
by (Ming-Kuei Hu, 1962). Hu invariant moments have been used to characterize
images robustly due to their resistance to geometrically distorted images, their
sensitivity to picking up subtle modifications in images, and value consistency for
images whose resolution is similar to the one we use in this research (Gornale et al.,
2020; Zhang et al., 2021; Zhihu Huang and Jinsong Leng, 2010).

Furthermore, analyzing trends and frequencies embedded in Hu moments has
been implemented to identify chronic morphological changes in cellular
structures(Gornale et al., 2020; Monge-Alvarez et al., 2019). This research further
corroborates the role of Hu invariant moments in quantifying time-dependent tissue
modifications. Based on previous research, the resistance to noise is evident in the
lower moments. In contrast, the higher moments are more able to distinguish structural
modifications in the image (Zhihu Huang and Jinsong Leng, 2010). The Hu moment
invariant number 3 has been reported by (Zhihu Huang and Jinsong Leng, 2010) as
an optimal reporter to avoid noise. Consequently, we will utilize it as the
morphodynamics quantifier because we are focusing on analyzing fast membrane
movements that could be related to local-molecular interactions of the signaling

network.

1.8 Recurrence analysis

Having exposed the complexity of ERK dynamics, its time dependence, the
different time scales embedded within, and its connection to cellular morphodynamics,
its sensitivity should also be explored. It has been found that activating one section of
the signaling network enhances the sensitivity of other sections to become active
(Agell et al., 2002; Fabian et al., 2014; Pinsino et al., 2011). In other words, stimulating
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one signaling network would cause another signaling network becomes active by a
sub-threshold stimulus present within its neighborhood, propagating the influence of
the original stimulus. Considering how signals can permeate through different sections
of the signaling network, masking direct interactions between molecules by a global
perturbation of the network is expected upon stimulation with growth factors
(Bastiaens et al., 2015; Bluthgen and Herzel, 2003; Meyer, 1991; Meyer and Teruel,
2003; Miranti and Brugge, 2002). Moreover, this effect is predicted to progress from
one cellular signaling network to another and create an interconnected global cellular

signaling network.

Studying such a complex system requires a multidimensional approach. As
described in the literature and our previous results, the study of multidimensional
recurrences sheds light on otherwise imperceptible events within the constraints of our
three-dimensional space perception (Brick et al., 2017; Gavriljuk et al., 2021; Marwan,
2008; Marwan et al., 2007). Recurrences rely on the concept of pattern recognition,
and their quantification can be used to characterize cellular processes and reveal
connections between dynamic processes. Despite the recent mathematical definition
of pattern recognition, recognizing patterns is a natural trait of humans. In humans,
observing enough iterations of the same phenomenon, even if the phenomenon is part
of a highly dynamic system, leads to predicting a particular event. Patter recognition
relies on the perennial repetition of a phenomenon and the consistency in which this
phenomenon occurs. That is the basis of recurrence. Recurrence is a concept first
described by Poincare in 1890. In his work, Poincare focused on using Newton's law
of universal gravitation to describe the motion of three interacting bodies. Poincare
noticed that despite the chaotic behavior of the orbits of the celestial bodies, the
system recurred to its initial state at Infinitum. However, it was not until 1987 that
recurrence visualization and quantification were possible. Eckmann developed
recurrence plots as a method to visualize the recurrences present in dynamic systems
(Eckmann et al., 1987). Recurrence plots are Boolean matrices that compare the
states of a system at different time points. The method relies on using the phase-state
trajectories of a system and defining a recurrent state as the event when one state j is
approximately at the same state as a former state i. In these matrices, recurrent states

are shown with a 1, and non-recurrent states with a 0.
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When studying nonlinear dynamics, especially in systems that contain events
that occur at different time scales, the use of a recurrence plot is of great help, for it
enables researchers to find trends in systems that might appear random and allows
the characterization of the system by quantifying their recurrences. However, the
difficulty of calculating their associated recurrence plot is reconstructing their phase
space. Highly dynamic systems can exhibit a rather complex time dependency.
Considering that m variables can define a system x, the contribution of each of the m
parameters is contained within x behavior at any given time point t. As shown by
Takens (Sauer et al., 1991; Takens, 1981), by comparing the original time series of x
against itself a certain number of times (N), with a specific time delay (t), the dynamics
of the m parameters coupled to x can be reconstructed. In this research, we combined
the Average mutual information function (AMI) and the false Nearest Neighbor function
(FNN) to calculate the time delay (t) and the number of embedding dimensions (N)
(Wallot and Mgnster, 2018). By guaranteeing Takens' theorem, the reconstructed
attractor of x and its theoretical attractor is recognized as the representation of the

same dynamical system.

The definition of a recurrent state depends on the method for measuring the
distance between the states present in the space phase and the threshold for the
distance (Marwan et al., 2007). The following expression defines the recurrence plot:

Mi,j = 0(5 - |xi — le)

The distance between two states can be expressed as the L1 norm, the

Euclidean norm of the L-infinity norm. We use the Euclidean norm to calculate the

distances in the system because of its balanced neighbor-detecting properties. The
detecting areas of the three norms are presented in Figure 6.
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A) B) 9)

Figure 6. Three different definitions of neighborhoods:

Two-dimensional representation of norms used for the calculations of recurrence plots
with the same radius around a state (dot). (A) L1 norm, (B) Euclidean norm, (C) L-infinity
norm. Adapted and reprinted from (Marwan et al., 2007) with permission from Elsevier,
Copyright © 2007.

The selection of the threshold ¢ is what ultimately transforms the matrix of
distances into the quantifiable recurrence plot. A very small e increases the number of
false negative errors and does not yield enough recurrence states to characterize the
system. On the contrary, a very big ¢ increases the number of false positive errors and
faulty records the systems recurrences. Although the selection of the value of ¢ is
empirical, there are suggestions regarding its maximal value. In this research, we
estimated ¢ as the standard deviation of the trajectories of the time-series
reconstructed space state. As suggested by (Marwan et al., 2007), we corroborated
that with this ¢ , the number of recurrent states did not exceed 10% of the total states

of the system.
As an example of the recurrence characterization, four systems with different

dynamics with their corresponding recurrence plots and space states can be observed

below.
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Figure 7. Dynamic characterization of 4 different systems

(A) Time series of, from left to right: a sine function, the x component of the Lorenz chaotic
attractor, white noise, and the x component of the Lorenz chaotic attractor with white noise

(B) 2-D projections of the corresponding space states of the systems presented above.

(C) Unthresholded versions of the recurrence plot of each system, using the euclidean norm.
(D)Thresholded recurrence plots of each system using an e that guarantees a maximal
recurrence rate of 10% of all the system's states

On panels (C) and (D), “white” represents high recurrence.
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As we move diagonally on the recurrence plot, we move in time for a specific system
state. Thus, diagonally connected recurrences are a sign of the deterministic behavior
of the system. Conversely, vertical distances between diagonal lines correspond to
periods of oscillation. The recurrence plot of the white noise consists of disconnected
single black points. As suggested by Eckmann (Eckmann et al., 1987), isolated
recurrent states imply randomness and shorter diagonal lines, a less predictable
system. In order to quantify the dynamic behavior of each system, measures based
on the diagonal lines were developed. We focused on the maximal length of the
diagonal lines, which is a measure of the persistence of a recurrence in the system,
and the Shannon entropy of the diagonal lines' length distribution which is a measure
of the diversity of recurrences in the system.

An extension of RP was developed to study the dependencies between two
systems x and y (Brick et al., 2017; Marwan and Kurths, 2002; Zbilut et al.,
1998).These are called cross-recurrence plots because they are considered a
generalized linear cross-correlation between two time series. The cross-recurrence

matrix is defined as follows:

M;; =0(s— |xi — ]

As mentioned above, to calculate the cross-recurrence matrix of a system it is
necessary to reconstruct its phase space. It should be considered that if the time-delay
embedding parameters calculated for both systems differ, the higher embedding
should be chosen. In case the time series differ in the order of magnitude, they should
be normalized before calculating the cross-recurrence matrix. Contrary to the
recurrence matrix, the main diagonal is not necessarily one. However, all the above
statements regarding the diagonal lines and recurrence quantifications apply to cross-

recurrence plots.
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1.9 Objectives

In this thesis, we focused on revealing the presence of traits of cellular
communication in ERK dynamics and cellular morphodynamics. By monitoring the
ERK response in cells, we found an effect of the cellular environment on the ERK
activation pattern. However, considering cellular communication as a continuous
process, we proceeded to elucidate if this effect was limited to ERK'’s activation
process or if it extended to its dynamics. We hypothesized that any information
relevant to the cellular environment could be masked by global stimulation, such as
exposure to a growth factor. Thus, we extracted the high-frequency components
embedded in ERK dynamics and cellular morphodynamics. We used recurrence
analysis to find patterns in ERK dynamics and cellular morphodynamics prior to growth
factor stimulation. We found that these patterns were congruent, thus suggesting a
continuous relationship between ERK dynamics and cellular morphodynamics. Finally,
we compared the recurrences between neighboring and non-neighboring cells. We
found that neighboring cells had a higher level of synchronization in ERK dynamics
and cellular morphodynamics at specific conditions than non-neighboring cells.
Stimulation with low concentrations of EGF proved to be an effective channel for

neighboring cells to communicate.
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2 Materials and methods

2.1 Cell culture, transfection, and growth factor stimulation

MCF-7 cells (ATCC, HTB-22) were grown in 8-well chambered glass slides
(Lab-Tek, Thermo-Fisher Scientific, Waltham, United States) in DMEM (Dulbecco's
modified Eagle's medium, Sigma Aldrich), enriched with 10% FBS (Fetal bovine
serum), 10 mM L-glutamine and 1% non-essential amino acids, at 37 °C under a 5%
CO2 atmosphere. According to the manufacturer's protocol, cells were transfected 24h
prior to growth factor stimulation experiments with Fugene6 (Roche Diagnostics,
Mannheim, Germany). Cells were serum-starved in DMEM without phenol red for at
least two hours prior to growth factor exposition and subsequently stimulated with EGF
or HRG-b at a final concentration of either 20 or 100 ng/mL. Erk Inhibition in cells was
induced by 10um PD0325901 exposure. Erlotinib treatment consisted establishing a
concentration of 10 uM of the EGFR-inhibitor immediately prior to imaging. For growth
factor stimulation and subsequent growth-factor-induced response inhibition, the
following reagents were used: EGF (Peprotech, Cat#AF-100-15 Hamburg, Germany)
diluted to a concentration of 250 ng/mL in PBS + 0.1% BSA and stored at -20°C; HRG-
b (Merck Millipore, Cat#01-201) diluted to a concentration of 250 ng/mL in PBS + 0.1%
BSA, stored at -20°C; PD0325901 (Cell Signaling Technology, Catalog - 800153)
diluted to a concentration of 1TmM in DMSO and stored at -20°C. Erlotinib
(Selleckchem, Catalog — No S7786) diluted to a concentration of 10mM in DMSO and
stored at -20°C.

2.2 Plasmid

The plasmid encoding the EKAREV-NES, ERK activity reporter (EKAR2G1),
was a gift from Olivier Pertz (Addgene plasmid #39835; http://n2t.net/addgene:39835;
RRID: Addgene_39835)(Fritz et al., 2013).

2.3 Confocal microscopy
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The images were taken with a Leica TCS SP8 DMI800 confocal microscopy
(Leica microsystems, Wetzlar, Germany) equipped with: an incubator (Life Imaging
Services, Switzerland) maintained at 37°C, a CO2 compressor maintained at 5%, and
an HC PL APO 63x/1.2NA motCORR water objective (Leica microsystems, Wetzlar,
Germany). The donor protein of the EKAREV2G1 construct (mTFP1) was excited with
a 442 nm diode laser. The emitted light was measured with HyD SMD detectors for
the donor channel: mTFP1 (460-508 nm) and the acceptor channel: Venus (525 — 575
nm). The pinhole was set at 5.8 airy units, and 12-bit 512x512 images were taken
sequentially, between lines, with a 2x frame averaging at a rate of 1 image per 3.108
seconds.

2.4 Cell masking

The average background fluorescence was obtained from a cell-free area and
subtracted from all images. The masks of the cells were modelled in FIJI (https://fiji.sc/)
by applying a Gaussian filter (sigma=2.0) and thresholding the images accordingly. In
order to obtain the cytoplasm section of the mask, an independent mask of the nucleus
was made following the same processing than for the cell mask with a different
threshold. The mask of the nucleus was subtracted from the full-cell mask and the
resulting in the cytoplasm mask of the cells.

