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Abstract

Cells continuously sense and respond to stimuli from the non-stationary environment.
For this, they optimise processing of the perceived signals while maintaining continuous
responsiveness. Cell surface receptors, such as the receptor tyrosine kinases, comprise the
first layer of sensing. They translate the extracellular signal into internal activity using the
protein interaction networks in which they are embedded.

The proto-oncogenic epidermal growth factor receptor (EGFR) is a receptor tyrosine
kinase whose sensitivity to epidermal growth factor (EGF) and signalling duration determines
cellular behaviour. In the canonical view, signal processing occurs through the ligand-induced
dimer formation mechanism and subsequent trans-phosphorylation. However, it has been also
established recently that signal amplification via the unliganded EGFR monomers through
an autocatalytic mechanism enhances the phosphorylation response of EGFR.

In this thesis, I demonstrate how autocatalytic phosphorylation of EGFR in concert with
the coupling interactions with the protein tyrosine phosphatases (PTPs) shape the response
dynamics of EGFR. Single cell dose-response analysis revealed that a toggle switch between
autocatalytically activated monomeric EGFR and the tumour suppressor PTPRG at the
plasma membrane (PM) shapes the sensitivity of EGFR to EGF dose. As the system exhibits
switch-like activation due to the bistable regime of operation, irreversible activation occurs as
an adversary side effect. To ensure continuous growth factor sensing, the system is positioned
outside of the bistable regime by the PM-localised PTPRJ, which negatively regulates EGFR
phosphorylation. On the other hand, a spatially-distributed negative feedback with the ER-
bound PTPN?2 that is established by vesicular trafficking resets the phosphorylation state of
monomeric EGFR on the plasma membrane. The distinct recycling route of the unliganded
receptor, as opposed to the unidirectional degradation route towards the perinuclear area
of the liganded receptor, enables it to repopulate the plasma membrane and thus maintain
sensitivity to upcoming stimuli.

In this manner, the coupling interactions between EGFR and the PTPs on different
membranes are spatially unified in a network that enables sensing of time-varying EGF
signals. The signal processing capabilities of this network are optimised by the system
organisation, as its parameters are poised at the criticality point, just outside the bistable
regime of operation. In this region, the EGFR response is characterised by prolonged but
reversible phosphorylation, enabling the cell to maintain a balance between preserving a
transient memory of previous EGF stimulations, while still remaining responsive to upcoming
stimuli.






Zusammenfassung

Zellen erfassen kontinuierlich und reagieren auf Stimuli aus der nichtstationiren Um-
gebung. Dazu miissen sie die Verarbeitung der wahrgenommenen Signale optimieren und
gelichzeitig fiir eine kontinuierliche Wirkungsfahigkeit sorgen. Zelloberflichenrezeptoren,
wie die Rezeptortyrosinkinasen, umfassen die erste Stufe der Wahrnehmung. Sie iibertragen
das extrazelluldre Signal in interne Aktivitit unter Verwendung der Proteinwechselwirkungs-
netzwerke, in die sie eingebettet sind.

Der proto-onkogene epidermale Wachstumsfaktorrezeptor (EGFR) ist eine Rezeptorty-
rosinkinase, deren Empfindlichkeit gegeniiber dem epidermalen Wachstumsfaktor (EGF)
und der Signaldauer das zelluldre Verhalten bestimmt. Das kanonische Modell der EGFR-
Signalgebung interpretiert ihre Signalverarbeitung durch den ligandeninduzierten Dimerbil-
dungsmechanismus und die anschlieBende Trans-Phosphorylierung. Es wurde jedoch kiirzlich
auch festgestellt, dass die Signalamplifikation iiber die nichtligierten EGFR-Monomere durch
einen autokatalytischen Mechanismus die Phosphorylierungsantwort von EGFR verstirkt.

In dieser Arbeit zeige ich, wie die autokatalytische Phosphorylierung von EGFR zusam-
men mit den Kopplungswechselwirkungen mit Protein Tyrosin Phosphatasen (PTPs) die
Wirkungsdynamik von EGFR prigt. Die Einzelzelle-Dosis-Wirkungs-Analyse zeigte, dass
ein Kippschalter zwischen autokatalytisch aktiviertem monomerem EGFR und dem Tumor-
suppressor PTPRG an der Plasmamembran (PM) die Empfindlichkeit des EGFR gegeniiber
der EGF-Dosis formt. Da das System eine schalterartige Aktivierung aufgrund des bistabilen
Betriebsmodus zeigt, tritt eine irreversible Aktivierung als ein gegenteiliger Nebeneffekt
auf. Um eine kontinuierliche Wahrnehmung des Wachstumsfaktors sicherzustellen, wird das
System durch das PM-lokalisierte PTPRJ, das die EGFR-Phosphorylierung negativ reguliert,
auBBerhalb des bistabilen Systems positioniert. Auf der anderen Seite setzt eine rdumlich
verteilte negative Riickkopplung mit dem ER-gebundenen PTPN2, die durch vesikuldren
Transport hergestellt wird, den Phosphorylierungszustand vom monomeren EGFR auf der
Plasmamembran zuriick. Die ausgeprigte Recycling-Route des nichtligierten-Rezeptors im
Gegensatz zu dem unidirektionalen Abbauweg in Richtung des perinukleédren Bereichs des
ligandierten-Rezeptors macht es moglich, die Plasmamembran neu zu bevolkern und somit
die Wahrnehmung von bevorstehenden Stimuli aufrechtzuerhalten.

Auf diese Weise sind die Kopplungswechselwirkungen zwischen EGFR und den PTPs
auf verschiedenen Membranen raumlich in einem Netzwerk vereinigt, dass die Wahrnehmung

zeitvariabler EGF-Signale ermoglicht. Die Signalverarbeitungsfahigkeiten dieses Netzwerks



ii

werden durch die Systemorganisation optimiert, da seine Parameter am kritischen Punkt
gerade auBlerhalb des bistabilen Betriebsmodus liegen. Linger andauernde, aber reversible
Phosphorylierung charakterisiert das System dort und versorgt die Zelle mit Wahrnehmungs-
und Wirkungsfihigkeiten fiir zeitverinderliche Wachstumsfaktorsignale.
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Introduction

One of the principle goals in cell signalling biology is to understand how the cells process in-
formation from a continuously changing environment in order to respond and readily adapt to
the perceived changes. Traditional biology studies have had great success in discovering and
describing the prominent molecular components involved in many of the signalling processes.
Starting from the early endocrinology discoveries of the major hormones and growth factors,
through the developments in molecular biology that advanced the classification of ligands and
receptors, to the proteomic tools for characterising proteins and intracellular protein-protein
interactions, the biology of cell signalling has progressed remarkably in understanding and
appreciating the dynamical cellular responses to environmental stimuli [1]. Knowing the
components of a biological system is however not sufficient for understanding its functioning
as a system, its dynamics and flow of information. The need for a systemic level of descrip-
tion of the collective molecular behaviour and emergent dynamical properties as functional
outcomes has brought about the rise of systems biology in the past decades [2]. Grounded on
the continuously increasing molecular level knowledge, modern systems biology approaches
have the potential to span the understanding of biological signal processing systems across
multiple levels.

The famous hypothesis of Marr and Poggio postulates that information processing systems
in general should be studied at three distinct, but complementary levels of description/analysis
[3, 4]: computational - or what is the function of the system (the "why" of cognition);
algorithmic/representational - or which representations does the system use and what kind of
processes it employs; and implementational - or how do the actual components operate in
the process. When applying this view on a signal processing system, the computational goal
would translate to perceiving the changes in the environment, while the algorithmic level
would capture the dynamical properties of the molecular system. Determining the physical
protein interaction mechanisms would comprise the implementational level. Studying this

multi-level interplay by combining experimental with theoretical approaches is thus necessary



2 Introduction

for understanding the underlying organisational principles behind growth factor cellular
sensing.

Cellular signal processing systems have undergone a transition from being viewed as
mere signal transport pathways, operating in a linear pipeline fashion from the input ligand
to the output gene, to being treated as complex systems of molecules, composed of feedback
and feedforward loops, sharing components and being spatially organised [5]. It is well
established that cells can process different signals to generate distinct outcomes using the
same components. This renders the signalling function of a system context-dependent - two
systems with overlapping components can generate their respective specific outcome within
their own context (e.g. growth factor input). In one of the landmark examples of context-
dependent signalling it was observed that the duration of extracellular signal-regulated kinase
(ERK) activity was responsible for the functional outcome in PC-12 cells. Epidermal growth
factor (EGF) induced transient ERK activation led to cell proliferation, whereas sustained
ERK activation by the nerve growth factor (NGF) induced cellular differentiation [6]. It
was demonstrated later that this temporal distinction arises from the context-dependency:
stimulation by NGF activates a positive feedback from ERK to RAF, thereby sustaining high
activity level, whereas stimulation by EGF attenuates ERK activity as a result of the presence
of negative feedback to Raf in this context [7].

Spatial regulation is another layer of complexity in the organisation of the signal process-
ing systems. The same system in different spatial locations can generate distinct signalling
profiles as a result of local enrichment or depletion of its components. This can be conceived
more easily for systems localised in discrete spatial compartments, but it applies as well
to systems with gradual spatial changes. Such organisation is exemplified by the EGFR-
PTPI1B interaction where the increasing concentration of PTP1B towards the perinuclear
area translates into decreasing EGFR activity gradient [8]. Furthermore, even a system
of uniformly distributed components can result in heterogeneous activity outcomes under
special conditions. This symmetry breaking process thus gives rise to formation of a specific
non-homogeneous spatial activity arrangements, famously known as Turing patterns [9].

These examples thus indicate that the cells can respond and distinguish complex envi-
ronmental signals by regulating and distributing the information processing in space and

time.

1.1 How cells sense the environment

In multicellular organisms cells communicate with one another using signalling molecules.