2.5 ERK’s activity quantification

The algorithm used to read the images based on the masks and the subsequent
calculation of the ERK activity was developed in the version 9.10.0.1649659 (R2021a)
Update:1 of Matlab (https://www.mathworks.com). The nucleus-excluded masks were
used to analyze the donor and acceptor time-series images. The ERK activity was
calculated as the ratio of the average measured fluorescence per mask of the
acceptor. At the same time, the donor is excited over the average measured
fluorescence per mask of the donor while the donor is excited (IA/ID FRET).
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2.6 Cellular morphodynamics quantification

The metric to quantify cellular morphodynamics, based on the full-cell masks,
was the third Hu invariant moment. The algorithms used to calculate the Hu invariant
moment were developed in the version 9.10.0.1649659 (R2021a) Update:1 of Matlab
(https://www.mathworks.com). The Hu moment used in this research is the third
rotation invariant moment defined in (Ming-Kuei Hu, 1962). First, the coordinate

system is normalized:

X=x—m,
-m

A
Il

y y

x and y are the coordinates of each pixel that belongs to a cell mask. X and y

are the normalized coordinates for each pixel present in a cell mask. m, and m,
represent the x and y coordinates of the cell mask center of mass. The corresponding

central moments M, are calculated as follows:

Mpg = D > (= DP( = DU (xy)
x y

Where p and g are whole non-negative numbers between 0 and 3. And f(x, y)
is a boolean matrix with value 1 for pixels that belong to the cell mask. Finally, the Hu

moment was calculated according to the following equation:

Hus = (M50 — 31\/112)2 + (My3 — 3M21)2

2.7 High frequency component extraction

The main trend associated to each time series was calculated using the built-in
function “movmean” in the version 9.10.0.1739362 (R2021a) Update:5 of Matlab

(https://www.mathworks.com). Moving means were calculated using a sliding window
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of 7 neighboring elements. The means were subtracted from the original time series,
and the resulting values were reported as the high frequency components and

subsequently used for recurrence analysis.

2.8 Recurrence plots

The algorithm used calculate the recurrence plots, and its quantification was
developed in the version 9.10.0.1649659 (R2021a) Update:1 of Matlab
(https://www.mathworks.com). In order to guarantee Takens theorem (Sauer et al.,
1991; Takens, 1981), the average mutual information (AMI), and the false nearest
neighbor were calculated to estimate the time delay (Fraser and Swinney, 1986; Kantz
and Schreiber, 2003; Wallot and Mgnster, 2018) and the minimal dimensional
embedding. The first local minimum of the AMI function was used as the time delay;

the corresponding function is denoted as follows:

P(x(ty), x(t; + 1))
P(x(t))P(x(t; + 1))

AMI(7) = Z P(x(ty), x(t; + 7))log,

x(t;)x(ti+7)

P denotes the probability of a value at a time point ¢; of the time-series x of
belonging to the same bin as the value of the time-series x at a delayed time point ¢; +
7. The minimal embedding dimension was calculated by minimizing the percentage of
false nearest-neighbors (pFNN) method (Cao, 1997; Kennel et al., 1992; Wallot and
Mgnster, 2018). The criteria to rule the nearest neighbor in a time series as false is

given by the following expression

R(ey = Xt -+l o
(0 = |Ze2ix(t; + nT) — xNN(t; + no)]||
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TNN is the total amount of nearest neighbors in all the system’s dimensions. x
is the n embedded t; + 7 delayed time series. x"V is the n dimension embedded
delayed nearest neighbor. d is the maximal arbitrary dimension for the optimal

embedding calculation.

The recurrence plot was calculated as the matrix of the Euclidian distances
according to the formula:
M;; =0(¢— |xi - x-|)

J J

i — 2] =[G — )2

Where: M;; is the element of the column j and the row i of the matrix M, 8 is
the Heaviside function, ¢ is the thresholding value, and x is the n-dimension-embedded
Tt delayed vector of the time series to study (ERK dynamics or cellular
morphodynamics).

2.8.1 Cross recurrence plots

Similarly, the cross-recurrence plot was calculated as the matrix of the Euclidian

distances according to the formula:
M;; =0(s— |xi — ]

Where: M; ; is the element of the column j and the row i of the matrix M, 6 is
the Heaviside function, ¢ is the thresholding value, x and y are the n-dimension-
embedded t delayed vector of the ERK activity time series and cellular
morphodynamics time series respectively. In contrast, for comparing neighboring
cells, x and y, were simultaneously either ERK activity or cellular morphodynamics.The
recurrence, and cross-recurrence, plots were thresholded according to (Marwan,
2008; Marwan et al., 2007). The cut-off value was set to the standard deviation of the
space state distances when said values is smaller or equal to the 10% value of the
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cumulative density function of the Euclidean distance distribution. Otherwise, the cut-
off value was set to the distance that represents the 10% value of the cumulative
density function of the Euclidean distance distribution.

2.9 Recurrence quantification

The maximal length of the diagonally connected recurrences was measured,
and the distribution of diagonal recurrence line lengths was recorded. The distribution
of recurrence lengths was used to calculate its associated Shannon’s entropy (C. E.
Shannon, 1948) which was used to quantify the diversity of recurrent states present in
the time series (Marwan, 2008; Marwan et al., 2007; Webber, n.d.)

Su == @log (p()))

Where S is the entropy associated to the recurrence plot M. p is the probability

distribution of the recurrence lines ;.

2.10 ERK'’s activity kinetic parameter

The algorithms to calculate the response time of the ERK activation, and the
cells response delay were developed in the version 9.10.0.1649659 (R2021a)
Update:1 of Matlab (https://www.mathworks.com). The time-series corresponding to
the ratiometric IA/ID FRET (ERK activity quantification) signal of the EKAREV sensor
was smoothed using a Savitzky-Golay (“sgolayfilt’). The time-series speed was
calculated using a 5-point numerical derivative of the smoothed ERK activity time, and
its maximum positive value reported. The reaction time was defined as the first time
point when 10 out of the following 12 values of the time-series derivative showed non
negative values. The stabilization time was defined as the fifth time point after the
smoothed ERK activity time series’ derivative reached a non-positive value after

reaching its maximum.
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2.11 Statistical analysis

The statistical inference related values were calculated using built-in functions
(“kstest”, “mean”,” median”, “std”, “ranksum?”) in the version 9.10.0.1649659 (R2021a)
Update:1 of Matlab (https://www.mathworks.com). With a cut-off value of alpha=0.01,
the One-sample Kolmogorov-Smirnov algorithm was used to evaluate the normality of
the calculated distributions. The non-normal distributions were compared using the
two-tailed Wilcox rank sum test, and their corresponding p-values presented. The
normal distributions were compared using a one-way ANOVA test, and their
corresponding values presented. The distributions average values results are
expressed as mean * SD.

2.12 Monotonal relationship estimation

The relationship between two distributions was calculated using the built-in
function (“corr”) in the version 9.10.0.1649659 (R2021a) Update:1 of Matlab
(https://www.mathworks.com). To assets a non-linear relationship we used the
Spearman correlation coefficient [-1: decreasing monotonic,1: increasing monotonic].
To probe for a linear relationship, we used the Pearson correlation coefficient [-1:
decreasing linear,1: increasing linear]. For both correlations we reported the p-value
(ANOVA) associated to testing hypothesis of no correlation against the alternative
hypothesis of significant correlation.

2.13 Distance between neighboring cells

The distance between neighboring cells was calculated applying the definition
of the Euclidian distance between the centroids of the cellular masks in the version
9.10.0.1739362 (R2021a) Update:5 of Matlab (https://www.mathworks.com).
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3 Results

In order to study ERK dynamics and cellular morphodynamics and their

response to either EGF or HRG stimulation, we used MCF-7 cells. These are

immortalized human breast cancer cells that express EGFR, and ErbB2/3 receptors,

which have been reported to show ligand-specific ERK activity and morphodynamics

responses.
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Figure 8. Quantification of ERK activity and cellular Morphodynamics

(A) Exemplary fluorescence images of an MCF-7 cell transfected with the EKAREV-2G1
sensor; prior to growth factor stimulation (Baseline — 2.5 min intervals), upon stimulation with
20ng/mL of EGF (stimulation — 5 min intervals), and after exposure to a 10uM concentration
of PD0325901 (inhibition — 2.5 min intervals). Top row: fluorescence emitted by the donor after
donor excitation (ID). Middle row: fluorescence emitted by the acceptor after donor excitation
(IA). Bottom row: the ratiometric image of the quotient between IA and ID. (B) ERK activity
time series of the cell presented in panel (A), quantified as the IA/ID ration left: "Baseline,"
center: "Stimulation," right: "Inhibition." (C) Exemplary contour traces of the cell presented in
panel (A). Each contour represents one of 97 frames (3.108 s interval) for the "Baseline"
condition, one of 194 frames for the "Stimulation" condition, and one of 87 frames for the
“Inhibition condition." (D) Cellular morphodynamics quantified as the third Hu invariant
moment of the cell presented in panel (A). Left: "Baseline," center: "Stimulation," right:
"Inhibition."

As shown in Figure 8, cells before stimulation show limited membrane activity
and ERK phosphorylation. It can be observed on the stable value of the
morphodynamics activity and steadily low ERK activity. After growth factor exposure,
the cellular membrane is visibly extended, and the apparition of filopodia and
lamellipodia is appreciable. Similarly, ERK activity steeply increases and stabilizes
after reaching its peak. Inhibition of MEK induces an indirect inhibition of ERK. During
this stage, ERK activity slowly but continuously decreases. Simultaneously, exposure
to the MEK inhibitor causes retraction of the cellular membrane and a diminishment of
its activity. The experimental groups are conformed by n=35 cells exposed to
100mg/mL of EGF, n=24 cells exposed to 20ng/mL of EGF, n=22 cells exposed to 100
ng/mL of HRG, and n=26 cells exposed to 20ng/mL of HRG. The Baseline group
comprises all the cells imaged prior to growth factor stimulation n=107 cells.Following
our definition of neighboring cells, detailed in the “Methods” section, the group of cells
stimulated with 100ng/mL of EGF comprises n=31 neighboring cells, the group
stimulated with 20ng/mL of EGF n=19, the group stimulated with 100ng/mL of HRG
n=23, and the group stimulated with 20ng/mL of HRG n=14.

3.1 Effect of cellular local environment on ERK’s response to

growth factor stimulation

By overlaying the ERK response curves of all the experimental conditions, a
visual trend regarding the speed with which ERK activity rises, the time it takes cells
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to respond to a growth factor stimulus, and consequently, the time after which cells

show a stabilized ERK activity became apparent.
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Figure 9. Overlaid ERK responses to different experimental conditions
(A) Stimulation with 20ng/mL of EGF. (B) Stimulation with 20ng/mL of HRG.
(C) Stimulation with 100ng/mL of EGF. (D) Stimulation with 100ng/mL of HRG

Thus, we defined the three following kinetic parameters to characterize ERK

activity behavior.

ERK Rise Time (RT)

Max. ERK activation
speed (Max. E.A.S)

ERK activity [A.U.]
©
w

1 ® ERK Stabilization time

0 . 5 ' 10
Time [min]

Figure 10. Kinetic parameters for ERK characterization

Exemplary ERK activity time series (blue line) with the graphic representation of the

definitions of the "Rise Time" (yellow), "Max. ERK activation speed" (green), and
the "ERK stabilization time" (red).
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The average values for the maximal ERK activation speed showed no
concentration dependency. However, stimulation with EGF yielded a higher maximal
ERK activation speed than HRG.
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Figure 11. Max. ERK activation speed comparison between EGF and HRG stimulated
cells

Violin distributions for the Max. E.A.S [-/min] of cells stimulated with either 20ng/mL or 100
ng/mL of either EGF (cyan) or HRG (orange).

Table 1. Max. ERK activation speed average values for growth factor stimulated cells

Max. E.A.S [-/min] EGF 100 ng/mL EGF 20 ng/mL HRG 100 ng/mL HRG 20 ng/mL
Mean +/- SD 1.22 +/-0.40 1.18 +/-0.48 0.83 +/-0.27 0.71+/-0.23

Similarly, despite the fact that EGF-stimulated cells showed a shorter ERK rise
time than HRG-stimulated cells, there was no apparent difference regarding the
concentration of the corresponding growth factor.
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Figure 12. Rise Time comparison between EGF and HRG stimulated cells.
Violin distributions for the RT [s] of cells stimulated with either 20ng/mL or 100 ng/mL of either
EGF (cyan) or HRG (orange).
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Table 2. Rise Time average values for growth factor stimulated cells.