Typically secreted into the extracellular space from the signalling cells or presented on their
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surface, they are recognised by the cognate receptors located on the surface of the target
cells. By recognising these cues the cells sense their environment, alter their internal state
and respond accordingly (Fig. 1.1a). Interpreting the continuously changing complex signals
from the environment requires fine-tuned intrinsic sensing capabilities.

Sensitivity to external cues has been studied extensively in the literature, a field pioneered
by Berg and Purcell who underlined the importance of understanding the fundamental
physical limits of biological systems in detecting single molecule binding events [10]. It has
been shown that noise, arising from inherent stochastic processes such as ligand diffusion,
ligand-receptor binding reactions, receptor diffusion and the internal thermal fluctuations, is
what gives an upper bound to the sensing precision of the system [10]. Moreover, trade-offs
in resource allocation for sensing further constrain the processing capabilities [11]. To reduce
the variability from the single noisy readouts the cells obtain independent measurements from
multiple receptors and average out the results [12]. Integration over time can further decrease
the noise sensitivity [12—-14]. However, these works are generally based on information
processing in a stationary environment by linear signalling networks. Nonetheless, the cells
operate in continuously changing environments, where the levels of the spatial cues vary
readily. Additionally, the rates of the ligand binding/unbinding kinetics relative to the rate
of change of the ligand concentration in the extracellular domain might become a kinetic
bottleneck. Further, the receptors undergo vesicular trafficking, thus the plasma membrane
population is constantly exchanged. Active sensing strategies are thus necessary to extend
these concepts to non-equilibrium assumptions and more realistic scenarios. Especially it
is important to study how the dynamical properties of cell surface receptors arises from the

networks in which they are embedded.

Cell signalling by receptor tyrosine kinases

The first layer that perceives the environment are the cell surface receptors. Receptor tyrosine
kinases (RTKSs) are one of the most prominent families of receptors that recognise growth
factors and act as enzymes upon activation. There are 58 known RTKs in the human
proteome, grouped into 20 subfamilies based on their kinase domain sequences [15].Typical
structural organisation of an RTK consists of an extracellular ligand-binding domain, a
transmembrane region followed by a cytosolic juxtamembrane domain, a kinase domain and
a C-terminal tail. Their activation mechanisms and downstream signalling interaction partners
are evolutionary conserved, in line with their pivotal roles in many cell-cell communication
responses [16]. These include differentiation, proliferation, adhesion, immune defense and

hormone responses.
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Figure 1.1 Cellular sensing. a) Cells perceive their dynamic environment by sensing the
extracellular stimuli, processing the information and responding by updating the internal
state. b) Surface receptors transduce the extracellular signal into internal activity pattern,
using the dynamics of the protein interaction networks.

RTKSs trigger these responses upon activation by growth factors by interacting with
effector proteins which further propagate the signal intracellularly. Typically, an activated
kinase domain phosphorylates its substrate, a tyrosine residue of another protein of interest
(POI), by transferring a phosphate group using a high-energy adenosine triphosphate (ATP)
molecule as a donor (Fig. 1.2). Very often phosphorylation occurs within a homo-dimer,
hence the substrate is a protein of the same type. SH2- or PTB-containing signal transducing
proteins recognise these post-translational modifications of the protein and propagate the
activity further in the cytoplasm [17].

Hydrolysis of the phosphorylated tyrosine residue, catalysed by a protein tyrosine phos-
phatase (PTP), removes the phosphate group, causing transition to the inactive state of the
substrate protein, thus counterbalancing the RTK activity.

1.2 Epidermal growth factor receptor (EGFR) as a sensing
entity

EGFR is one of the most studied proteins in cell biology due to its involvement in multitude
of physiological processes such as wound healing, embryonic development and tissue home-
ostasis [18, 19]. The role of EGFR in regulation of epithelial proliferation and differentiation
has been widely established. For example, EGFR-deficient mutant mice fetuses exhibit
growth and development impairment phenotype and embryonic lethality [20, 21]. Notably,
the EGF-EGFR ligand-receptor pair was one of the first discovered growth factor pairs [22].
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Figure 1.2 Phosphorylation/dephosphorylation transition cycle of a tyrosine residue-
containing protein. Phosphorylation is carried out by the RTKs by using a phosphate group
from an ATP molecule. Dephosphorylation by hydrolysis is carried out by the PTPs. POI:
Protein of interest/study.

EGFR (ErbB1 or HER1) belongs to the ErbB family of receptor tyrosine kinases (RTKs),
along with three other members (ErbB2-4/HER2-4) - it is localised at the PM and with
its enzymatic activity it is typically targeting the tyrosine residues of its substrates for
phosphorylation, as means for signal transduction. Phosphorylated tyrosine residues of
EGFR and its substrates act as binding sites for effector proteins that initiate intracellular
signalling, such as Grb2, PI3K, Shc, Src and PLCy [17]. The Ras-MAPK network is a major
signalling route for the ErbB family, as is the PI3K-Akt-mTOR network, both of which
lead to increased cell proliferation and inhibition of apoptosis [23]. The PI3K-Rac-RhoGTP
network is another signalling target of EGFR by which it can engage the cytoskeletal network
[24, 25]. Thus, EGFR has multiple distinctive signalling functions (Fig. 1.3) - whereas it is
signalling for survival in cortical astrocytes in the brain, it negatively regulates premature
differentiation of keratinocytes in the epidermis [20, 26, 27] and osteoblasts, chondrocytes
in bone development [28, 29]. In contrast, EGFR activation favours differentiation of
mesenchymal cells in semilunar valves in the heart and of type II pneumocytes in the lung
[20, 28, 30]. EGFR can also trigger cell migration in human breast cancer cells and NIH3T3
fibroblasts [31].

Unsurprisingly, abnormal activity of EGFR has been found in many cancer types such
as gliomas and non-small-cell lung carcinoma [32], it is a known proto-oncogene [33]. Its

persistent activation results in unchecked cell division [34]. Overexpression and mutations
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Figure 1.3 EGFR’s context-dependent signalling. The signalling networks of EGFR are
involved in multitude of cellular functions. Depending on the ligand stimulation and relative
protein expression levels in different cell types and conditions, EGFR signalling can lead to
different cellular outcomes.

of the tyrosine kinase domain are common causes of this abnormal activity, inducing cell
transformation in carcinoma patients [35]. They are present in 40-50% of glioblastoma [36],
sometimes in addition to a loss of tumour suppressor [37], and in one-third of epithelial
cancers [38]. On the other hand, insufficient ErbB signalling in humans is associated with
the development of neurodegenerative diseases, such as multiple sclerosis and Alzheimer’s
disease [39]. It is therefore of great importance to understand the principles of EGFR activa-
tion and regulation in both space and time, and how it leads to rich dynamical behaviours. Its
systemic mechanisms for therapeutic targeting have spiked strong interest recently [40].

1.2.1 Activation mechanism of EGFR

EGFR is comprised of five major domains, in order from N- to C-terminal: extracellular
domain, transmembrane domain, juxtramembrane domain, a kinase domain and a C-terminal
tail (see Fig. 1.4, left). The extracellular domain consists of four subdomains, enumerated I to
I'V. Subdomains I and III comprise the EGF recognition pocket, whereas subdomains II and
IV maintain tethered conformation by interacting with each other in the absence of a ligand
[41]. Ligand binding inhibits this interaction allosterically, releasing the *dimerisation arm’
of subdomain II which induces association with other receptors [41, 42], while subdomain
IV contributes to higher-order clustering [43]. These processes also result in allosteric

conformational changes in the cytosolic part via the transmembrane domain and release of
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the juxtamembrane segments from the PM, which confine the activity of EGFR by default
[44].

EGF

@

extracellular
domain
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Figure 1.4 Structural organisation of EGFR and asymmetric dimer formation. Left:
EGEFR consists of the five denoted major domains, some of which contain notable subdomains.
The unphosphorylated tyrosine residues are depicted with light green circles. Right: EGF
binding induces asymmetric dimer formation where one of the receptors acts as ’activator’,
allosterically changing the position of the activation loop of the other receptor - the 'receiver’,
which can then trans-phosphorylate the tyrosine residues of the ’activator’ in return, denoted
here with red circles. Should they switch their roles dynamically then the 'receiver’ receptor’s
tyrosines would also get phosphorylated.

The kinase domain of EGFR consists of two lobes: C-lobe and N-lobe. These two
lobes have distinct roles in the trans-autophosphorylation process: the C-lobe of one protein
acts as an activator, while the N-lobe of the binding partner acts as a receiver of activity.
This forms the basis of the so-called asymmetric dimer model [44] (Fig. 1.4, right), where
the allosteric activation mechanism alters the activation loop position, thus favouring the
open conformation of the receiver molecule’s kinase domain. Subsequently, the tyrosine
residues of the C-terminal tail of the “activator’ receptor - Y992, Y1045, Y1068, Y1086,
Y1148 and Y1173 among others, can get trans-phosphorylated. SH2- or PTB-containing
signal transducing proteins are then recruited to these phosphorylated tyrosines, further
propagating the signal in the cytoplasm [17]. One such protein is the E3-ligase Cbl, which
binds to pY 1045 and attaches a ubiquitin group at the kinase domain of EGFR, marking it
for degradation [45].