R.T [s] EGF 100 ng/mL EGF 20 ng/mL HRG 100 ng/mL HRG 20 ng/mL
Mean +/- SD 40.16 +/- 26.57 48.95 +/- 29.98 87.38 +/-42 94.65+/-43.19
96

Consequently, the stabilization time was calculated to be longer on HRG-
stimulated cells than in EGF cells without a significant difference regarding the

concentration used for the stimulus.
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Figure 13. Stabilization time comparison between EGF and HRG stimulated cells.
Violin distributions for the Stab. Time [s] of cells stimulated with either 20ng/mL or 100 ng/mL
of either EGF (cyan) or HRG (orange).

Table 3. Stabilization time average values for growth factor stimulated cells.

Stab. Time [s] EGF 100 ng/mL EGF 20 ng/mL HRG 100 ng/mL HRG 20 ng/mL
Mean +/- SD 58.64 +/-19.36 62.58 +/-22.59 96.77 +/-31.94 97.57+/-27.93

Interestingly, by doing a correlation test, we found a clear relationship between
the Maximal ERK activation speed and the ERK rise time for EGF-stimulated cells and
cells stimulated with 20ng/mL of HRG. Furthermore, this relationship yields more
statistically significant (Pearson’s r and Spearman’s p) and higher R? values for the

lower concentrations of growth factor stimulation.
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Figure 14. Relationship between Maximal ERK activation speed and Rise Time for
EGF-stimulated cells

(A) Values were obtained from the time series of cells stimulated with 20ng/mL of EGF. The
p values presented reject the null hypothesis of the distributions not being linearly dependent
(Pearson) nor non-linearly dependent (Spearman). (B) Values were obtained from the time
series of cells stimulated with 100ng/mL of EGF. The p values presented reject the null
hypothesis of the distributions not being linearly dependent (Pearson) nor non-linearly
dependent (Spearman).
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Figure 15. Relationship between Maximal ERK activation speed and Rise Time for
HRG-stimulated cells

(A) Values were obtained from the time series of cells stimulated with 20ng/mL of HRG. The
p values presented reject the null hypothesis of the distributions not being linearly dependent
(Pearson) nor non-linearly dependent (Spearman). (B) Values were obtained from the time
series of cells stimulated with 100ng/mL of HRG. No significant relationship between the
distributions was found.

Table 4. Linear fitting parameters and goodness of fit for the “Max. E.A.S.=m (R.T.) +
b” trend lines

Experimental condition m b R?
EGF 100 ng/mL -0.00866 1.572 0.33
EGF 20 ng/mL -0.01214 1.771 0.59
HRG 100 ng/mL - - -
HRG 20 ng/mL -0.00364 1.056 0.47
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In order to probe for the effect of the local environment over ERK's rise time

and the maximal ERK activation speed, we calculated the difference between these

values for neighboring and non-neighboring cells.
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Figure 16. Comparison of the Max. ERK activation speed difference between neighboring

and non-neighboring cells.

(A) Distributions calculated from the Max. EAS of non-neighboring cells (light cyan) and
neighboring cells (cyan) stimulated with either 20ng/mL or 100ng/mL of EGF. (B) Distributions
calculated from the Max. EAS of non-neighboring cells (light orange) and neighboring cells
(orange) stimulated with either 20ng/mL or 100ng/mL of HRG

Table 5. Average difference in Max. ERK activation speed between neighboring and (*)
non-neighboring cells

AMax EGF 100 EGF 100 EGF 20 EGF 20 HRG 100 HRG100 HRG 20 HRG 20

E.AS ng/mL ng/mL ng/mL ng/mL ng/mL ng/mL ng/mL ng/mL
[-/min] * * * *

Mean 0.47+/- 0.30 +/- 0.55 +/- 0.33+/- 0.35+/- 0.27 +/- 0.26+/- 0.22+/-
+/-SD 0.33 0.22 0.39 0.26 0.25 0.20 0.19 0.20
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As shown in Figure 16 and table xx, in neighboring cells, the values for ERK
activation speed were more similar for neighboring cells than for non-neighboring cells.
However, a more significant effect was observed on EGF-stimulated cells. Compared
to their non-neighboring counterparts, neighboring cells stimulated with 100ng/mL and
20ng/mL of EGF had 36% and 40% more similar speeds.

A similar trend was observed when comparing the rise time between
neighboring and non-neighboring cells. Under all conditions, all neighboring cells
showed a higher synchronization on their ERK rise times than their non-neighboring

counterparts.
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Figure 17. Comparison of the Rise Time difference between neighboring and non-
neighboring cells.

(A) Distributions were calculated from the RT of non-neighboring cells (light cyan), and
neighboring cells (cyan) stimulated with either 20ng/mL or 100ng/mL of EGF. (B) Distributions
were calculated from the RT of non-neighboring cells (light orange), and neighboring cells
(orange) stimulated with either 20ng/mL or 100ng/mL of HRG.
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Table 6. Average difference in Rise time between neighboring and (*) non-neighboring
cells

ART EGF 100 EGF 100 EGF 20 EGF 20 HRG 100 HRG100 HRG 20 HRG 20
[s] ng/mL ng/mL ng/mL ng/mL ng/mL ng/mL ng/mL ng/mL
* * * *

Mean 21.43+/- 14.19+/ 43.20 +/- 15.05+/- 77.81+/- 52.97+/- 60.86+/- 22.64+/-
+/-SD 17.42 12.46 34.26 12.87 59.29 58.97 46.36 17.09

However, more similar ERK Rise Times were achieved under the neighboring
condition after being stimulated with 20ng/mL of either EGF or HRG. Compared to
their non-neighboring counterparts, both groups showed a relative reduction of over

60% in the difference in ERK rise times.

3.2 ERK dynamics recurrences strengthening upon growth factor

stimulation

In order to study the local occurring ERK recurrences, we extracted the high-
frequency components of ERK dynamics. Subsequently, we focused our analysis on
the behavior of ERK after the stability time described in the previous section was
reached. Figure 18 presents an exemplary extraction of the high-frequency, Figure 19
and 20 components and the resulting distribution of optimal time delays and minimal

embedded dimensions.
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Figure 18. Extraction of the ERK dynamics high-frequency components
(A) Exemplary ERK dynamics line, calculated from the fluorescence images (blue line), its
associated smoothed trend-line (red line), and the post-stabilization time (Stab. time) time
series used for the recurrence analysis (green rectangle). (B) Exemplary high-frequency
components extracted from the time series presented in panel (A).
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Figure 19. ERK dynamics's optimal time delay

(A) Violin distributions of the time delay were calculated using the AMI function. Except for the
Baseline group (magenta) and Erlotinib group (light magenta), all the presented cell groups
were treated with either 20ng/mL or 100ng/mL of EGF. (B) Violin distributions of the time delay
were calculated using the AMI function. Except for the Baseline group (magenta), all the
presented cell groups were treated with either 20ng/mL or 100ng/mL of HRG.

Table 7. Average optimal time delay for EGF-induced ERK dynamics

Opt. Baseline Erlotinib EGF Erlotinib+ EGF Erlotinib+ Inhibition Inhibition
Time delay 20ng/mL EGF 100ng/mL EGF - -
[A.U.] 20ng/mL 100ng/mL  20ng/mL  100ng/mL
EGF EGF
Mean +/- SD 2.94/- 2.4 3.0 2.4 +/- 3.14/- 2.54/- 2.7+/- 2.6+/-
0.6 +/-0.6 +/-1.0 0.5 1.0 0.6 1.0 0.8

Table 8. Average optimal time delay for HRG-induced ERK dynamics

Opt. Baseline HRG HRG Inhibition—  Inhibition —
Time delay 20ng/mL 100ng/mL 20ng/mL 100ng/mL
[A.U.] HRG HRG
Mean +/- SD 2.94/- 3.0 3.0+/- 2.7+/- 2.7+/-

0.6 +/-0.6 0.7 0.7 0.9
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Figure 20. ERK dynamics' minimal nhumber of embedded dimensions

(A) Violin distributions of the number of embedded dimensions were calculated using the FNN
function. Except for the Baseline group (magenta) and Erlotinib group (light magenta), all the
presented cell groups were treated with either 20ng/mL or 100ng/mL of EGF. (B) Violin
distributions of the number of embedded dimensions were calculated using the FNN function.
Except for the Baseline group (magenta), all the presented cell groups were treated with either
20ng/mL or 100ng/mL of HRG.

Table 9. Average minimal number of embedded dimensions for EGF-induced ERK
dynamics

Min. Baseline Erlotinib EGF Erlotinib EGF Erlotinib+ Inhibition =  Inhibition
Emb.dim. 20ng/mL + 100ng/mL EGF 20ng/mL -
[A.U.] EGF 100ng/mL EGF 100ng/m
20ng/mL L EGF
Mean +/- SD 3.1+/-0.4 2.8 3.1 2.84/- 3.2+/- 2.84/- 3.1+/- 3.1+/-
+/-0.4 +/-0.4 0.4 0.5 0.4 0.4 0.4

Table 10. Average minimal number of embedded dimensions for HRG-induced ERK
dynamics

Min. Baseline HRG HRG Inhibition — Inhibition —
Emb.dim. 20ng/mL 100ng/mL 20ng/mL 100ng/mL
[A.U.] HRG HRG
Mean +/- SD 2.94/- 3.0 3.04/- 2.7+/- 2.7+/-

0.6 +/-0.6 0.7 0.7 0.9

As shown in figures 19 and 20, except for the Erlotinib treated cells, ERK
dynamics showed a consistent time delay and number of embedded dimensions
through the studied conditions. A slight variation in the optimal time delay is
appreciable after the indirect inhibition of ERK. Following Takens' theorem, with these
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two values calculated, a space state that represents ERK can be faithfully

reconstructed.

The corresponding reconstructions of the space state for the studied

conditions are shown below in Figure 21.
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Figure 21. Space state visualization of ERK dynamics

Three-dimensional representation of ERK's dynamics space state, using the optimal time
delay and the minimal number of embedded dimensions. Each axis represents the normalized
embedded ERK's activity values of the original time series (T), normalized embedded ERK's
activity values with one-time delay (T+t), and normalized embedded ERK's activity values with
two-time delays (T+2t). The surfaces in the space state represent cumulous recurrence states
with the same probability density.

By constructing the recurrence plots of ERK dynamics, we were able to confirm
the presence of recurrence patterns in all the experimental groups. To provide a
means of visualization, we calculated average un-thresholded averagerecurrence

plots (Figure 22).
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Figure 22. ERK dynamics’ Unthresholded recurrence plots

(A) Unthresholded average recurrence plot (normalized Euclidean distance) associated with
ERK dynamics time series prior to growth factor stimulation (left),) with the ERK dynamics
time series after either 20ng/mL or 100 ng/mL of EGF stimulation (center top), with the ERK
dynamics time series after either 20ng/mL or 100 ng/mL of HRG stimulation (center bottom),
with the ERK dynamics time series of an either 20ng/mL or 100ng/mL EGF-stimulated cell
after PD0325901 exposure (right-top), and with the ERK dynamics time series of an either
20ng/mL or 100ng/mL HRG-stimulated cell after PD0325901 exposure (right bottom). (B)
Unthresholded average recurrence plot (normalized Euclidean distance) associated with ERK
dynamics time series of cells treated with Erlotinib prior to growth factor stimulation (left) and
after either 20ng/mL or 100 ng/mL of EGF stimulation post-Erlotinib exposure (center).

(C) Unthresholded average recurrence plot (normalized Euclidean distance) associated with
a randomized time series of ERK dynamics of cells prior to growth factor stimulation. This
group is defined as the control.
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The recurrence lines (dark diagonal lines) present in the baseline become more
apparent and persistent after growth factor stimulation. As expected, it slowly faded
away after inhibiting ERK activity with the MEK inhibitor PD0325901. Similarly, once
cells were exposed to the EGFR-inhibitor Erlotinib, the recurrences slowly
disappeared. Furthermore, exposure to Erlotinib blocked the appearance of
recurrence lines after stimulation with either 20ng/mL (n=21) or 100 ng/mL (n=21) of
EGF. As a control, we randomly permutated a group of time ERK activity time series
(n=35) and calculated its associated recurrence plot. In order to quantify the observed
recurrences, we applied the threshold to the individual recurrence plots. We measured
recurrence lines by counting the number of diagonally connected non-zero elements.
We used the maximal recurrence length as a reporter for ERK recurrence persistence
(Lmax). As a measure of the de-localization of recurrences on the space state, we
calculated the Shannon's entropy associated with the distribution of our recurrence

line lengths.
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Figure 23. ERK dynamics' maximal recurrence length

(A) Violin distributions of the maximal recurrence length were measured from thresholded
recurrence plots. Except for the Baseline group (magenta), control group (light magenta), and
Erlotinib group ( lighter magenta), all the presented cell groups were treated with either
20ng/mL or 100ng/mL of EGF. (B) Violin distributions of the maximal recurrence length were
measured from thresholded recurrence plots. Except for the Baseline group (magenta), control
group (light magenta), and Erlotinib group ( lighter magenta), all the presented cell groups
were treated with either 20ng/mL or 100ng/mL of HRG.