In absence of a ligand the transition between open and closed conformation is biased
towards the closed one by the auto-inhibitory mechanisms: the extracellular subdomain inter-
actions, the juxtamembrane domain position and the activation loop position, counteracting

the thermal conformational fluctuations of the molecule. However, despite the self-inhibition,
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aberrant EGFR activation has been reported at high receptor concentrations [46], suggesting
that there is an additional intermolecular ligand-independent activation mechanism. Recently,
it has been shown that the phosphorylation of the Y845 residue within the activation loop of
the kinase domain can enhance the activity of EGFR, shifting the conformational equilibrium
towards the open conformation state [47, 8]. This provides a mechanism for a non-canonical
activation of EGFR, where an unliganded molecule can obtain an active state and can also
propagate that state to other EGFR molecules via transient interactions and phosphorylation.
This non-linear self-amplification mechanism in effect constitutes the autocatalytic activation
of EGFR, initially observed in [48]. In summary, these mechanisms can be represented using
the simplified model shown in Fig. 1.5.
Ilgand'bound-mduced

- -
-

\

autocatalytl V' ’ autoanous ‘\

N

EGFR EGFR EGF-EGFRp EGF-EGFR

\_/‘ U

PTP

Figure 1.5 Diagram of EGFR activity regulation. State transitions between phosphory-
lated (p) and non-phosphorylated state are shown for the unliganded (EGFR) and liganded
(EGF-EGFR) receptor. Self-association causes unliganded EGFR phosphorylation with
different rates for autocatalytic, ligand-bound-induced and autonomous activation (green
dashed arrows, left to right respectively). The PTPs cause dephosphorylation of both species.

1.2.2 Regulation of spatial-temporal distribution of EGFR by vesicu-
lar trafficking

Upon ligand-binding, activation and signal initiation, EGFR molecules undergo internali-
sation into plasma membrane-derived vesicles that traffic through the cytoplasm (Fig. 1.6).
Typically this process starts by entry of activated EGFR molecules into Clathrin-coated
pits (CCPs), a selection process moderated by the effector Grb2 and Clathrin adaptor AP-2
[49-51]. The curvature-inducing CCPs then promote membrane invagination, scission and

internalisation into clathrin-coated vesicles (CCVs) of ~200 nm in diameter, constituting the
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so-called clathrin-mediated endocytosis (CME) mechanism. At high EGF concentrations
though, this mechanism is saturated and most of the receptors undergo clathrin-independent
endocytosis (CIE) [52]. Alternatively, internalisation can occur via large macropinocytic
structures - non-selective plasma membrane engulfments resulting from its EGF-induced
dynamic ruffling [49, 53].

Ubiquitination of EGFR by the E3-ligase c-Cbl is an important mechanism that con-
tributes to endocytosis [51]. Cbl binds to pY 1045 of EGFR directly or cooperatively with
Grb2 (which binds to pY 1068 or pY1086) [54] and tags the kinase domain of the receptor
with a small ubiquitin (Ub) molecule [55]. However, phosphotyrosine-binding recruitment of
Cbl to EGFR alone is not sufficient for successful ubiquitination, as it can only be achieved
through EGF-induced activation, possibly requiring stable EGFR dimers [8]. Hence, receptor
ubiquitination is a direct readout for receptor occupancy.

Following internalisation, EGFR-loaded vesicles use motor proteins and microtubules as
tracks to carry out long-range ATP-fuelled active endocytic transport towards the perinuclear
areas [56, Chapter 13]. There they fuse into the sorting, or early endosome (EE), which acts
as an intermediate endocytic hub from where the proteins are sorted and redistributed towards
the different cellular compartments [57, 58]. The EE is composed of regions of thin tubular
extensions and large vesicles [59], which have different sorting functions. Recycling proteins
primarily cluster within the extending tubular membranes that would eventually pinch off
[60], whereas the vesicular elements are usually involved in sorting to the degradative
pathway [61], typically using the ubiquitin interacting motif (UIM)-containing proteins
as a sorting unit that associates with ubiquitinated EGFR [62]. Thereupon, trafficking
coordination is carried out by the family of small Rab GTPases, which regulate fission
and fusion events of vesicles [63]. Re-routing of the sorted EGFR molecules from the
Rab5-positive EE towards the Rab11-positive recycling endosome (RE) leads to recycling
of the receptor to the PM. Early exit from the EE and recycling via Rab4-positive vesicles
is the faster alternative. Concurrently, the EEs undergo Rab5-Rab7 maturation into late
endosomes (LEs), further commit into multivesicular bodies (MVBs) and ultimately fuse
into the lysosome, progressively decreasing their intravesicular pH value in the process.
Non-recycled EGFR molecules that reach the MVBs and the lysosome are thus further
internalised into intraluminal vesicles and eventually degraded. The vesicular dynamics of
EGFR are summarised in Fig. 1.6.

Under which conditions the different trafficking routes of EGFR will be activated is an
important question. Upon activation with high EGF doses the receptor internalises through
CIE, while at low doses it does so through CME [52]. The sorting decision in the EE then
primarily depends on the state of the receptor. It was shown recently that unliganded EGFR
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Figure 1.6 EGFR vesicular trafficking. Phosphorylated receptors are internalised via CME
or CIM (PM, left and right respectively). Vesicular trafficking takes EGFR in the EE where
critical routing sorting decision is made depending on the receptor state. Ubiquitinated
ligand-bound receptors, typically in dimers, continue on the unidirectional route towards
lysosomal degradation, whereas the unliganded receptors exit the EE and are recycled back
to the PM via the RE-mediated- or fast-recycling route.

monomers recycle constantly in the absence of EGF through the RE in the perinuclear areas.
There the abundance of PTP1B is high [64] and it dephosphorylates EGFR, safeguarding
the system against spontaneous activation of EGFR [8]. However, once ubiquitinated EGFR
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undertakes unidirectional trafficking towards lysosomal degradation, where it also interacts
with PTP1B. Therefore, ubiquitination, being a readout for receptor occupancy, acts as
a sorting cue which determines the fate of the receptor [8]. This indicates that vesicular
dynamics plays an important role in determining the response of EGFR to growth factors, a
feature that is also present in other RTKs [65].

Endocytic regulation of EGFR sensing and signalling is carried out on many levels. On
the most obvious level, it attenuates PM signalling by internalising the ligand-bound receptors.
However, EGFR can still potentially signal from the endosomes [66], so delivering more
active molecules there will increase endosomal EGFR signalling [67, 68]. Depending on the
local network of interaction partners, the strength and directionality of this signalling activity
may defer from the ones at the PM. While MAPK activation persists from the endosomal
compartments via scaffold proteins [69-72], Akt activation requires PI1(3,4,5)P3-enriched
membrane domains which are only present at the PM [73]. Unsurprisingly, alterations in
endocytotic distribution of EGFR is a frequent regulation evasion mechanism in cancer cells
[74]. Therefore any spatial redistribution of EGFR will likely have an effect on its signalling
outcome, and thus the study of phosphorylation regulation of EGFR must be in conjunction

with its vesicular dynamics.

1.3 Protein tyrosine phosphatases

RTKSs are positive regulators of their own signalling (Fig. 1.2). Using their kinase activity,
EGFR molecules can phosphorylate other such receptors, thereby *writing’ information about
the presence of a growth factor in the surrounding [75]. Thus, the PTPs have been viewed
as simple ’erasers’, dephosphorylating the tyrosines that were previously phosphorylated
by EGFR. While the nature of the kinase activity itself allows for more complex non-linear
dynamics, the negative regulation from the PTPs appears simply linear. However, causal
coupling of a PTP with EGFR can generate a non-trivial interaction motif with complex

response dynamics [76-80].

1.3.1 Signalling attenuation by the classical PTPs

The family of PTPs include member proteins with diverse localisations and activities [81].
They are divided into classical phosphotyrosine-specific PTPs and dual specificity phos-
phatases (DSPs). There are 37 known classical PTPs in the human genome [82], that can be

further categorises according to their localisation motifs (See Fig. 1.7).
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The transmembrane receptor-like PTPs (RPTPs) are PM localised and act primarily on
the proteins sharing the same localisation domain. Their extracellular domains can display
ligand recognition features, providing the potential for external regulation. These mostly
include cell-cell and cell-matrix contact mediated mechanisms. On the intracellular region
many of the RPTPs contain two tandem PTP catalytic domains - D1 (PM proximal) and D2.
However, the D2 domain is typically a pseudo-PTP domain (with the exception of PTPRA),
which possesses a proper PTP domain assembly but lacks activity. Nevertheless, they still
play an important role for the stability and specific activity of the RPTP [83], as well as
for promoting/demoting homo-dimerisation [84], by having higher/lower binding affinities
between D1-D2 cis- and D2-D2 trans-interactions [85]. See Fig. 1.7 for more details.

The cytoplasmic PTPs on the other hand typically contain only one PTP domain. The
cytosolic ones have non-catalytic sequences with which they can interact with their substrates,
such as the SH2 domains of PTPN6 (SHP1) and PTPN11 (SHP2). Further, regulation
is imposed by trans-interactions with some of these domains, as they can interact in cis
and induce auto-inhibitory conformation by blocking the access of the PTP domain [86].
Localisation sequences are present on some of the cytoplasmic PTPs, targeting them to
specific compartments in order to interact locally with their substrate partner. PTPN1
(PTP1B) and PTPN2 (TCPTP) are ER-bound PTPs and they interact with RTKs on the
cytoplasmic face of the contact sides with the RTK rich vesicles [87, 88]. Sec14 domain-
containing PTPN9 (MEG2) localises in the perinuclear area, bound to granules or secretory
vesicles [89]. FERM domain-containing PTPN14 (PTPD1) and PTPN21 (PTPD2) have been
shown to localise at actin cytoskeleton and adhesion sites at the PM to affect EGFR activity
[90-92], as well as at endosomal sites [93].

The PTPs play important role in suppressing aberrant RTK signalling. Reports show that
in several solid tumors there is a reduced expression in some of the RPTPs: PTPRG, PTPRJ,
PTPRD, and PTPRK [94]. PTPRG and PTPRIJ also exhibit cancer growth suppressive
potential [95, 96] and are considered established tumour suppressors amongst the classical
PTPs. The cytosolic PTPN11 (SHP2) is also one of the most studied PTPs whose mutations
have shown implications in human disease [97, 98].