Table 11. Average maximal recurrence length for EGF-induced ERK dynamics

Lax Baseline Control Erlotinib EGF Erlotinib+ EGF Erlotinib+ Inhibition Inhibition
[A.U.] 20ng/mL EGF 100ng/mL EGF - -
20ng/mL 100ng/mL 20ng/mL  100ng/mL
EGF EGF
Mean 3.04+/- 2.00+/- 2.74 6.64 2.69+/- 6.52+/- 2.76+/- 3.13+/- 2.50+/-
+/- 1.14 1.24 +/-0.87 +/-2.32 0.74 2.07 1.17 1.12 0.84
SD
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Table 12. Average maximal recurrence length for HRG-induced ERK dynamics

Loax Baseline Control Erlotinib HRG HRG Inhibition - Inhibition -
[A.U.] 20ng/mL 100ng/mL 20ng/mL 100ng/mL
HRG HRG
Mean 3.04+/- 2.00+/- 2.74 5.53 6.82+/- 3.32+/- 3.16+/-
+/- 1.14 1.24 +/-0.87 +/-1.88 2.63 1.54 1.40
SD

After growth factor stimulation, the maximal recurrence length increased for all
the tested concentrations. Despite a slightly smaller value recorded on cells stimulated
with 20ng/mL of HRG, there was no significant difference between the persistence of
ERK recurrences between the rest of the growth factor stimulated cells. After ERK
inhibition, the maximal recurrence lengths decreased on all growth-factor stimulated
cells. Interestingly, in the case of cells exposed to 100ng/mL of EGF, the maximal
recurrence length decreased to values below the calculated for the baseline. The
randomized ERK dynamics (negative control group) showed the shortest maximal
recurrence lengths. Cells exposed to just Erlotinib showed longer maximal recurrences
lengths than the negative control group but shorter than the untreated cells.
Additionally, Erlotinib prevented cells exposed to either 20ng/mL or 100 ng/mL of EGF
from developing more persistent ERK recurrences.
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Figure 24. ERK dynamics's recurrence entropy

(A) Violin distributions of the recurrence entropy were calculated from the recurrence length
distributions of thresholded recurrence plots. Except for the Baseline group (magenta), control
group (light magenta), and Erlotinib group (lighter magenta), all the presented cell groups were
treated with either 20ng/mL or 100ng/mL of EGF. (B) Violin distributions of the recurrence
entropy were calculated from the recurrence length distributions of thresholded recurrence
plots. Except for the Baseline group (magenta), control group (light magenta), and Erlotinib
group ( lighter magenta), all the presented cell groups were treated with either 20ng/mL or
100ng/mL of HRG.
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Table 13. Average recurrence entropy for EGF-induced ERK dynamics

Entr. Baseline Control Erlotinib EGF Erlotinib+ EGF Erlotinib+ Inhibition Inhibition
[A.U.] 20ng/mL  EGF 100ng/mL  EGF - -
20ng/mL 100ng/mL  20ng/mL 100ng/mL
EGF EGF
Mean 0.19+/- 0.15+/- 0.18+/- 0.35+/- 0.15+/- 0.35+/- 0.11+/- 0.17+/- 0.11+/-
+/-SD 0.17 0.17 0.19 0.20 0.17 0.20 0.14 0.16 0.13
Table 14. Average recurrence entropy for HRG-induced ERK dynamics
Entr. Baseline Control Erlotinib HRG HRG Inhibition — Inhibition —
[A.U.] 20ng/mL 100ng/mL 20ng/mL 100ng/mL
HRG HRG
Mean +/- 0.19+4/- 0.15+/- 0.18+/- 0.19+/- 0.11+/- 0.17+/- 0.19+/-
SD 0.17 0.17 0.19 0.20 0.17 0.20 0.14

The Shannon entropy of ERK recurrences showed no significant difference

between Erlotinib-treated and untreated cells. However, these two groups have higher

entropy than the negative control group. Stimulating cells with EGF resulted in an

entropy increase, in a statistically indistinguishable value for both concentrations.

Similarly to what was observed with the maximal recurrence lengths, cells treated with

Erlotinib showed no significant change in entropy after exposure to either 20ng/mL or

100 ng/mL of EGF. Interestingly, stimulation with HRG showed no significant effect on

the recurrence entropy of ERK. After PD0325901 exposure, the entropies of all groups

decreased to values similar to that calculated for the baseline.
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3.3 Growth factor stimulation increases cellular morphodynamics

diversity

In order to compare the behavior of morphodynamics to ERK dynamics, we
studied the recurrences of fast-occurring cellular structural changes. Similar to the
previous section, we extracted the high-frequency components of the
morphodynamics reporter Hu3 moment. Consistently, we focused our analysis on the
time points that came after the stabilization time calculated for each cell (Figure 25).
The associated optimal time delay and minimal embedded dimensions are shown

below in Figure 26 and 27.
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Figure 25. Extraction of the cellular morphodynamics high-frequency components
(A) Exemplary Hu 3 time series, calculated from the fluorescence images (blue line), its
associated smoothed trend-line (red line), and the post-stabilization time (Stab. time) time
series used for the recurrence analysis (green rectangle). (B) Exemplary high-frequency
components extracted from the time series presented in panel (A).
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Figure 26. Cellular morphodynamics optimal time delay

(A) Violin distributions of the time delay were calculated using the AMI function. Except for the
Baseline group (magenta) and Erlotinib group (light magenta), all the presented cell groups
were treated with either 20ng/mL or 100ng/mL of EGF. (B) Violin distributions of the time delay
were calculated using the AMI function. Except for the Baseline group (magenta), all the
presented cell groups were treated with either 20ng/mL or 100ng/mL of HRG.

55



Table 15. Average optimal time delay for EGF-induced cellular morphodynamics

Opt. Baseline Erlotinib EGF Erlotinib+ EGF Erlotinib+ Inhibition Inhibition
Time delay 20ng/mL EGF 100ng/mL EGF - -
[A.U.] 20ng/mL 100ng/mL  20ng/mL  100ng/mL
EGF EGF
Mean +/- 2.9+/- 2.8 4.1 2.8+/- 4.1+/- 2.7+/- 2.7+/- 2.8+/-
SD 0.9 +/-0.7 +/-1.0 0.8 1.2 0.7 1.5 1.0

Table 16. Average optimal time delay for HRG-induced cellular morphodynamics

Opt. Baseline HRG HRG Inhibition—  Inhibition —
Time delay 20ng/mL 100ng/mL 20ng/mL 100ng/mL
[A.U.] HRG HRG
Mean +/- 2.94/- 4.3 4.0+/- 3.14/- 2.8+/-
SD 0.9 +/-1.2 1.3 0.9 0.8
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Figure 27. Cellular morphodynamics minimal number of embedded dimensions

(A) Violin distributions of the number of embedded dimensions were calculated using the FNN
function. Except for the Baseline group (magenta) and Erlotinib group (light magenta), all the
presented cell groups were treated with either 20ng/mL or 100ng/mL of EGF. (B) Violin
distributions of the number of embedded dimensions were calculated using the FNN function.
Except for the Baseline group (magenta), all the presented cell groups were treated with either
20ng/mL or 100ng/mL of HRG.
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Table 17. Average minimal number of embedded dimensions for EGF-induced cellular
morphodynamics

Min. Baseline Erlotinib EGF Erlotinib+ EGF Erlotinib+ Inhibition Inhibition
Emb.dim. 20ng/mL EGF 100ng/mL EGF - -
[A.U.] 20ng/mL 100ng/mL 20ng/mL  100ng/mL
EGF EGF
Mean +/- SD 3.1+/- 2.7 3.1 2.9+/-04 3.1+/-0.2 2.8+/-0.4 3.1+/-0.4  3.1+/-
0.3 +/-0.5 +/-0.3 0.3

Table 18. Average minimal number of embedded dimensions for HRG-induced cellular
morphodynamics

Min. Baseline HRG HRG Inhibition — Inhibition —
Emb.dim. 20ng/mL 100ng/mL 20ng/mL 100ng/mL
[A.U.] HRG HRG
Mean +/- SD 3.1+/-0.3 3.1 3.1+/-0.2 3.1+/-0.3 3.1+/-0.3

+/-0.3

In contrast to what was observed in ERK dynamics, cellular morphodynamics
showed a longer optimal time delay after growth factor treatment. Upon inhibition, the
optimal time delay regressed to the mean value observed in the baseline. However,
the calculated number of minimal embedded dimensions was uniform across all the
experimental conditions, consistent with the results obtained for ERK dynamics. Once
again, the space state of cellular morphodynamics can be reconstructed with the
number of minimal embedded dimensions and the optimal time delay for all cellular

conditions (Figure 28)
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Figure 28. Space state visualization of cellular morphodynamics

Three-dimensional representation of cellular morphodynamics's space state, using the optimal
time delay and the minimal number of embedded dimensions. Each axis represents the
normalized embedded Hu 3 values of the original time series (T), normalized embedded Hu 3
values with one-time delay (T+t), and normalized embedded Hu 3 values with two-time delays
(T+2t). The surfaces in the space state represent cumulous recurrence states with the same
probability density.

Coinciding with ERK dynamics, the morphodynamics recurrence plots reveal
the presence of recurrence lines prior to growth factor stimulation. These lines also
increase in length upon either EGF or HRG exposure and fade out towards the last
time points of the ERK-inhibition stage of the experiments. As expected, the negative
control shows the loss of recurrence lines. The effect of Erlotinib treatment on
recurrences is congruent with the tendency observed in ERK dynamics. After being
exposed to Erlotinib, cells showed a decrease in recurrence lines. In addition, further
exposure to either 20ng/mL or 100ng/mL of EGF to these groups of cells stopped the
prolonging of said recurrence lines (Figure 29).
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Figure 29. Cellular morphodynamics unthresholded recurrence plots

(A) Unthresholded average recurrence plot (normalized Euclidean distance) associated with
cellular morphodynamics' time series prior to growth factor stimulation (left),) with the cellular
morphodynamics' time series after either 20ng/mL or 100 ng/mL of EGF stimulation (center
top), with the cellular morphodynamics' time series after either 20ng/mL or 100 ng/mL of HRG
stimulation (center bottom), with the cellular morphodynamics' time series of an either
20ng/mL or 100ng/mL EGF-stimulated cell after PD0325901 exposure (right-top), and with the
cellular morphodynamics' time series of an either 20ng/mL or 100ng/mL HRG-stimulated cell
after PD0325901 exposure (right bottom). (B) Unthresholded average recurrence plot
(normalized Euclidean distance) associated with cellular morphodynamics' time series of cells
treated with Erlotinib prior to growth factor stimulation (left) and after either 20ng/mL or 100
ng/mL of EGF stimulation post-Erlotinib exposure (center). (C) Unthresholded average
recurrence plot (normalized Euclidean distance) associated with a randomized time series of
the cellular morphodynamics of cells prior to growth factor stimulation. This group is defined
as the control.
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After thresholding the individual recurrence plots, we used the same recurrence

quantifiers to characterize the dynamics stage of cellular morphodynamics at each

experimental condition. Maximal recurrence length to quantify morphodynamics

recurrence persistence and Shannon’s entropy for the de-localization of recurrence

states on the morphodynamics space state.
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Figure 30. Cellular morphodynamics' maximal recurrence length
(A) Violin distributions of the maximal recurrence length were measured from thresholded
recurrence plots. Except for the Baseline group (magenta), control group (light magenta), and
Erlotinib group (and lighter magenta), all the presented cell groups were treated with either
20ng/mL or 100ng/mL of EGF. (B)Violin distributions of the maximal recurrence length were
measured from thresholded recurrence plots. Except for the Baseline group (magenta), control
group (light magenta), and Erlotinib group (and lighter magenta), all the presented cell groups

were treated with either 20ng/mL or 100ng/mL of HRG.
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Table 19. Average maximal recurrence length for EGF-induced cellular

morphodynamics

-100

L. Baseline Control Erlotinib EGF Erlotinib+ EGF Erlotinib+ Inhibition Inhibition
[A.U.] 20ng/mL EGF 100ng/mL EGF - -
20ng/mL 100ng/mL 20ng/mL  100ng/mL
EGF EGF
Mean 3.9+/- 3.04/- 3.3+/- 17.6+/- 2.94/- 16.8+/- 2.64/- 3.7+/- 4.4+/-
+/- 15 0.5 13 12.1 0.7 8.3 0.7 1.4 1.6
SD
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Table 20. Average maximal recurrence length for HRG-induced cellular
morphodynamics