All of the PTPs share a common catalytic mechanism [99], shown in Fig. 1.8. Itis a
two-step process based on a nucleophilic cysteine (Cys —S ) with a low pKa within the PTP
domain. In the first step, the cysteine executes a nucleophilic attack on the phosphorus atom
in the phosphotyrosine residue of the bound substrate. As the ester bond is cleaved, a well
positioned catalytic aspartate donates its proton to the oxygen in the leaving group of the

substrate, thereby completing its reversion to its non-phosphorylated state. In the second
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Figure 1.7 The family of classical PTPs. The classical protein tyrosine phosphatases (PTPs)
are mainly categorised as receptor-like or non-transmembrane phosphatases. The distinct
domains of the PTPs are presented in the inset, which determine the sub-classification based
on sequence similarity. The nomenclature displays the protein names of the PTPs, commonly
used in the literature, whereas the gene symbol is additionally included in parentheses.
Reprinted from [81] with permission. Copyright © 2006, Springer Nature.

reaction, the cysteine-phosphate intermediate is hydrolysed by a water molecule, yielding

the restored enzyme and inorganic phosphate.
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Figure 1.8 The catalytic mechanism of the PTP domain. The phosphorylated substrate
is exposed to a nucleophilic attack by the active cysteine of the PTP domain, creating a
phosphoenzyme intermediate. Hydrolysis then releases the phosphate group and reverses the
active cysteine to its initial state.



14 Introduction

1.3.2 PTP regulation by reversible oxidation

The low pKa of the active cysteine is crucial for the catalytic activity, therefore a very benefi-
cial property [99]. It is achieved via many factors, mainly arising from the microenvironment
of the cysteine residue [100]. However, this makes the PTPs more sensitive to oxidation
by the reactive oxygen species - O,-derived species that include superoxide anion (O ),
hydroxyl radical (HO-) and the prominent hydrogen peroxide (H,O;) [101]. H,O, possesses
high reactivity towards cysteine residues in general, targeting the thiol group (Cys-SH) for
oxidation to sulfenic acid (Cys-SOH). Cysteines with pKa values lower than the physiological
pH are the ones susceptible to this attack, as their —SH group becomes thiolated (to thiolate
anion —S ) [102]. Modification to sulfenic acid has major effects on the reactivity of the
PTP, basically rendering it catalytically inactive. Secondary redox reactions occur to put the
cysteine in a state from which it can revert back to the active one, mediated by the reducing
agents [103]. These reactions also prevent irreversible overoxidation to sulfinic (=SO,H)
or sulfonic acid (=SO3H), which typically occur only upon oxidative stress. These state

transitions, summarised in Fig. 1.9, constitute the redox-based regulation of the PTPs.

SOH
S S H202
H202 - - - P
SO2H SO3H

H202

Figure 1.9 Redox regulation of the PTPs. Thiolate anion (-S°) of the active cysteine is
susceptible to oxidation by H,O,, forming a sulfenic acid (-SOH). Intra- or intermolecular
disulfide is formed in a secondary reaction, that can transition back to the initial state,
mediated by the reducing agents. Irreversible oxidation to sulfinic (-SO,H) or sulfonic acid
(-SO3H) occur at a critically high H,O, levels.

PTP inhibition by H,O;-induced oxidation is well studied in the literature. The widely

used PTP inhibitor pervanadate, that is typically used as tyrosine phosphorylation enhancer,
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carries out its function by irreversibly oxidising the PTPs [104]. PTPN1 (PTP1B) undergoes
reversible oxidation in cells treated with insulin or EGF [105, 106], PTPN2 (TCPTP) similarly
is oxidised with insulin [107], whereas PTPN11 (SHP2) is oxidised upon PDGF or EGF
treatment [ 108, 109]. PTPRA on the other hand forms homodimers upon oxidation, as the
oxidised D2 domains form a bridge [84, 110].

The RTKSs exhibit their redox regulation via H, O, production, mediated by the family
of NADPH oxidase (NOX) complexes [111, 112]. The PM-localised NOX2 complex is the
most studied isoform and is expressed in many cell types, showing high accumulation in
protrusions and membrane ruffles [113]. Hydrogen peroxide is produced extracellularly by
NOX?2 and then transported inside by diffusion or via aquaporins (see Fig. 1.10). The mutual
inhibition with the abundant peroxiredoxins then generates confined concentration of H,O;
near the PM [114]. Formation and activation of the complex is enhanced by PI3K-induced
PI1(3,4,5)P; formation and Racl activation [115]. EGFR, among other RTKs, can activate
PI3K, thereby inducing H, O, production near the PM [111, 116].

RTK
ligand

sulphonic acid

S SOH SO,H inactive
A\ I I f idat
idati idati oxidation

downstream 'mlolate_ anion sulphenl_c acid sulphlnlg acid
active inactive inactive

signalling v
\\ reducing agent
ex.GSH | thiol/disulfide

Figure 1.10 NOX-mediated ROS production and PTP inhibition. RTK-induced PI3K
activation leads to formation of the NADPH-OX (NOX) complex at the plasma membrane,
mediated by Rac and PIP3. Extracellularly-produced H,O, then enters the cytosol through
the membrane to induce oxidation on the PTPs. Reprinted from [111]. CC BY 2.0.

1.3.3 PTP interactions with EGFR

Recursive interactions generate plasticity in EGFR response

Regulation of the PTP activity potentiates causal recursive EGFR-PTP coupling. The

resulting interaction motif can generate non-trivial dynamical solutions, shaping the EGFR
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activity in a more elaborate way than previously envisaged [76—79]. While the autocatalytic
EGFR activation gives rise to a one-component positive feedback motif, the EGFR induced
H,0, production negatively regulates the interacting PTP, effectively creating a double-
negative feedback motif [76]. This motif, also termed a toggle switch [80], can put the
system in a bistable regime, where a discontinuous switch from low to high EGFR activity
response can occur upon a certain input EGF threshold [76]. The switch effectively translates
to a lateral phosphorylation propagation [77], where receptor activity is spread in a cascade
fashion along the PM as a result of the autocatalytic activation mechanism [48].

Identification of major EGFR dephosphorylating activities

To identify which PTPs dephosphorylate EGFR, large scale studies have been performed in
the literature. Based on enzymatic assays of purified PTPs, PTPN1/2/9 and PTPRA/B/C/E/G/J/O
were identified as EGFR phosphatases [117]. In [118] a membrane two-hybrid assay was
employed, and PTPN6/11/12, as well as PTPRA/B/E/G/H/K/S/T/U/Z were identified. Bio-
chemical assays on cell extracts after siRNA knockdown found PTPRJ and PTPRK as PTPs
that dephosphorylate EGFR [119], as well as PTPN1 [120], PTPN2 [121] and PTPNO9 [122].
However, a more elaborate study that looks into the precise role of the PTPs in governing the
phosphorylation dynamics of EGFR, which determines the strongest regulators in that sense,
has not been conducted.

Previous work in the lab [123] addressed which of the PTPs associate directly with
EGFR and strongly and negatively regulate its activity. Five major non-redundant PTPs
that dephosphorylate EGFR were identified using cell array fluorescence lifetime imaging
microscopy (CA-FLIM) screening [124] of 55 PTPs in combination with quantifiable opposed
cDNA/siRNA genetic perturbations: the PM localised PTPRG, PTPRA and PTPRIJ, the
dual-specificity phosphatase DUSP3, as well as the ER associated PTPN2 (see Fig. 1.11,
top left corner). In the subsequent analysis DUSP3 showed only weak and PTPRA showed
modest temporal regulation [123], leaving three PTPs, localised on distinct membranes, as
the major EGFR dephosphorylating activities.

Spatial temporal interactions

While the PM-localised RPTPs interact with EGFR in its principal location, the ER-bound
PTPs interact with EGFR upon contact with EGFR-rich vesicles, following internalisation of
EGFR (Fig. 1.12). Therefore, EGF-induced trafficking couples EGFR with these PTPs at
distinct spatial as well as temporal points, imposing different functional PTP roles. Thus,
EGFR’s temporal phosphorylation dynamics is shaped by the spatially distributed EGFR-PTP

interactions, showing how space and time are intertwined to determine sensing.
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Figure 1.11 In situ EGFR phosphatome identification. Scatter plot of median EGFR
phosphorylation fold-changes (ag = Qprp/0,) upon opposed siRNA-knock-down and
ectopic PTPx-mCitrine perturbations, at 5 min after 200 ng/mL EGF stimulation. Significant
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Marker size is scaled to relative PTPx-mRNA expression in MCF7 cells (legend: bottom
inset). Reprinted from [123]. CC BY 4.0.
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Figure 1.12 Spatially distributed EGFR-PTP interactions. Left: PTPs with different
spatial localisations interact with EGFR on its characteristic vesicular trafficking routes.

Right: Example images of PTPs with different localisations - RPTP (PTPRG) and ER-bound
PTP (PTPN2).

However, it is not clear how these major PTPs interact with EGFR, how do they causally
couple with each other, and how EGFR’s sensing and responsiveness to growth factors is
shaped as a result.
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1.4 Dynamical solutions of underlying interaction motifs

guide the cellular responses

Identification and understanding of associational/causal relationships and their unique mech-
anistic properties can be obtained by studying molecular interactions in cells. However, this
is very often not sufficient to understand their biological function, thus one needs to study
these interactions within the larger scope of their functioning, i.e. the systems in which they
are embedded. While the systems are optimised towards performing certain functions [125],
the “optimisation’ process itself imposes constrains on the possible solutions, hence their
connections are far from random. Very often optimising certain signalling processes leads to
requirements for similar functional forms, therefore successful evolutionary solutions are
recurrent, in many different contexts [126]. This leads to ubiquitous presence of several
unique network motifs in biological systems, whose forms can be more easily identified and
used to study the organisational principles. To do so, we naturally turn to study how EGFR
interacts with the three major PTPs and how the resulting dynamical behaviour governs
EGFR sensing and responsiveness to EGF.