Lax  Baseline Control Erlotinib HRG HRG Inhibition  Inhibition
[A.U.] 20ng/m 100ng/m —20ng/mL -
L L EGF 100ng/mL
EGF
Mean 3.94/- 3.04/- 3.34/- 16.8+/- 17.9+/- 5.8+/- 4.1+/ -
+/- 1.5 0.5 13 13.4 11.4 2.6 14
SD

Compared to the negative control, both Erlotinib treated and untreated cells
showed longer maximal recurrence lengths. Consistently, cells exposed to Erlotinib
had shorter maximal recurrence lengths than the untreated group. Regardless of the
concentration, exposure to either EGF or HRG led to a 3-fold increase, on average, in
the maximal recurrence length. Morphodynamics recurrence persistence decreased
in a practically equivalent quantity after cells were exposed to the MEK-inhibitor.
Interestingly, the group of cells exposed to the inhibitor after being stimulated with
either EGF or HRG showed longer maximal recurrence lengths than the cells pre-
treated with Erlotinib that were later exposed to either 20ng/mL or 100ng/mL of EGF.
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Figure 31. Cellular morphodynamics' recurrence entropy

(A) Violin distributions of the recurrence entropy were calculated from the recurrence length
distributions of thresholded recurrence plots. Except for the Baseline group (magenta), control
group (light magenta), and Erlotinib group (and lighter magenta), all the presented cell groups
were treated with either 20ng/mL or 100ng/mL of EGF. (B) Violin distributions of the
recurrence entropy were calculated from the recurrence length distributions of thresholded
recurrence plots. Except for the Baseline group (magenta), control group (light magenta), and
Erlotinib group (and lighter magenta), all the presented cell groups were treated with either
20ng/mL or 100ng/mL of HRG.
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Table 21. Average recurrence entropy for EGF-induced cellular morphodynamics

Entr. Baseline Control Erlotinib EGF Erlotinib+ EGF Erlotinib+ Inhibition Inhibition
[A.U.] 20ng/mL  EGF 100ng/mL  EGF - -
20ng/mL 100ng/mL  20ng/mL 100ng/mL
EGF EGF
Mean 0.53+/- 0.20+4/- 0.29+/- 0.95+/- 0.40+/- 0.90+/- 0.29+/- 0.43+/- 0.53+/-
+/-SD 0.30 0.18 0.22 0.35 0.35 0.31 0.30 0.25 0.24

Table 22. Average recurrence entropy for HRG-induced cellular morphodynamics

Entr. Baseline Control Erlotinib HRG HRG Inhibition — Inhibition —
[A.U.] 20ng/mL 100ng/mL 20ng/mL 100ng/mL
HRG HRG
Mean +/- 0.53+/- 0.20+/- 0.29+/- 0.84+/- 0.74+/- 0.68+/- 0.52+/-
SD 0.30 0.18 0.22 0.38 0.50 0.29 0.33

The morphodynamics of cells treated with Erlotinib showed a slightly higher
recurrence entropy than the negative control group. However, untreated cells showed
a 2-fold higher entropy. Interestingly, the recurrence entropy of cells treated with
Erlotinib increased after exposure to 20ng/mL of EGF. Nonetheless, this increase
resulted in an entropy lower than the calculated for untreated cells. Once the latter
group of cells was exposed to growth factors, their entropy increased up to 79% on
average for cells exposed to 20ng/mL of EGF and 70% for cells exposed to 100ng/mL
of EGF. Surprisingly, despite being associated with strong cellular structural
modifications, stimulation with HRG increased the entropy of untreated cells in smaller
percentages than EGF. 100ng/mL of HRG caused 40% higher entropies, whereas
treating cells with 20ng/mL of HRG resulted in 58% higher entropies. After being
exposed to PD0325901, the morphodynamics recurrence entropy decreased to values
similar to those calculated for untreated cells, except for cells stimulated with 20ng/mL
of HRG. This group of cells retained an average entropy 28% higher than the untreated

cells.
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3.4 ERK dynamics and cellular morphodynamics connection

remains unmodified upon growth factor stimulation

In order to test whether the high-frequency components embedded in ERK
dynamics are related to the fast-occurring morphodynamic events, we studied their
cross-recurrences. Their associated cross recurrence plots were calculated based on
the time delay embedding calculations presented in sections 3.2 and 3.3 and, as in
the previous sections, following the procedure described on (Marwan et al., 2007). The

Figure 32, which contains the recurrence plots, is presented on the next page.
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Figure 32. ERK dynamics - cellular morphodynamics unthresholded cross-recurrence

plots

(A) Unthresholded average cross-recurrence plot (normalized Euclidean distance) associated
with the cellular morphodynamics' and ERK dynamics time series prior to growth factor
stimulation (left),) with the cellular morphodynamics' and ERK dynamics time series after
either 20ng/mL or 100 ng/mL of EGF stimulation (center top), with the cellular
morphodynamics' and ERK dynamics time series after either 20ng/mL or 100 ng/mL of HRG
stimulation (center bottom), with the cellular morphodynamics' and ERK dynamics time series
of either 20ng/mL or 100ng/mL EGF-stimulated cells after PD0325901 exposure (right-top),
and with the cellular morphodynamics' and ERK dynamics time series of either 20ng/mL or
100ng/mL HRG-stimulated cells after PD0325901 exposure (right bottom). (B) Unthresholded
average cross-recurrence plot (normalized Euclidean distance) associated with the cellular
morphodynamics' and ERK dynamics time series of cells treated with Erlotinib prior to growth
factor stimulation (left) and after either 20ng/mL or 100 ng/mL of EGF stimulation post-Erlotinib
exposure (center). (C) Unthresholded average cross-recurrence plot (normalized Euclidean
distance) associated with randomized cellular morphodynamics' and ERK dynamics time
series of cells prior to growth factor stimulation. This group is defined as the control.
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Interestingly, ERK dynamics and cellular morphodynamics showed coinciding
recurrences prior to growth factor stimulation. In contrast, cells treated with Erlotinib
showed a more random and discontinuous arrangement of recurrences. Similarly, the
negative control group shows isolated recurrences. As was the case for the individual
recurrences of ERK dynamics and cellular morphodynamics, the cross-recurrences
between these two trends increase in persistence, as can be observed by longer
recurrence lines. Upon exposure to the MEK inhibitor PD032951, the recurrence lines
fade away towards the end of the imaging time. In addition, cells pre-treated with
Erlotinib showed no change in their recurrence line distributions upon exposure to
either 20ng/mL or 100 ng/mL of EGF. As in the previous sections, the recurrence plots
were thresholded for each cellular condition. The maximal recurrence length and the

recurrence entropy distributions are presented below.
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Figure 33. Cellular morphodynamics' and ERK dynamics maximal cross recurrence
length

(A) Violin distributions of the maximal cross recurrence length were measured from
thresholded recurrence plots. Except for the Baseline group (magenta), control group (light
magenta), and Erlotinib group (and lighter magenta), all the presented cell groups were treated
with either 20ng/mL or 100ng/mL of EGF. (B) Violin distributions of the maximal cross
recurrence length were measured from thresholded recurrence plots. Except for the Baseline
group (magenta), control group (light magenta), and Erlotinib group (and lighter magenta), all
the presented cell groups were treated with either 20ng/mL or 100ng/mL of HRG.

Table 23. Average maximal cross-recurrence length for EGF-induced ERK dynamics -
cellular morphodynamics recurrences

Lax Baseline Control Erlotinib EGF Erlotinib+ EGF Erlotinib+ Inhibition Inhibition
[A.U.] 20ng/mL EGF 100ng/mL EGF - -
20ng/mL 100ng/mL 20ng/mL  100ng/mL
EGF EGF
Mean 3.0+/- 2.4+/- 2.0+/- 4.2+/- 2.54/- 5.94/- 2.64/- 3.04/- 3.04/-
+/- 0.7 0.5 0.6 1.2 0.8 2.3 0.6 0.7 1.4
SD
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Table 24. Average maximal cross-recurrence length for HRG-induced ERK dynamics -
cellular morphodynamics recurrences

Lyax Baseline Control Erlotinib HRG HRG Inhibition — Inhibition —
[A.U.] 20ng/mL 100ng/mL 20ng/mL 100ng/mL
HRG HRG
Mean 3.0+/- 2.4+/- 2.04/- 5.4+/- 4.0+/- 3.04/- 3.04/-
+/- 0.7 0.5 0.6 1.7 1.9 0.9 0.6
SD

Randomizing the time series (negative control) and treating cells with Erlotinib
resulted in the shortening of the maximal recurrence length. The maximal recurrence
length of cells pre-treated with Erlotinib increased in length on a similar scale once
exposed to either 20 ng/mL or 100 ng/mL of EGF. However, the maximal average
increase of 30% between Erlotinib-treated and Erlotinib-treated + 100ng/mL EGF
resulted in shorter maximal recurrence lengths than the untreated (baseline) cells.
Exposure to EGF showed a concentration dependency; 20ng/mL of EGF increased
the maximal recurrence lengths by 40%, whereas 100ng/mL of EGF led to almost a
fold increase of the baseline maximal recurrence lengths. In contrast, the
concentration dependency observed in HRG showed a decreasing trend. Compared
to the baseline cells, 20ng/mL of HRG increased the length of the recurrence lines by
an average of 80%. However, 100ng/mL had an average elongating effect of
recurrence lines of 33%. Inhibiting ERK dynamics shortened the recurrence lines to

values indistinguishable from the baseline condition.
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Figure 34. Cellular morphodynamics' and ERK dynamics cross-recurrence entropy
(A) Violin distributions of the cross-recurrence entropy were calculated from the recurrence
length distributions of thresholded cross-recurrence plots. Except for the Baseline group
(magenta), control group (light magenta), and Erlotinib group (and lighter magenta), all the
presented cell groups were treated with either 20ng/mL or 100ng/mL of EGF. (B)Violin
distributions of the cross-recurrence entropy were calculated from the recurrence length
distributions of thresholded cross-recurrence plots. Except for the Baseline group (magenta),
control group (light magenta), and Erlotinib group (and lighter magenta), all the presented cell
groups were treated with either 20ng/mL or 100ng/mL of HRG.
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Table 25. Average cross-recurrence entropy for EGF-induced cellular
morphodynamics

Entr. Baseline Control Erlotinib EGF Erlotinib+ EGF Erlotinib+ Inhibition Inhibition
[A.U.] 20ng/mL EGF 100ng/mL EGF - -
20ng/mL 100ng/mL 20ng/mL  100ng/mL
EGF EGF
Mean 0.20+/- 0.17+/-  0.10+/- 0.28+/- 0.16+/- 0.32+/- 0.18+/- 0.22+/- 0.33+/-
+/- 0.19 0.19 0.16 0.22 0.16 0.22 0.18 0.17 0.21
SD

Table 26. Average cross-recurrence entropy for HRG-induced cellular
morphodynamics

Entr. Baseline Control Erlotinib HRG HRG Inhibition—  Inhibition —
[A.U.] 20ng/mL 100ng/mL 20ng/mL 100ng/mL
HRG HRG
Mean +/- 0.20+/- 0.17+/- 0.10+/- 0.25+/- 0.15+/- 0.26+4/- 0.23+/-
SD 0.19 0.19 0.16 0.23 0.21 0.25 0.19

Treating cells with Erlotinib resulted in 50% smaller recurrence entropies than
the baseline condition. The randomized time series showed recurrence entropies
higher than the Erlotinib treated cells but 20% smaller than the baseline condition.
Interestingly stimulating cells with 100ng/mL of HRG resulted in recurrence entropies
smaller than the untreated cells. In contrast, stimulating cells with 20ng/mL of EGF,
100ng/mL of EGF, and 20ng/mL of HRG led to 40%, 60%, and 25% average increased
recurrence entropies respectively. Contrary to the trends observed in the previous
sections, Exposing cells to PD0325901 did not cause an overall decrease in the
recurrence entropies. Cells stimulated with 100ng/mL of EGF, or 20ng/mL of HRG
showed no significantly different recurrence entropies when exposed to the inhibitor.
The recurrence entropy of Cells stimulated with 20 ng/mL of EGF decreased to values
similar to the baseline condition. Exposing cells stimulated with 100ng/mL of HRG to

the inhibitor increased their associated recurrence entropy to the baseline value.
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3.5 Effect of the local cellular environment on cellular

communication

The results from section 3.1 suggest the existence of an effect of the local
cellular environment on the response to a growth factor. We calculated the ERK
dynamics cross-recurrence plots between neighboring cells and the morphodynamics
recurrence plots between neighboring cells. As control groups, we randomly selected
a group of non-neighboring cells, with the sample size for each cellular condition. We
calculated the recurrences between neighboring cells for the Erlotinib-exposed and
the subsequently EGF-stimulated cells and compared them to their untreated and

stimulated equivalents.