1.4.1 Geometrical representation of a dynamical system

While studying a given biological process it is important to define the representational
form of the quantities whose change we are interested in analysing. This is typically a
vector of quantities comprehensively representing the current state of the system. As EGFR
response dynamics is determined by the activity regulation between EGFR and a given
PTP, we represent out network state as a combination of [EGFR,,PTF,], hence a two-
dimensional vector of variables: EGFR,, - the amount of phosphorylated (or active) EGFR
molecules and PT P, - the amount of active PTP molecules. The dynamical system defined

by the interactions between these two molecules then describes the co-evolution of the two

variables:
dEGFRp
v = f(EGFRp,PTPa)
(1.1)
dPTP,
I = g(EGFRp,PTPa)

f and g describe the reaction kinetics (with the law of mass action) that are defined by the
interaction motif itself (such as the one in Fig. 1.5). The state transition cycles between active
and inactive state are modelled for each component, meaning there are two readouts, one

for each activity state. However, we assume that on the time scale of the signalling process
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there is a mass conservation, i.e. the total protein concentrations are constant. This renders
the two activity states dependent, allowing us to reduce the dimensionality of the system by
half. Therefore, we are only modelling the active states of the components (Eq. (1.1)). Even
more, we can model them as fractions of the total protein concentrations, thus normalising
their range in the [0,1] interval. Besides the variables, the system parameters appear in the
equations for f and g. These are typically the reaction rate constants, protein concentrations
and possibly input parameters (such as growth factor concentration).

In absence of any prior knowledge it could be assumed that [EGFR,,, PTF,] can acquire
any possible combination, and all of these combinations define what is called the state space
(or phase space, phase portrait), i.e. the multidimensional space enclosing all of the possible
system states (Fig. 1.13, left). The tendencies (flow vectors) from each of the points in the
state space, defined by the system in Eq. (1.1), constitute the so-called vector field. Given
a starting point (initial condition/state) the dynamical system proceeds by following the
vectors in the vector field, which will generate a trajectory in state space (Fig. 1.13, left, green
line). However, all of the trajectories in the system starting from these different initial states
typically converge to a small number of fixed points that define the stable configurations
of the system. These are called stable steady states, or fixed point attractors, as they attract
the neighbouring trajectories from every direction. Unlike them, the unstable steady states
repel trajectories in at least one direction, hence are responsible for separating the state space
into regions of different tendencies, called basins of attraction. In Fig. 1.13, left, there is one
stable steady state, hence the complete state space is its basin of attraction.

In mathematical terms, a steady state [ EGF R;,PTP;] is defined as the state in which

the system shows no change, i.e.

dEGFR, . .
— = f(EGFR,,PTP) =0
dPTP* 42
i © = ¢(EGFR,,PTP,)=0

The relationship between EGFR,, and PT P, defined by setting of the derivative in the
first equation to zero, f(EGFR,,PTP,) = 0, is called the EGFR,-nullcline and it encloses
all of the points in the state space where the change along the direction of the EGFR,, axis
is zero, i.e. the vector is aligned straight horizontally in the points on the nullcline. The
PT P,-nullcline is analogously defined. One way to think about a nullcline is by substituting
its implicit form f(EGFR,,PTP,) = 0 with the explicit form, assuming we can find one:
EGFR, = F(PTP,). This imposes a parametric view of the variable on the x-axis, namely
PTP,. Thus the nullcline is defined by the steady state values of EGF R, when PTF, is treated
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as a parameter and varied from O to 1, i.e. when bifurcation analysis is performed using
PTP, as a bifurcation parameter. Analogous dependency EGFR,, = G(PTP,), is established
for the other nullcline. The intersections between the two nullclines then determine the fixed
points in the system.

Exemplary state space with its vector field, nullclines and steady states is presented in
Fig. 1.13, left, for a simple EGFR-PTP motif, as shown in Fig. 1.5. A trajectory through state
space translates into a trajectory in time (Fig. 1.13, right), representing the response of the
system. In this case, it exhibits a transient phase initially and it converges to the steady state
level. Although more complex attractors exist in nature, such as limit cycles (oscillations),
strange attractors (chaos), the dynamics in our studied systems are mostly captured by point

attractors (fixed points).
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Figure 1.13 State space representation of a simple EGFRp-PTPa system. Left: State
space with its vector field for the system shown in Fig. 1.5. Nullclines are depicted with black
lines. Sample trajectory is shown in green. Right: The state space trajectory is translated into
a temporal profile. The input fraction of ligand-bound EGFR is shown in grey.

Stable solutions are in many cases the most robust approach for achieving reliable and
reproducible outcomes under various conditions. While the trajectories in state space generate
the outcome, the fixed points in the system shape the state space geometry, defining the
trajectory manifolds. Therefore in this thesis the system will be characterised by studying its

convergence manifolds.
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Rate balance plots to graphically examine stability

Generally, each of the equations f and g can be studied by splitting it into two parts: the
forward reaction rate and backward reaction rate. This effectively groups the terms in the
equation that activate or deactivate the component. Very often this step requires a quasi
steady state assumption for all of the variables, except for the studied one. The rate balance

plot then shows the dependence of both rates of change on the actual variable (Fig. 1.14).
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Figure 1.14 EGFRp rate balance plot. The forward and backward reaction rates are shown,

which intersect in a single steady state (EGFRp*, dashed line). The sign of the difference
between the rates left and right of the steady state is denoted, determining the system
tendency.

The intersections give the balance points in the rates, i.e. the values for which there is no
net change, hence the steady states of the system (EGFRp*). To asses steady state stability
one has to observe the system tendency left and right of the steady state. In the example in
Fig. 1.14 the forward rate is greater than the backward rate when EGFR’s value is lower than
the steady state value, thus higher activation will ensue, increasing the EGFRp value as a
result. On the other side of the steady state the opposite is true, thus the EGFRp value will
approach the steady state from both sides, indicating that it is a stable fixed point attractor.

EGFRp* corresponds to the stable steady state value in Fig. 1.13.
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Systematic study of dynamical systems using bifurcation analysis

Change of the parameters in the system has an effect on the shape of one or more of the
nullclines, as they are included in the model functions, e.g. functions f and g in Eq. (1.2).
Modification of the shape of the nullclines can then result in a change of the intersection
points, either quantitatively - by altering the position(s) of intersection in the state space,
or qualitatively - by increasing/decreasing the number of intersection points. The former
modification alters the steady state values, while the latter changes the number of steady state

solutions in the system.
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Figure 1.15 Bifurcation diagram showing dependence of EGFRp on EGF-EGFR. The
green profile shows the quantitative change of the steady state value of EGFRp with modula-
tion from O to 1 of the EGF-EGFR input.

Observing the quantitative and qualitative changes of the system when gradually mod-
ulating one or more of the parameters is called bifurcation analysis (origin from the Latin
bifurcatus (‘two-forked’) - to divide or fork into two branches). The system’s steady states
are readout through one of its components, thus practically a projection, or dimensionality
reduction of the fixed points in state space to the selected variable axis is observed on the
y-axis of the bifurcation diagram, for every value of the parameter (Fig. 1.15). The modulated
parameter on the x-axis is termed bifurcation parameter. Bifurcation point is thus defined as
the parameter value on the x-axis at which a sudden qualitative change occurs in the system
behaviour, i.e. a topological change in the state space due to modification of the nullclines,
as described above. Different bifurcation types can be found, such as pitch-fork bifurcation

and saddle-node bifurcation - where the system transitions from one to three fixed points or
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vice versa, Hopf bifurcation and period doubling - where appearance and change in limit
cycles occur, and many more.

Understanding of the bifurcation properties, or the topological changes, provides knowl-
edge of the achievable dynamical solutions, hence of how can the system potentially behave.
Therefore, studying the model parameters, or the factors that affect the system, through
bifurcation analysis gives unique insight into the different operational regimes, allowing to
infer in which of them the system is positioned, and to predict and hypothesise potential
behaviours from there. An example for the EGFR-PTP system from Fig. 1.5 is shown in
Fig. 1.15 where steady state values of EGFRp are examined in dependence of the input
parameter EGF-EGFR. The steady state levels of EGFRp increase and reach maximum for

~30% receptor occupancy before decreasing to zero.

1.4.2 Identifying network motifs by probing their dynamical features

To understand the dynamical properties of the system, it is necessary to identify the underlying
interaction network of proteins. This knowledge allows to further investigate the system
properties by studying the network features under different conditions. Various network
reconstruction methods have been employed in the literature to uncover the potential causal
relations. Modular response analysis (MRA) is typically used when a relatively small network
is studied and all of the components activities can be measured upon perturbation on each of
the components individually [127].

On the other hand, network inference from temporal data has also been employed for
large-scale networks. Typical experimental data consists of complete system observations
at discrete time points after stimulation. Association matrix between all nodes is then
constructed by thresholding the pairwise similarities from the observed data [128]. Causality
can be inferred by taking into account of the pairwise time delays between the responses.

Reconstruction from single cell multivariate data takes advantage of the multidimensional
distribution of the data and the cell-to-cell variance to estimate the dependencies between the
variables. This is done using a directed probabilistic graphical model (Bayesian network)
of relationships whose network structure is iteratively improved given a scoring function
[129, 130].

In this thesis we are interested in how the response properties of EGFR arise from EGFR-
PTP network motifs. However, only EGFRp can be observed experimentally and we cannot
apply any of the previously described methods. Given our assumptions about the possible
interactions, we can limit the number of networks that can emerge as potential candidates.
The network that reflects the underlying dynamical signature can be then inspected and

distinguished from the other candidate networks. Therefore, we probe the interaction network
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itself via perturbing its model parameters and observing the activity of EGFR. Similar to
a bifurcation analysis, studying the dynamical properties of the system in presence of a
controlled parameter change provides a unique perspective on the functioning of the network:
how is the response shaped by affecting the steady state solutions. While the biochemical
constants are not straight-forward for experimental manipulation and the protein abundances
need more complicated approach to control, the input EGF stimulus in the system is a highly
controllable parameter that changes the response of the system. Therefore, this parameter
will be probed experimentally and the dynamical properties will be studied theoretically.

1.5 Fluorescence microscopy for observing spatial tempo-

ral EGFR phosphorylation dynamics

Fluorescence microscopy is essential tool for observing and studying dynamical processes
in living cells. Live single-cell imaging combines traditional imaging techniques with time-
lapse microscopy to provide unique insight into the functioning of signalling networks. It
is an important advancement in systems biology that can uncover dynamical details that
might be obscured if average behaviour in a population of cells is observed. As living
cells are translucent, typical approaches use expressed fluorescently-tagged proteins that are
visible under a light microscope. Combined with live cell imaging techniques they provide
quantifiable dynamics in space and time.

To maximise information extraction and establish recursive interaction between the
computational modelling and the experimental design, it is necessary to grasp the principles
of single cell imaging and optimise the work flow.

1.5.1 Photo-physical properties of fluorescence

In order for a protein to be visible under a microscope it must emit a light, or photons with
specific wavelength. A fluorescent protein emits photons from its electrons, when they
relax from an excited singlet state to the ground state. The electrons get to the excited state
in the first place by absorbing photons from a light source with a higher frequency. This
process is illustrated with a Jablonski diagram [131], shown in Fig. 1.16a. Electrons normally
reside in the lowest energy state, indicated by Sy. Photon with corresponding energy may be
absorbed by the protein, causing an electron to transition to one of excited states (S or S,
in Fig. 1.16a, blue line). The photon energy needs to correspond to the energy difference
between the ground and the excited state in order to be absorbed. The electron excitation is a

very fast process, on the order of 10" seconds. From the initial excited state the electron
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loses its energy through the sub-levels to the lowest sub-level of the first excited state S;
due to vibration. This non-radiative process, called internal conversion, is on the order of
10™'% seconds (black wavy lines, Fig. 1.16a). Fluorescent emission then takes place as the
electron falls to one of the sub-levels of the ground state Sy. The energy of the emitted
photon corresponds to the energy difference of the transition levels, and is thus lower than
the energy of the initially absorbed photon. This process is on a time scale of nanoseconds
(10'9—10_8 seconds) after the initial photon absorption. The difference between the energy
levels, i.e. wavelengths, of the absorbed and the emitted photons is called Stokes’ shift,
shown in Fig. 1.16b for the green fluorescent protein (GFP). There, the normalised spectrum
depicts the probability that a photon with a specific wavelength will be absorbed (blue) or
emitted (green). In this manner, the process of fluorescence converts light of one wavelength
to another.

1.5.2 High-resolution confocal microscopy for observing fluorescently-

tagged proteins in cells

The first step of the experimental design is deciding which fluorescent proteins and reporters
are going to be introduced in the cells. The absorption and emission wavelengths of the
fluorescent proteins restricts the system in the number of molecules that can be used simulta-
neously. The spectral overlap and skewed spectral distributions typically lead to unwanted
photo-activation and photo-detection, or bleed-through from a neighbouring channel to the
channel of interest. Therefore, careful selection of laser lines for activation and filters for
selected detection are crucial for optimising imaging.

Multichannel time-lapse microscopy allows for image acquisition with suitable frequency
over longer periods of time. The frequency of imaging is coupled to the rate of change of the
signalling process, as it should provide enough temporal sampling of the process to capture
its behavioural details. High spatial detail can be obtained by using a confocal laser scanning
microscope, a point illumination system with a pinhole for focusing of the laser light to a
relatively thin focal plane of interest, i.e. a slice of the cell at a given height (Fig. 1.16c¢).
Another pinhole is used in an optically conjugate plane in front of the detector to eliminate
fluorescent signal that comes from a source that is out of focus. Higher intensity and longer
exposure are then used in addition to improve the signal-to-noise ratio and thus detection
of lower levels of signalling quantities. However, there exists a trade-off between a good
temporal signal and the health of the imaged cells and fluorescent proteins. High intensity

and light exposure over longer periods of time lead to phototoxicity of the cells, while very
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Figure 1.16 Principles of fluorescent microscopy. a) Jablonski diagram showing the ex-
citation of an electron to a higher energy state (blue), internal conversion via vibrational
relaxation to the lowest S; sub-level (black wavy lines) and fluorescent emission (green).
b) Absorption (blue) and emission (green) spectrum of GFP. ¢) Diagram of a confocal
microscope. Blue illumination light, filtered and then reflected using a dichroic mirror, is
focused with a pinhole to a focal plane in the sample. The fluorescence emission signal is
then transmitted through the dichroic mirror and filtered for wavelength and out-of-focus
signal to the detector.

high frequency and intensity imaging lead to permanent photobleaching of the fluorophore,
thus decrease of the signal.

Following the live cell imaging, tracking of the cells in time and image segmentation
for extracting spatial data generate a single-cell spatial temporal data. Finally, the spatial
temporal data can be used for information extraction by computational modelling and analysis
of time series data. The results will guide the subsequent experimental designs and help pose
and probe hypotheses for the signalling system in question.
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1.6 Objectives

The main objective of this thesis is to reveal how EGFR can sense and respond to time-
varying EGF signals. To understand the EGFR phosphorylation response we have to uncover
the underlying principles of operation of the EGFR-PTP network. We set out to do this by
identifying the network structure by experimentally probing the interaction motifs between
EGFR and each of the PTPs of relevance - the PM-localised PTPRG/J/A and the ER-bound
PTPN2. Using dynamical systems theory we then decipher the different levels of regulation
and operation of the network. The unique properties of this spatially distributed EGFR-PTP
system then give rise to the effective EGFR response, allowing the system to settle in a
regime where it can process multiple subsequent GF stimuli. This provides understanding on
multiple levels, from the dynamical properties of the network to its function as a whole, in
this case the growth factor sensing capabilities of the cell. Finally, we probe the hypothesised

cellular response experimentally to outline the functioning of the system.






Materials and Methods

2.1 Mammalian cell culture

MCF7 cells (ECACC, Cat. No. 86012803) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (PAN Biotech), supplemented with 10% heat-inactivated fetal bovine
serum (FBS) (PAN Biotech), 10 mM glutamine (PAN Biotech) and 1% Non-Essential Amino
Acids (PAN Biotech) at 37 °C with 5% CO2. The MCF7 cell line was authenticated by Short
Tandem Repeat (STR) analysis (Leibniz-Institut DSMZ). Cells were regularly tested for
mycoplasma contamination using MycoAlert Mycoplasma detection kit (Lonza).

2.2 Seeding

The cells were grown in culture until ~90% confluence, after which they were detached and
seeded in new tissue culture flasks. The growth media was discarded, cells were washed once
with PBS and Trypsin-EDTA was added for detachment. After 5-10 min incubation at 37 °C,
fresh growth media, containing 10% FBS, was added to the cells and the cell density and
viability was measured using a cell counter. Finally, the cells were seeded with the desired
concentration in new tissue culture flasks or plates for experiments.

~2 % 10" MCF7 cells were seeded per well in an 8-well Lab-Tek chamber (Nunc) for the
dose-response experiments and sustained EGF (S-EGF) live cell experiments. For the pulsed
EGF (5P-EGF) stimulation experiments and for the multi-pulse experiments ~1 X 10° MCF7
cells/well were seeded in a 6-well dish. Additionally, for the SP-EGF experiment glass cover
slides were placed in the wells on which the cells were then seeded, for subsequent use with
a flow-through chamber.

For the siRNA multi-pulse experiments, following the siRNA and cDNA transfection,
the cells were transferred to the CellASIC ONIX microfluidic switching plate (M04S-03,

Millipore) in complete growth media for at least 3 h prior to serum starvation. The cells were
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incubated with Accutase for ~15 min for gentler detachment, after which they were spun
down and concentrated to 5 million cells/mL, as per the instructions manual. Finally, the
cells were loaded and perfused using the CellASIC ONIX Microfluidic Platform (Millipore).

2.3 Transfection

Transfection was performed 24 h after seeding with a total of 0.22 ug (for 8-well Lab-Teks) or
1 ug (6-well dishes) of cDNA using FUGENES6 (Roche Diagnostics) transfection reagent. For
the dose response experiments, expression plasmids were used of EGFR-mTFP (or EGFR-
mCitrine where applicable), PTB-mCherry, TagBFP and either an empty pcDNA3.1 vector for
the control case, Rabl 152N _mTFP for the recycling inhibition or PTPx-mCitrine, for PTPx €
PTPRG, PTPRJ, PTPRA, PTPN2. For the trafficking and multi-pulse experiments, expression
plasmids were used of EGFR-mCitrine, PTB-mCherry and cCbl-BFP and Rabl 152N mTFP
where applicable. In experiments requiring siRNA transfection, the cells were transfected 6 h
before cDNA transfection with DharmaFECT1 (Dharmacon) according to the manufacturer’s
instructions. Following cDNA transfection, the cells were incubated overnight.

2.4 EGF stimulation

In-house fluorescently mono-labelled EGF-Alexa647 was used in the experiment to observe
its association with EGFR. The His-CBD-Intein-(Cys)-hEGF-(Cys) plasmid [132] was kindly
provided by Prof. Luc Brunsveld, University of Technology, Eindhoven. Human EGF was
purified from E. coli BL21 (DE3) and N-terminally labelled with Alexa647-maleimide as
described previously [132] and stored in PBS at —20 °C.

Following transfection on the previous day, the cells were serum starved with supple-
mented DMEM with 0.5% FCS for at least 6 h before EGF stimulation.

For the dose response experiment, incremental doses of EGF-Alexa647 were administered
in the working 8-well, to attain doubling concentrations ranging from 2.5 ng/uL to 640 ng/uL
(0.64-87.67nM), chosen to sample multiple data points in the early sensitive ligand-bound
EGFR fraction range. Starting from an initial volume of 100 uL for O ng/mL of EGF-
Alexa647, volumes of 30 uLL were administered per each dose at 1.5 min time interval to reach
a final volume of 370 uL with 640 ng/mL of EGF-Alexa647 in the well. The time interval
was chosen to allow steady state convergence of the ligand-binding and phosphorylation
processes, while minimising the total duration of the experiment.