3.5.1 EGF-induced ERK dynamics reveal local cellular communication

The recurrence plot of neighboring cells shows coinciding recurrence states on
the baseline condition. As observed in the previous cases, stimulation with growth
factors leads to recurrence line elongation and inhibition of ERK to a shortening of said
lines. The cross-like structures on the recurrence plots are discontinuities between the
cell's ERK dynamics. Despite the fact that these structures are present on the
neighboring cells' recurrence plots, they are significantly more evident on the non-
neighbors recurrence plots.
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Figure 35. Neighboring and non-neighboring cells ERK dynamics cross-recurrence
plots

(A) Unthresholded average cross-recurrence plot (normalized Euclidean distance) associated
with the ERK dynamics time series between neighboring cells. From left to right: prior to growth
factor stimulation (left), after either 20ng/mL or 100 ng/mL of EGF stimulation, after either
20ng/mL or 100 ng/mL of HRG stimulation (center bottom), after PD0325901 exposure post-
stimulation with either 20ng/mL or 100ng/mL of EGF, and after PD0325901 exposure post-
stimulation with either 20ng/mL or 100ng/mL of HRG. (B) Unthresholded average cross-
recurrence plot (normalized Euclidean distance) to the ERK dynamics time series of non-
neighboring cells. From left to right: prior to growth factor stimulation (left), after either 20ng/mL
or 100 ng/mL of EGF stimulation, after either 20ng/mL or 100 ng/mL of HRG stimulation
(center bottom), after PD0325901 exposure post-stimulation with either 20ng/mL or 100ng/mL
of EGF, and after PD0325901 exposure post-stimulation with either 20ng/mL or 100ng/mL of
HRG. (C) Unthresholded average cross-recurrence plot (normalized Euclidean distance)
associated with the ERK dynamics time series between neighboring cells treated with Erlotinib
prior to growth factor stimulation (left) and after either 20ng/mL or 100 ng/mL of EGF
stimulation post-Erlotinib exposure (right).
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The corresponding quantification of these recurrence plots is presented

below.
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Figure 36. ERK dynamics cross-recurrence maximal length

(A) Composite violin distributions of the maximal cross-recurrence length were measured from
thresholded cross-recurrence plots. The left side of the distribution is associated with the non-
neighboring cells' maximal cross-recurrence length. The right side corresponds to neighboring
cells' maximal cross-recurrence maximal length. Except for the Baseline, all the presented cell
groups were treated with either 20ng/mL or 100ng/mL of EGF. (B) Composite violin
distributions of the maximal cross-recurrence length were measured from thresholded cross-
recurrence plots. The left side of the distribution is associated with Erlotinib-treated
neighboring cells' maximal cross-recurrence length. The right side corresponds to Erlotinib-
untreated neighboring cells' maximal cross-recurrence length. Except for the Baseline, all the
presented cell groups were treated with either 20ng/mL or 100ng/mL of EGF. (C) Composite
violin distributions of the maximal cross-recurrence length were measured from thresholded
cross-recurrence plots. The left side of the distribution is associated with the non-neighboring
cells' maximal cross-recurrence length. The right side corresponds to neighboring cells'
maximal cross-recurrence maximal length. Except for the Baseline, all the presented cell
groups were treated with either 20ng/mL or 100ng/mL of HRG.

Table 27. Average maximal cross-recurrence length for EGF-induced ERK dynamics
recurrences between neighboring or (*) non-neighboring cells

Lwax Baseline Baseline EGF EGF EGF EGF Inhibition Inhibition Inhibition Inhibition
[A.U.] * 20ng/mL 20ng/mL 100ng/mL 100ng/mL - - - -
* * EGF EGF EGF EGF
20ng/mL  20ng/mL  100ng/mL 100ng/mL
* *

Mean 2.4+/- 3.3+/- 3.0+/- 3.8+/- 3.64/- 4.5+/- 4.0+/- 2.64/- 2.84/- 3.94/-
+/- 1.0 1.3 1.3 1.2 2.2 1.7 1.9 0.9 1.2 1.7
SD
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Table 28.Average maximal cross-recurrence length for EGF-induced ERK dynamics
recurrences between neighboring cells at Erlotinib-treated or Erlotinib-untreated
conditions

Lpax Erlotinib  Baseline  Erlotinib EGF Erlotinib EGF

[A.U.] Baseline EGF 20ng/mL EGF 100ng/mL
20ng/mL 100ng/mL

Mean 3.04/- 3.3+/- 2.94/- 3.84/- 2.84/- 4.5+/-

+/-SD 1.0 13 0.8 1.2 0.8 1.7

Table 29. Average maximal cross-recurrence length for EGF-induced ERK dynamics
recurrences between neighboring or (*) non-neighboring cells

Lax Baseline Baseline HRG HRG HRG HRG Inhibition Inhibition Inhibition Inhibition
[A.U.] * 20ng/mL 20ng/mL 100ng/mL 100ng/mL - - - -
* * HRG HRG HRG HRG
20ng/mL  20ng/mL  100ng/mL 100ng/mL
* *

Mean 2.4+/- 3.3+/- 2.8+/- 4.1+/- 2.4+/- 2.54/- 2.94/- 3.2+4/- 4.1+/- 3.34/-
+/- 1.0 1.3 0.8 1.8 1.1 0.9 1.0 0.9 1.9 1.3
SD

Compared to non-neighboring cells, untreated and growth factor stimulated
neighboring cells showed longer maximal recurrence lengths. Interestingly, the local
cellular environment showed no effect on the maximal cross-recurrence length of cells
stimulated with 100ng/mL of HRG. As observed on the recurrence plots, stimulation
with a growth factor increased the baseline cross-recurrence length of up to 24% for
neighboring cells stimulated with 20ng/mL of HRG. Except for neighboring cells
stimulated with 100ng/mL of EGF, inhibition of ERK led to maximal cross-recurrence
lengths indistinguishable from the baseline condition. Treating cells with Erlotinib
negated the effect of EGF stimulation on the cross-recurrence length between
neighboring cells. The cross-recurrence persistence value calculated for Erlotinib
treated cells was 10% smaller than that for the untreated neighboring cells.
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Figure 37. ERK dynamics cross-recurrence entropy

(A) Composite violin distributions of the cross-recurrence entropy were calculated from the
recurrence length distribution of thresholded cross-recurrence plots. The left side of the
distribution is associated with the cross-recurrence entropy calculated for non-neighboring
cells. The right side corresponds to neighboring cells' cross-recurrence entropy. Except for the
Baseline, all the presented cell groups were treated with either 20ng/mL or 100ng/mL of EGF.
(B) Composite violin distributions of the cross-recurrence entropy were calculated from the
recurrence length distribution of thresholded cross-recurrence plots. The left side of the
distribution is associated with the cross-recurrence entropy calculated for Erlotinib-treated
neighboring cells. The right side corresponds to Erlotinib-untreated neighboring cells' cross-
recurrence entropy. Except for the Baseline, all the presented cell groups were treated with
either 20ng/mL or 100ng/mL of EGF. (C) Composite violin distributions of the cross-recurrence
entropy were calculated from the recurrence length distribution of thresholded recurrence
plots. The left side of the distribution is associated with the cross-recurrence entropy
calculated for non-neighboring cells. The right side corresponds to neighboring cells' cross-
recurrence entropy. Except for the Baseline, all the presented cell groups were treated with
either 20ng/mL or 100ng/mL of HRG.

Table 30. Average cross-recurrence entropy for EGF-induced ERK dynamics
recurrences between neighboring or (*) non-neighboring cells

Entr. Baseline Baseline EGF EGF EGF EGF Inhibition  Inhibition Inhibition Inhibition

[A.U.] * 20ng/ 20ng/  100ng/ 100ng/ - - - -
mL mL mL mL EGF EGF EGF EGF
* * 20ng/mL  20ng/mL  100ng/mL  100ng/mL

* *

Mean 0.09+/ 0.18+/- 0.13+/ 0.26+/ 0.19+/- 0.32+4/- 0.11+/- 0.24+/- 0.23+/- 0.14+/-

+/- -0.11 0.18 -0.13 -0.18 0.16 0.18 0.16 0.21 0.17 0.16

SD
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Table 31. Average cross-recurrence entropy for EGF-induced ERK dynamics
recurrences between neighboring cells at Erlotinib-treated or Erlotinib-untreated

conditions

Entr. Erlotinib Baseline Erlotinib EGF Erlotinib EGF

[A.U.] Baseline EGF 20ng/mL EGF 100ng/mL
20ng/mL 100ng/mL

Mean 0.18+/- 0.18+/- 0.08+/- 0.26+/- 0.11+/- 0.32+/-

+/- 0.14 0.18 0.11 0.18 0.18 0.18

SD

Table 32. Average cross-recurrence entropy for HRG-induced ERK dynamics
recurrences between neighboring or (*) non-neighboring cells

Entr. Baseline Baseline HRG HRG HRG HRG Inhibition  Inhibition Inhibition Inhibition

[A.U.] N 20ng/ 20ng/ 100ng/  100ng/ - - - -
mL mL mL mL HRG HRG HRG HRG
* * 20ng/mL  20ng/mL  100ng/mL  100ng/mL

* *

Mean 0.09+/ 0.18+/- 0.19+/ 0.19+/ 0.08+/- 0.10+/- 0.18+/- 0.21+/- 0.18+/- 0.20+/-

+/- -0.11 0.18 -0.18 -0.14 0.16 0.12 0.18 0.15 0.13 0.14

SD

The local cellular environment also showed an effect on cross-recurrence
entropy. However, this effect was only appreciable on untreated cells, and cells
stimulated with EGF. Neighboring cells stimulated with HRG and neighboring cells
exposed to PD0325901 post-HRG-stimulation showed indistinguishable values of
cross-recurrence entropies when compared to their non-neighboring counterparts. In
contrast, untreated neighboring cells had one-fold higher cross recurrence entropy
values than untreated non-neighboring cells. Stimulation with 20ng/mL or 100ng/mL
of EGF resulted in a cross-recurrence entropy increase for neighboring and non-
neighboring cells. However, the cross-recurrence entropy of neighboring cells was
one-fold higher than the non-neighboring cells for the 20ng/mL stimulated group.
Similarly, neighboring cells stimulated with 100ng/mL of EGF showed cross-
their
counterparts. Treating cells with Erlotinib resulted in cross-recurrence entropy values

recurrence entropies approximately 60% higher than non-neighboring
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indistinguishable from the untreated neighboring cells group. Nonetheless, opposite
to what was observed in untreated cells, stimulating Erlotinib-treated cells with EGF

caused a reduction of the cross-recurrence entropy.

3.5.1 Cellular morphodynamical patterns reveal traits of local cellular

communication upon stimulation with 20ng/mL of EGF

Similar to ERK dynamics, neighboring cells show cross-recurrences prior to
growth factor stimulation. The morphodynamics cross-recurrence lines also become
more apparent and elongated once cells are exposed to either EGF or HRG. Their
recurrence lines, albeit appreciable shortly after cells are exposed to PD0325901,
become dimmer as the exposure continues. The disappearing of recurrence lines
implies the randomization of the morphodynamics cross-recurrences between
neighboring cells. The discontinuities between neighboring cells' morphodynamics are
less appreciable than in ERK dynamics. Similarly, the cross recurrence plots of non-
neighboring cells also present fewer cross-like structures than their ERK dynamics
counterpart. However, the discontinuities in the cross recurrence plots are more

prevalent in the non-neighboring cell morphodynamics than in the neighboring cells.
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Figure 38. Neighboring and non-neighboring cells cellular morphodynamics cross-
recurrence plots

(A) Unthresholded average cross-recurrence plot (normalized Euclidean distance) associated
with the cellular morphodynamics time series between neighboring cells. From left to right:
prior to growth factor stimulation (left), after either 20ng/mL or 100 ng/mL of EGF stimulation,
after either 20ng/mL or 100 ng/mL of HRG stimulation (center bottom), after PD0325901
exposure post-stimulation with either 20ng/mL or 100ng/mL of EGF, and after PD0325901
exposure post-stimulation with either 20ng/mL or 100ng/mL of HRG. (B) Unthresholded
average cross-recurrence plot (normalized Euclidean distance) to the cellular
morphodynamics time series of non-neighboring cells. From left to right: prior to growth factor
stimulation (left), after either 20ng/mL or 100 ng/mL of EGF stimulation, after either 20ng/mL
or 100 ng/mL of HRG stimulation (center bottom), after PD0325901 exposure post-stimulation
with either 20ng/mL or 100ng/mL of EGF, and after PD0325901 exposure post-stimulation
with either 20ng/mL or 100ng/mL of HRG. (C) Unthresholded average cross-recurrence plot
(normalized Euclidean distance) associated with the cellular morphodynamics time series
between neighboring cells treated with Erlotinib prior to growth factor stimulation (left) and
after either 20ng/mL or 100 ng/mL of EGF stimulation post-Erlotinib exposure (right).
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The corresponding quantification of these recurrence plots is presented below.
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Figure 39. Cellular morphodynamics maximal cross-recurrence length

(A) Composite violin distributions of the maximal cross-recurrence length were measured from
thresholded cross-recurrence plots. The left side of the distribution is associated with the non-
neighboring cells' maximal cross-recurrence length. The right side corresponds to neighboring
cells' maximal cross-recurrence maximal length. Except for the Baseline, all the presented cell
groups were treated with either 20ng/mL or 100ng/mL of EGF. (B) Composite violin
distributions of the maximal cross-recurrence length were measured from thresholded cross-
recurrence plots. The left side of the distribution is associated with Erlotinib-treated
neighboring cells' maximal cross-recurrence length. The right side corresponds to Erlotinib-
untreated neighboring cells' maximal cross-recurrence length. Except for the Baseline, all the
presented cell groups were treated with either 20ng/mL or 100ng/mL of EGF. (C) Composite
violin distributions of the maximal cross-recurrence length were measured from thresholded
cross-recurrence plots. The left side of the distribution is associated with the non-neighboring
cells' maximal cross-recurrence length. The right side corresponds to neighboring cells'
maximal cross-recurrence maximal length. Except for the Baseline, all the presented cell
groups were treated with either 20ng/mL or 100ng/mL of HRG.