A temperature-controlled in-house-developed [133] flow-through chamber was used to
administer a 5 min pulsed 200 ng/mL EGF-Alexa647 stimulus (5P-EGF) with the aid of
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a neMESYS low-pressure syringe pump (Cetoni GmbH). Media were exchanged with a
constant flow rate of 3 uL./s to avoid cell detachment, while a constant flow with a low rate
of 1 uL/s was maintained for the rest of the experiment.

The author thanks Dr. Jan Hiibinger for helping in setting up the EGF-pulse instrumenta-
tion.

For the multi-pulse experiments with siRNA, the cells were seeded and starved in
a CellASIC ONIX microfluidic switching plate (M04S-03, Millipore). An EGF pulse-
washout program consisting of a 5 min pulse of EGF-Alexa647 (20 ng/mL) followed by
continual perfusion with serum-free media for 25 min was delivered using the CellASIC
ONIX Microfluidic Platform (Millipore). This step was performed per pulse, four times in
total.

2.5 H,0, production inhibition

For a subset of the dose response experiments H, O, production was inhibited using Diphenyleneiodo-
nium (DPI), that blocks formation of the NOX complex at the PM. The cells were incubated
with 10 uM of DPI for 30 min prior to stimulation and imaging.

2.6 Confocal microscopy

Confocal images were recorded using a Leica TCS SP8 confocal microscope (Leica Mi-
crosystems). The microscope was equipped with an environment-controlled chamber (Life
Imaging Services) maintained at 37 °C, an HC PL APO 63x/1.4NA CS2 oil objective and an
HC PL APO 63x/1.2NA motCORR CS2 water objective (Leica Microsystems). mCitrine,
mCherry and Alexa647 were excited with a 470—670 nm range white light laser (white light
laser Kit WLL2, NKT Photonics) at 514 nm, 561 nm and 633 nm, respectively. mTFP was
excited by the 458 nm Argon laser line, while BFP was excited with a 405 nm diode laser.
Detection of fluorescence emission was restricted with an Acousto-Optical Beam Splitter
(AOBS): BFP (425-448 nm), mTFP (470-500 nm), mCitrine (525-551 nm), mCherry (580-
620 nm) and Alexa647 (655-720 nm). Notch filters 458/514 and 488/561/633 were used to
suppress laser reflection where applicable. When the oil objective was used, the pinhole was
set to 3.14 airy units and 12-bit images of 512 X 512 pixels were acquired in frame sequential
mode with 2Xxframe averaging. The water objective was used for live cell EGFR trafficking
experiments and the pinhole was adjusted (ranging from 3.44 to 2.27 airy units) for each

separate channel to maintain optical sectioning fixed to 2.5 um.
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2.7 Imaging dose response experiments

Confocal laser scanning microscopy of live MCF7 cells was done on a Leica SP8 confocal
microscope as described previously (section 2.6). EGF-Alexa647 doses were administered at
1.5 min time interval directly after image acquisition of the cell incubated with the previous
dose. For NOX inhibition, cells were incubated with 10 uM DPI for 30 min prior to stimula-
tion. The fluorescence of expressed TagBFP was used to identify the cytoplasmic region of
the cell using Otsu’s thresholding method [134] (scikit-image, scikit-image.org). The plasma
membrane region of a cell in each time point was calculated by subtracting the cytoplasmic
region from the cellular image mask. PTB—mCherry translocation to (pY 1086, pY1148)
PM-bound EGFR-mTFP(mCitrine) for a given EGF-Alexa647 dose d € D was quantified as:

[PTBpy]/[PTB]r (d)
[EGFRpy]/[EGFR]r

where PT Bpy; is the PTB-mCherry translocated to the plasma membrane, whereas PT By

PTB-EGFR(d) =

is the total PTB-mCherry in the cell. The fraction of phosphorylated receptor was then
calculated by normalising this value between the initial (unstimulated) and maximal value of

the series

PTB-EGFR(d) — PTB-EGFR(0)
max;ep PTB-EGFR(i) — PTB-EGFR(0)
where pEGFR refers to the fraction of phosphorylated EGFR, and D is the set of increas-

[pEGFR](d) =

ing doses. Similarly, the amount of liganded receptor for dose d was calculated from the
ratio of integrated EGF-Alexa647 and EGFR-mTFP(mCitrine) fluorescence at the plasma

membrane:

[EGFRpy]
The fraction of liganded receptor (IEGFR) was calculated as:

[EGF-EGFR](d) =

EGF-EGFR(d) — EGF-EGFR(0)

IEGFR](d) =
[ I(a) max;cp EGF-EGFR(i) — EGF-EGFR(0)

The experiments were performed in collaboration with Dr. Rabea Stockert and Yannick

Briiggemann. The author thanks them for their contribution.
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2.8 Imaging EGFR vesicular dynamics

Confocal laser scanning microscopy of live MCF7 cells was done on a Leica SP8 confocal
microscope as described previously (section 2.6). Flow-through chamber and a syringe pump
were used to administer a 5 min pulsed 200 ng/mL EGF-Alexa647 (5P-EGF) (see section
2.4). Images were acquired for ~120 min at a 1 min time interval. Three pre-stimulation
images were obtained. STMs were calculated as described in section 2.10 to track the spatial
distribution (from the PM to the NM) of the measured quantities in time. STM of the fraction
of liganded EGFR-mCitrine was estimated by the [EGF-Alexa647]/[EGFR-mCitrine] ratio
normalised to the 5 min time point value, whereas the unliganded EGFR-mCitrine fraction
by 1-[EGF-Alexa647/EGFR-mCitrine]. The fraction of phosphorylated EGFR at the PM was
estimated using the translocation of PTB-mCherry to the PM-localised EGFR-mCitrine. The
following quantity was normalised: (PTBpy;/(PTBr — PTBeng,)) |/ (EGFRpy | EGFR7),
where PTB,,;, was estimated from the cytoplasmic population by intensity-thresholding
(1.5*STD percentile) and removed from the total PTB pool as it is already bound to the
phosphorylated EGFR-mCitine in the endosomes. Subsequently, the STMs of phosphoryla-
tion were estimated by (PTBpy; /[ PTB7)/(EGFRpy; | EGFR7) normalised to the previously
estimated phosphorylated PM fraction of EGFR. The resulting STMs in the figures are

averaged STMs from the multiple cells and experiment repetitions.

2.9 Multiple EGF pulse experiment

For the Rabl1 1S35N

phosphorylation estimation was performed as for the single-pulse experiments. For the

cDNA multi-pulse experiment, identical image acquisition and PM-EGFR

siRNA experiments, the cells were transferred to CellASIC ONIX microfluidic switching
plate (see section 2.2) and stimulated with 20 ng/mL EGF-Alexa647 multiple times (see
section 2.4). Confocal imaging was performed concurrently at 1 min time interval. PM
phosphorylated fraction of EGFR-mCitrine was estimated in the same manner as for the
single-pulse vesicular dynamics experiment.

The experiments were performed in collaboration with Dr. Wayne Stallaert. The author

thanks him for his contribution.

2.10 Spatial-temporal maps (STMs)

The images were background-corrected. Cells were masked from the EGFR images using

FIJI (https://fiji.sc/), the nuclei were segmented from the cCBL-BFP images. For each pixel
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within the cell, the distances to the closest PM and nuclear membrane (NM) pixel were
_'rM
rpPMYINm
according to their normalised distances. For each of the observables (EGFR-mCitrine, PTB-

calculated to derive a normalised distance r = . All pixels were split in 10 segments
mCherry, and EGF-Alexa647 fluorescence intensities) the mean value was calculated for
every segment, yielding a radial spatial profile for the given time point for the imaged cell.
To calculate the radial distributions of the derived quantities (PTB-mCherry/EGFR-mCitrine,
EGF-Alexa647/ EGFR-mCitrine, etc.), the respective spatial profiles were divided between
the different observable quantities. Combining the spatial profiles of the consecutive time
points compiles into a spatial temporal map (STM) of the cellular dynamics. Average STM

was calculated from the different cells within the experiment.

2.11 Simulation of periodic pulses

Suprathreshold EGF pulse train was simulated to estimate the responsiveness of EGFR), in
each of the different operation regimes (see section 3.4.3). For that, ligand-binding dynamics
and dimerisation were introduced in Eq. (3.1) to capture the EGF-induced conversion from

unliganded monomers to liganded dimers. The system equations were extended by adding:

d[EGFR,]
dr
d[EGF-EGFR,]
dr

+= —k;2[EGFR,]’[EGF] +k,[EGF-EGFR,]

+= kp([EGFR,]’ + [EGFR]’)[EGF] - k,[EGF-EGFR,)]
Different EGF Rt parameter values (see table 2.2) were then chosen within each of the
different regions in Fig. 3.25d that correspond to the YPT Pr | EGF Ry values.

2.12 Parameter estimation

To describe the dynamics of the effective EGFR-PTP network at the PM (Figs. 3.25c¢
and 3.25d), the double-negative feedback model (Eq. (3.1)) containing

d[PTPRG,]

- = k| [PTPRG;]~ky[ PTPRG,] — k3[ PT PRG,](2[EGF-EGFR, ]+ [EGFR,))

was extended with:
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d[PTPN2,]
dr

The dephosphorylation of EGFRp by PTPN2 was described by an additional term in
Eq. (3.1): 1 [EGFRp][PTPN2,]. The EGFR-PTPN?2 negative feedback is on a time scale
(¢) approximately two orders of magnitude slower than the phosphorylation-dephosphorylation

= e(ks[ EGFRp][PTPN2;] - k,[ PTPN2,])

reaction, as estimated from the ~4 min recycling time (Fig. 3.11). The bifurcation analysis
of this network was performed using the bifurcation analysis software XPPAUT
(www.math.pitt.edu/ bard/xpp/xpp.html) and interpolated in MATLAB to generate 3D dia-
grams shown in Figs. 3.25¢ and 3.25d.