Table 33. Average maximal cross-recurrence length for EGF-induced cellular
morphodynamics recurrences between neighboring or (*) non-neighboring cells

Lax Baseline Baseline EGF EGF EGF EGF Inhibition Inhibition Inhibition Inhibition
[A.U.] * 20ng/mL 20ng/mL 100ng/mL 100ng/mL - - - -
* * EGF EGF EGF EGF
20ng/mL  20ng/mL  100ng/mL 100ng/mL
* *

Mean 5.5+/- 6.7+/- 7.6+/- 11.8+/- 6.5+/- 7.6+/- 3.84/- 3.4+/- 4.3+/- 4.0+/-
+/- 4.0 5.0 3.4 6.6 3.0 5.4 2.6 1.3 1.8 1.5
SD
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Table 34. Average maximal cross-recurrence length for EGF-induced cellular
morphodynamics recurrences between neighboring cells at Erlotinib-treated or
Erlotinib-untreated conditions

Lpax Erlotinib  Baseline  Erlotinib EGF Erlotinib EGF

[A.U.] Baseline EGF 20ng/mL EGF 100ng/mL
20ng/mL 100ng/mL

Mean 3.34/- 6.7+/- 3.4+/- 11.8+/- 2.84/- 7.64/-

+/-SD 1.4 5.0 1.9 6.6 1.3 5.4

Table 35. Average maximal cross-recurrence length for EGF-induced cellular
morphodynamics recurrences between neighboring or (*) non-neighboring cells

Lax Baseline Baseline HRG HRG HRG HRG Inhibition Inhibition Inhibition Inhibition
[A.U.] * 20ng/mL 20ng/mL 100ng/mL 100ng/mL - - - -
* * HRG HRG HRG HRG
20ng/mL  20ng/mL  100ng/mL 100ng/mL
* *

Mean 5.5+/- 6.7+/- 6.7+/- 8.2+/- 4.4+/- 5.1+4/- 6.5+/- 5.9+/- 3.4+/- 3.84/-
+/- 4.0 5.0 3.2 4.0 2.7 3.3 3.5 2.5 1.4 1.7
SD

Interestingly, non-neighboring and neighboring cells showed similar maximal
cross-recurrence lengths on the baseline condition. Erlotinib-treated neighboring cells
had a 50% shorter average maximal recurrence length than the untreated neighboring
cells. Additionally, stimulation with 100ng/mL of HRG amount to a decrease in the
maximal cross-recurrence length for neighboring and non-neighboring cells. In
contrast, stimulation with growth factor, except for the former case, increased maximal
cross-recurrence length. This increase ranged from 14% for neighboring cells
stimulated with 100ng/mL of EGF to over 70% for neighboring cells stimulated with
20ng/mL of EGF. PD0325901 exposure decreased cross-recurrence maximal lengths
in neighboring cells to values below that calculated for the baseline neighboring cells.
For cellular morphodynamics, the local environment showed no effect over the
maximal cross recurrence lengths on cells stimulated with any concentration of HRG
nor on cells stimulated with 100ng/mL of EGF. However, neighboring cells stimulated
with 20ng/mL showed maximal cross-recurrence lengths over 70% longer than their
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non-neighboring counterparts. Consistent with the trend observed in ERK dynamics,
treating cells with Erlotinbi caused the stagnation of the maximal cross-recurrence
length. There was no significant change in the cross-recurrence length of neighboring
cells treated with Erlotinib after exposure to either 20ng/mL or 100ng/mL of EGF.
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Figure 40. Cellular morphodynamics cross-recurrence entropy

(A) Composite violin distributions of the cross-recurrence entropy were calculated from the
recurrence length distribution of thresholded cross-recurrence plots. The left side of the
distribution is associated with the cross-recurrence entropy calculated for non-neighboring
cells. The right side corresponds to neighboring cells' cross-recurrence entropy. Except for the
Baseline, all the presented cell groups were treated with either 20ng/mL or 100ng/mL of EGF.
(B) Composite violin distributions of the cross-recurrence entropy were calculated from the
recurrence length distribution of thresholded cross-recurrence plots. The left side of the
distribution is associated with the cross-recurrence entropy calculated for Erlotinib-treated
neighboring cells. The right side corresponds to Erlotinib-untreated neighboring cells' cross-
recurrence entropy. Except for the Baseline, all the presented cell groups were treated with
either 20ng/mL or 100ng/mL of EGF. (C) Composite violin distributions of the cross-recurrence
entropy were calculated from the recurrence length distribution of thresholded recurrence
plots. The left side of the distribution is associated with the cross-recurrence entropy
calculated for non-neighboring cells. The right side corresponds to neighboring cells' cross-
recurrence entropy. Except for the Baseline, all the presented cell groups were treated with
either 20ng/mL or 100ng/mL of HRG.

Table 36. Average cross-recurrence entropy for EGF-induced cellular
morphodynamics recurrences between neighboring or (*) non-neighboring cells

Entr. Baseline Baseline EGF EGF EGF EGF Inhibition  Inhibition Inhibition Inhibition

[A.U.] N 20ng/ 20ng/ 100ng/  100ng/ - - - -
mL mL mL mL EGF EGF EGF EGF
* * 20ng/mL  20ng/mL  100ng/mL  100ng/mL

* *

Mean 0.58+/ 0.69+/- 0.74+/ 1.10+/ 0.77+/- 0.70+/- 0.37+/- 0.35+/- 0.45+/- 0.43+/-

+/- -0.39 0.44 -0.28 -0.45 0.34 0.43 0.26 0.25 0.19 0.26

SD
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Table 37. Average cross-recurrence entropy for EGF-induced cellular
morphodynamics recurrences between neighboring cells at Erlotinib-treated or
Erlotinib-untreated conditions

Entr. Erlotinib  Baseline  Erlotinib EGF Erlotinib EGF
[A.U.] Baseline EGF 20ng/mL EGF 100ng/mL
20ng/mL 100ng/mL
Mean 0.20+/- 0.69+/- 0.27+/- 1.10+/- 0.23+/- 0.70+/-
+/- 0.20 0.44 0.29 0.45 0.39 0.43
SD

Table 38. Average cross-recurrence entropy for HRG-induced cellular
morphodynamics recurrences between neighboring or (*) non-neighboring cells

Entr. Baseline Baseline HRG HRG HRG HRG Inhibition  Inhibition Inhibition Inhibition

[A.U.] * 20ng/ 20ng/  100ng/ 100ng/ - - - -
mL mL mL mL HRG HRG HRG HRG
* * 20ng/mL  20ng/mL  100ng/mL  100ng/mL

* *

Mean 0.58+/ 0.69+/- 0.82+/ 0.87+/ 0.44+/- 0.58+/- 0.80+/- 0.70+/- 0.36+/- 0.42+/-

+/- -0.39 0.44 -0.27 -0.38 0.36 0.34 0.31 0.28 0.23 0.21

SD

Except for cells stimulated with 100ng/mL of HRG, growth factor exposure led
to an overall increase in the cross-recurrence entropy. In this case, 100mg/mL of HRG
led neighboring cells to have an approximately 15% smaller entropy than the baseline
neighboring cells. Conversely, ERK-Inhibition via PD0325901 amounted to a decrease
in cross-recurrence entropy. Interestingly, among all the experimental conditions, only
neighboring cells stimulated with 20ng/mL of EGF had a significantly higher cross-
recurrence entropy than their non-neighboring counterparts. Coincidently, the
morphodynamics cross-recurrence entropy of untreated neighboring cells increased
by approximately 60% after the stimulation with 20ng/mL of EGF. Stimulating cells

with 20ng/mL of EGF resulted in the maximal increase in cross-recurrence entropy
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compared to all experimental conditions. On the other hand, neighboring cells treated
with Erlotinib had a cross-recurrence entropy over two-fold smaller than the
neighboring cells at the baseline condition. Furthermore, stimulating Erlotinib-treated
neighboring cells with 20 ng/mL or 100ng/mL had no significant effect on the cross-
recurrence entropy value. In addition, the cross-recurrence entropy of these two

groups was significantly smaller than their Erlotinib-untreated counterparts.
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4 Discussion

There is an open argument about which components of the ERK signaling
network are crucial for its robustness and what type of information is encrypted in its
signal (Kochanczyk et al., 2017; Obatake et al., 2019; Ryu et al., 2015; Shankaran et
al., 2009; Shankaran and Wiley, 2010; Waters et al., 2014). However, ERK dynamics
and the different regularities embedded within these dynamics are widely used for cell-
fate predictions. Furthermore, although cytoplasmic ERK comprises a richer dynamic
behavior, nuclear ERK has been more widely described. However, according to the
literature and our previous results (Briggemann et al., 2021), cytoplasmic ERK can
be used to track its ligand-specific behavior as well as different cell-fate decisions (Ryu
et al., 2015; Shankaran et al., 2009). In addition, evidence on its ligand-specific
behavior is still being gathered (Arkun and Yasemi, 2018; Kuchenov et al., 2016; Liu
etal., 2011)

The difference in ERK rise time and maximal ERK activation speed between
neighboring and non-neighboring cells suggests that the cellular environment has a
significant effect on the reaction of cells to a global stimulus like growth factor
stimulation. Considering the higher synchrony between neighboring sheds light on the
possibility of continuous local communication between cells and how this process
shapes the internal stage of the cellular signaling networks. Interestingly, stimulation
with EGF had a more significant effect on the maximal ERK activation speed
synchronization between neighboring cells. Coincidently, the existence of EGF-
producing genes in MCF-7 cells has been reported. In contrast, HRG-producing genes
have not been found on the same cells (Garnett et al., 2012; Klijn et al., 2015; Santos
et al., 2015). The presence of endogenous EGF in the cellular environment could be
a channel for local communication between MCF-7 cells.

The recurrence analysis of ERK high-frequency components revealed
information concerning the cellular environment embedded within. Similarities
between the optimal time delay and the minimal embedded dimensions imply a
consequent dynamic behavior. Growth factor stimulation did not appear to modify ERK

dynamic components significantly. In contrast, exposure to either Erlotinib caused a

81



slight reduction in the optimal time delay and the minimal embedded dimensions,
which hints at the loss of dynamic components in ERK dynamics. The increase in the
maximal ERK recurrence length results from more persistent recurrence states on
ERK dynamics after growth factor stimulation. In addition, the increase in ERK
recurrence entropy reveals a more uniformly distributed occurrence of recurrences. A
higher persistence of ERK recurrences and more uniformly distributed recurrences
suggest the coordination of ERK-mediated mechanisms towards cell-fate decisions.

Similarly, recurrence analysis also highlighted cellular environment relevant
information embedded in cellular morphodynamics high-frequency components. The
optimal time delay calculated for the fast-occurring events in ERK dynamics and
cellular morphodynamics were insignificantly different for the unstimulated condition.
Furthermore, they only differed in an average of one time-point for stimulated
conditions. These similitudes suggest the existence of a fast-occurring nexus between
cellular morphodynamics and ERK dynamics. The increase in cellular
morphodynamics recurrence persistence combined with the higher optimal time delay
calculated for growth factor-stimulated cells could result from the increased membrane
activity observed in cells after exposure to either EGF or HRG. Moreover, the
increased entropy confirms the presence of more uniformly distributed diverse
membrane structural modifications upon stimulation. Interestingly, cells treated with
PD0325901 after being stimulated with 20 ng/mL of HRG showed a significant
membrane retraction which could be why this group had an entropy higher than the
other cells exposed to the MEK-inhibitor.

Although the sporadic connection between ERK dynamics and cellular
morphodynamics has been well documented, our results suggest the existence of a
continuous link between these two dynamics. The congruence between cellular
morphodynamic and ERK dynamic already exists in unstimulated cells, and its
persistence increases upon growth factor stimulation. Perturbing ERK dynamics with
the MEK-inhibitor decreased the stability of this congruence, whereas treating cells
with Erlotinib fixated stopped the colocalization from strengthening. Intriguingly
stimulating cells with 100ng/mL of HRG showed a decrease in the ERK dynamics -
cellular dynamics cross recurrence, which could be attributed to the fact that HRG has
been strongly linked with Akt activation. Based on our previous results, the EGF effect
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on AKT is short-lived (Bruggemann et al., 2021). In contrast, HRG induces sustained
activation of the protein. The recurrence entropy trend hints that stimulation with
20ng/mL of either HRG or EGF has little effect on the distribution of ERK dynamics -
cellular morphodynamic entropies. This lack of change in cross-recurrence entropy
suggests that lower growth factor concentrations have a less invasive effect on the

pre-existing cellular processes.

Quantified by longer maximal cross-recurrence lengths, the cellular
environment plays a significant role in the ERK dynamics synchronization cells.
Neighboring cells at the baseline condition already show signs of higher
synchronization when compared to their non-neighboring counterpart. This trend is
maintained when cells are stimulated with either EGF or 20ng/mL of HRG. In contrast,
compared to the baseline condition, treating cells with Erlotinib did not significantly
affect the ability of neighboring cells to have synchronized ERK dynamics. Neighboring
cells' ability to synchronize despite their exposure to Erlotinib could be related to the
residual effect of the local environment on cells and the reaction time for Erlotinib's
input to take full effect (Abdelgalil et al., 2020; Moyer et al., 1997). Nonetheless,
Erlotinib effectively stopped the ability of neighboring cells to synchronize after EFG
stimulation. ERK cross recurrence entropies are the quantification of the degree of
cellular communication diversity. Compared to non-neighboring untreated cells, The
higher values of ERK cross recurrence entropies between their neighboring
counterparts imply a more diversified cellular communication. Furthermore, it suggests
that cellular synchronization, and consequently cellular communication, is a
continuous process intrinsic to cellular behavior. Stimulation with EGF did not impede
nor hinder communication between neighboring cells. Thus, EGF appears to provide

an effective channel for diverse local cellular communication.

Similarly, cross-recurrence analysis of neighboring cells' morphodynamics
corroborated the importance of the local environment on cellular communication. This
effect was less apparent on untreated cells than on cells exposed to growth factors,
possibly due to the passivity of the cellular membrane. In contrast, Erlotinib treatment
disturbed the local cellular communication even at the baseline condition. Once
exposed to 20ng/mL of EGF, the synchronization between neighboring cells was
significantly higher than the non-neighboring cells. Consistently, the morphodynamics
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cross-recurrence entropy between neighboring cells stimulated with 20ng/mL of EGF
showed significantly higher values than its non-neighboring equivalents. Thus,
20ng/mL of EGF appears to guarantee an effective means for morphodynamic

synchronization between neighboring cells.

Extracting the high-frequency components from the original ERK dynamics and
cellular morphodynamics time series effectively separated the global from the local
stimulus. Furthermore, the results of our recurrence analysis confirmed the existence
of biologically relevant information in the high-frequency components of ERK
dynamics and cellular morphodynamics. The congruence of these recurrences
suggests the inseparability of ERK dynamics from cellular morphodynamics. However,
the cellular environment plays a significant role in cellular responses to growth factors.
Nonetheless, this influence mainly prevails after stimulation with low concentrations of
growth factors. Only low concentrations of EGF appear to allow effective cellular

communication between neighboring cells.
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8 Matlab scripts

ERK activity kinetic parameters calculation

for kk=1l:numel(List var)
CURVE=eval (List wvar{kk});
[n,m]=size(CURVE);
for j=1:n
cont=cont+1;
y=CURVE(J,:);

ccont=y-min(y);
ccont=ccont./max(ccont);

Smooth curve=sgolayfilt(ccont,1,5);

c(1)=0;
vv=gradient (Smooth curve);

for i=1:180

c(i)=(vv(i)>0)+(vv(i+tl)>0)+(vv(i+t2)>0)+(vv(i+3)>0)+(vv(i+4)>0)+(vv(i+5)>0)+
(Vv (i+6)>0)+(vv(i+7)>0)+(vv(i+8)>0)+(vv(i+9)>0)+(vv(i+10)>0)+(vv(i+1l1l)>0);

end

RT(j)=find(c>=11,1)*3.108;
MSp(j)=max(vv)*60/3.108;
Tmax=find(vv==max(vv));
try
Tstab(j)=find(vv(Tmax:end)<0,1)+Tmax;
catch

Tstab(j)=m;
end

eval(strcat('RT_',List var{kk},'(j)=', 'RT(]); '))
eval(strcat('MSp_ ',List var{kk},' (j)= MSp( )i ')
eval(strcat('Tstab_',List_var{kk},'(j) , 'Tstab(3j);
vv=[1;
Tmax=[];

end

cont=0;

MSp=[];

RT=[1];

CURVE=[ ];

Tstab=[];
end
AMI Function

function [v,lag]l=ami(x,y,laqg)
%Usage: [v,lag]=ami(x,y,laqg)

o

)

% Calculates the mutual average information of x and y with a possible lag.
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o° oo

oo

v is the average mutual information. (relative units see below)
X & y is the time series. (column vectors)
lag is a vector of time lags.

o° o0 oo

o

(A peak in V for lag>0 means y is leading x.)

oo

oo

v is given as how many bits x and y has in common relative to how
many bits is needed for the internally binned representation of x or y.
This is done to make the result close to independent bin size.

o° oo

oo

if nargin==
error( 'You should provide a time series.');
end
if nargin<2
Y=x;
end
X=x(3:);
y=y(:);
n=length(x);
if n~=length(y)
error('x and y should be same length.');
end
if nargin<3
lag=0;
if nargin<2
lag=0:min(n/2-1,20); %compatible with mai.m
end
else
lag=round(lag);
end
% The mutual average information
x=x-min(x);
x=x*(l-eps)/max(x);
y=y-min(y);
y=y*(l-eps)/max(y
v=zeros(size(lag)
lastbins=nan;
for ii=l:length(lag)
abslag=abs(lag(ii));

)i
)i

% Define the number of bins
bins=floor(l+log2(n-abslag)+0.5);%as mai.m
if bins~=lastbins
binx=floor (x*bins)+1;
biny=floor(y*bins)+1;
end
lastbins=bins;
Pxy=zeros (bins);

for jj=l:n-abslag

kk=jjtabslag;

if lag(ii)<O0

temp=jj; jj=kk;kk=temp; 2swap

end

Pxy(binx(kk),biny(jj))=Pxy(binx(kk),biny(jj))+1;
end
Pxy=Pxy/(n-abslag);
Pxy=Pxy+eps; %avoid division and log of zero
Px=sum(Pxy,2);
Py=sum(Pxy,1);
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g=Pxy./(Px*Py);
g=Pxy.*log2(q);

v(ii)=sum(g(:))/log2(bins); %log2bins is what you get if x=y.

% Equivalent formulation (slightly slower)
% Hx=-sum(Px.*log2(Px));

% Hy=-sum(Py.*log2(Py));

% Hxy=-sum(Pxy(:).*log2(Pxy(:)));

% v(ii)=Hx+Hy-Hxy;

end

FNN function

function [embedm fnnl fnn2]=fnn(y,maxm)

% Usage: This function calculates corrected false nearest neighbour.

% Inputs:
% y 1is a vertical vector of time series.
% maxm: maximum value of embedding dimension.

% Output:

% embedm: proper value for embedding dimension.

% fnnl: First criteria of false nearest neighbors.
% fnn2: second criteria of false nearest neighbors.
%

y=y(:);

RT=15;

AT=2;

sigmay=std(y);
[nyr,nyc]=size(y);
$Embedding matrix
m=maxm;

EM=lagmatrix(y,0:m-1);

%EM after nan elimination.
EEM=EM(1l+(m-1):end, :);
[rEEM cEEM]=size(EEM);

embedm=[ ];

for k=1:cEEM

fnnl=[];

fnn2=[1];
D=dist(EEM(:,1:k)"');

for i=1:rEEM-m-k

dll = min(D(i,1l:i-1)
dl2=min(D(i,i+1l:end)
Rm=min([d1l1;d12]);

1=find(D(i,1l:end)== Rm);

)i
)i
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if Rm>0
if l+m+k-1<nyr
fnnl=[fnnl;abs(y(i+m+k-1,1)-y(l+m+k-1,1))/Rm];
fnn2=[fnn2;abs(y(i+m+k-1,1)-y(1l+m+k-1,1))/sigmay];
end
end

end

Indl=find(fnnl>RT);

Ind2=find (fnn2>AT);

if length(Indl)/length(fnnl)<.l && length(Ind2)/length(fnnl)<.1l;
embedm=k; break

end
end

Unthresholded recurrence plot calculation

function M= RP_cal(X)

o

o

Input X should be the time delay embedded series to be analyzed.

o° oo

o

[m,~]=size(X);
A rpl=zeros(m);

for i=l:m
for j=1:m
A rpl(i,j)=sqrt(sum((X(i,:)-X(j,:))-"2)) ;
end
end

M=A rpl;

Unthresholded Cross-recurrece plot calculation

function M= CrossRP_cal(X1,X2)

o° o0 oo
o

o

[m,~]=size(X1);
A rpl=zeros(m);

for i=1:m
for j=1:m
A rpl(i,j)=sqrt(sum((X1(i,:)-X2(Jj,:))-"2)) ;
end
end

M=A rpl;
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Recurrence plot quantification

function [RR,DET,ENTR,L,pp,S,Lmax] = Recu RQOA(RP,I)

% Recurrence quantification analysis of recurrence plots

% RP: the Recurrence Plot

% I: the indication marks (I=0 RP is the symmetry matrix

% I=1 RP is the asymmetry matrix)

% RR: Recurrence rate RR, The percentage of recurrence points in an RP
% Corresponds to the correlation sum;

% DET: Determinism DET, The percentage of recurrence points which form

% diagonal lines

% ENTR: Entropy ENTR, The Shannon entropy of the probability distribution
of the diagonal

% line lengths p(1l)

% L: Averaged diagonal line length L, The average length of the diagonal
lines

%% pp probability of the length distribuition

%% S Length distribuition

Lmin=2;

if nargin < 2
I=0;
end

Nl=size(RP,1);
Yout=zeros(1l,N1);

for k=2:N1
On=1;
while On<=N1+1-k
if RP(On,k+On-1)==
A=1;0ff=0;
while off==0 && On~=N1l+1-k
if RP(On+l,k+0On)==
A=A+1;0n=0n+1;
else
off=1;
end
end
Yout (A)=Yout(A)+1;
end
On=0n+1;
end
end
if I==
S=2*Yout;
end

if I==
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RP=RP';
for k=2:N1
On=1;
while On<=N1+1-k
if RP(On,k+On-1)==
A=1;0ff=0;
while off==0 && On~=N1l+1l-k
if RP(On+l1l,k+0n)==
A=A+1;0n=0n+1;
else
off=1;
end
end
Yout (A)=Yout(A)+1;
end
On=0n+1;
end

%% calculate the recurrence rate (RR)
SR=0;
for i=1:N1
SR=SR+i*S(1i);
end
RR=SR/ (N1*(N1-1));

%% calculate the determinism (%DET)
if SR==0

DET=0;
else

DET=(SR-sum(S(l:Lmin-1)))/SR;
end

%% calculate the ENTR = entropy (ENTR)
S(1)=[]; Delete the non isolated recurrences
pp=S/sum(S);
entropy=0;
F=find(S(Lmin:end));
1=length(F);
if 1==
ENTR=0;
Else
F=F+Lmin-1;
ENTR=-sum(pp(F).*1log(pp(F)));
end

%% calculate Averaged diagonal line length (L)

L=(SR-sum([l:Lmin-1].*S(1:Lmin-1)))/sum(S(Lmin:end));
Lmax=max(find(S));
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