Aggregated parameters for fitting were calculated for the three candidate models in
Fig. 3.15 where redundancy was present, and are shown as a, b and ¢ in Table. 2.1. These

represent for the double-negative feedback motif:
_ kl’)/PTPT b= k3EGFRT
a ki +ky ’ a ki + ko
for the negative feedback motif:
_ k2’}’PTPT b= k4EGF Ry
B k1+k2 ’ B k1+k2 ’

and for the negative regulation motif:

¢ = yPTPr

kyyPT Pr
T ki tk
The optimal parameter set that matched the dose response data was estimated using
an adaptive Metropolis-Hastings algorithm, a variant of the Monte Carlo Markov Chain
(MCMC) method for sequential sampling from the posterior joint probability distribution
of the parameters [135]. Four parallel executions from different initial conditions were
run for faster convergence results and avoidance of local minima. New high-dimensional
parameter set candidates were sampled using a multivariate Gaussian distribution with
adaptable variance to yield the target acceptance ratio, i.e. with a proposal scaling [136].

Correction step for the rejection of the sampled negative parameter values was also employed.

2.13 Parameter values and statistics

The following parameter values were obtained or used from/in the analysis, with the accom-
panying statistical analysis - goodness of fit and model selection results (Akaike information

criteria):



Table 2.1 Dose response model parameters and statistics

Common parameters Model specific parameters Goodness of fit Model selection
o o o ks a b c SSE  RMSE R? AIC Akaike weights A;
control Aggregated feedback model 0 0.005 1.244 1.613 0.2 11.058 0.06 1.712  0.10684 0.935
control Aggregated feedback model 0 0.001 4819  7.68  0.068 729 0291 1526 0.09447 0.936
non-targeting siRNA
PTPRG Double-negative feedback 0.016 0.1 0.069 0.993 6.188 191.193 7.012 0.18405 0.806 487.13 0.999979 0
Negative feedback 0 0.053  2.208 3.826 0.44 1078.868  0.29  7.377 0.18878 0.796 514.02 0.000001 26.888337
Negative regulation 0 1.268 22.735 54.41 3.488 7.36  0.18856 0.796 508.86 0.000019 21.729155
PTPRG/DPI Double-negative feedback 0.166 0.017 1.836 1.424  431.007 2278.328 10.121 0.22782 0.702 399.08 0.601412 0
Negative feedback 0 0 244759 371.022  0.265 285.392  46.366 10.201 0.22872 0.699 404.17 0.047388 5.08181
Negative regulation 0 0.002 27.333 44,028 5.311 10.201 0.22872 0.699 400.16 0.351199 1.075853
PTPN2 Double-negative feedback ~ 0.013 0.018  0.082 0.195 5.383 365.76 7.693 0.17867 0.787 479.93 0.067386 5.146119
Negative feedback 0 0.055 1426 3.103 0.392 98.026 0.258 7.671 0.17841 0.788 480.55 0.049467 5.764353
Negative regulation 0 1.876  14.82 400915 3.252 7.642 0.17807 0.789 474.79 0.883147 0
PTPN2/DPI Double-negative feedback ~ 0.036  0.103  0.078 0.836 5.277 105.314 10.742 0.18645 0.764 550.57 0.042709 6.168282
Negative feedback 0.002 0.033 3.043 7.207 0.611 21.114 0.804 10.725 0.1863 0.765 551.71 0.024166 7.307148
Negative regulation 0.003 3.22 12944 56.261 4.694 10.659 0.18573 0.766 544.4 0.933125 0
PTPN2 siRNA Double-negative feedback ~ 0.046 0.107  0.998 2.959 18.491 337.586 1.454 0.10784 0911 303.75 0.108 3.985
Negative feedback 0 0.14  5.561 6.324 0.034  3672.836 0.251 1445 0.1075 0912 303.89 0.1 4.129
Negative regulation 0.001 0.242  9.908 9.385 0.437 1.444 0.10748 0.912 299.77 0.792 0
PTPRJ Double-negative feedback ~ 0.063 0.001  0.247 3268  96.906 1172.98 1444  0.1012 0.928 285.031449 0.335645 1.150235
Negative feedback 0 0.107 0.626  92.449 0.25 22733.744  0.312 1.45 0.10142 0.927 288.230432 0.0678 4.349218
Negative regulation 0 0.022  0.111 14.882  0.058 1.448 0.10135 0.927 283.881214 0.596555 0
PTPRIJ/DPI Double-negative feedback ~ 0.055 0.105  0.124 2.791 17.551 276.429 0.897 0.10274 0.923 180.672722 0.156907 3.2619
Negative feedback 0.002 0.39 1232 20.879  0.053 68.64 0.474 0901 0.10294 0.923 183.332868 0.041495 5.922046
Negative regulation 0.001 0.743 1.803 67.186  0.809 0.891 0.10237 0.924 177.410822 0.801597 0
PTPRJ siRNA Double-negative feedback 0.03 0.076 0.337 2.014 8.197 185.103 0.762  0.09527 0.94 221.31 0.79 0
Negative feedback 0 0.007  7.218 16.648  0.688  13058.206 0.724  0.78 0.09634 0.938 228.2 0.025 6.883
Negative regulation 0.001 0.069 38.845 93.304  3.898 0.78  0.09635 0.938 224.23 0.184 2917
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Table 2.2 Model parameters used in 3-d bifurcation analysis and simulations of multi-pulse data

oy oy 03 ks kq ky k3 kg Y N € EGFRt PTPRGy, PTPN2t kf k,
EGFR-PTP interaction network Fig. 3.25¢ 0.001 03 07 1613 05 05 11 0 19 0 0.001-0.01
EGFR-PTP interaction network Fig. 3.25d 0.001 03 0.7 1613 05 05 11 1.1 19 0.1 0.001-0.01
Fig.3.27 (a/b/c) 0.001 03 0.7 1.613 05 05 11 1.1 19 0.1 0.001-0.01 (1.5/1.19/1.05) 1 0.001 0.0056
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2.14 Statistical analysis

Area under the curve (AUC) of the dose-response profile of each cell was used as an integrated
measure of the response function. The distributions of AUC values between two datasets

were compared using two-sample Student’s t-test.



Results

To characterise the sensing capabilities of EGFR, and how they are regulated, we study its
phosphorylation response to EGF. Self-interactions of EGFR are responsible for recognising
the EGF signal and triggering the response, thus they constitute the activation component
of its embedding regulatory network. The spatial-temporal vesicular dynamics of EGFR is
also an important facet of the signal processing and shaping of the response at the plasma
membrane. Balancing out the phosphorylation is carried out by the PTPs, whose causal
coupling to EGFR can generate different network motifs with complex phosphorylation
dynamics.

Using experimental microscopy approaches and dynamical systems modelling we study
the underlying regulatory network of EGFR and how it regulates and shapes its phosphoryla-
tion response to EGF. This ultimately provides understanding of the function of the network

in growth factor sensing.

3.1 Phosphorylation response of EGFR to EGF

The phosphorylation response of EGFR is shaped by the dynamics of the regulatory network
in which EGFR is embedded (see Fig. 1.5). On one hand, the self-interactions of EGFR
comprise the activation mechanism, as they trigger the phosphorylation upon recognising
presence of EGF. The canonical mechanism of trans-phosphorylation within stable ligand-
induced EGFR dimers [137-139], and phosphorylation of unliganded EGFR within transient
complexes [76, 8], by ligand-bound dimers, other phosphorylated monomers (autocatalytic
activation) or other non-phosphorylated monomers (autonomous activation), govern the
transition of EGFR to the active state. These causal interactions are depicted with green
dashed lines in Fig. 1.5. Apart from the phosphorylated/unphosphorylated EGFR state we
also distinguish between EGF-bound and unbound state, the ratio of which depends on the
extracellular EGF concentration. Therefore EGFR can be in total of four states. We assume

that the EGF-bound state is in a dimeric form, and hence its intrinsic trans-phosphorylation
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is a first-order reaction. Phosphorylation of unliganded EGFR, caused by other EGFR
molecules, is a second-order reaction. There we distinguish between autocatalytic activation
as phosphorylated unliganded EGFR activates more unliganded receptors (left-most green ar-
row), ligand-bound-receptor-induced phosphorylation (middle green arrow) and autonomous
activation (right green arrow). On the other hand, dephosphorylation by the PTPs comprise

the inhibition mechanisms, and they are shown with blue dashed arrows in Fig. 1.5.

3.1.1 EGFR exhibits steep non-linear phosphorylation response upon
ligand binding

To study EGFR’s phosphorylation response to increasing doses of EGF, fluorescently tagged
EGFR-mTFP or EGFR-mCitrine was ectopically expressed in breast cancer-derived MCF7
cells that have very low endogenous EGFR expression (~103 molecules per cell [140]).
This model cell line was chosen to minimise the artefacts arising from the unobserved
endogenously produced EGFR. The ectopic expression of EGFR-mTFP was engineered to
fall within the endogenous EGFR expression range of the related non-tumorigenic MCF10A
cells. Consequently, similar EGFR phosphorylation- and Akt activity responses to EGF were
observed between both cell lines [123].

Confocal microscopy image series were obtained from single MCF7 cells exposed to
increasing (doubling) doses of fluorescently tagged EGF-Alexa647 (Fig. 3.1). In this manner,
dose-response analysis was employed to estimate the EGFR phosphorylation response to
the ligand stimulation in single cells. We directly related the measured fraction of liganded
receptors to EGFR phosphorylation to deconvolve the EGF binding kinetics from EGFR’s
response, which is not possible by analytical biochemical approaches on cell extracts.

Steady states of both ligand-binding and phosphorylation dynamics were reached within
1.5 minutes, with phosphorylation closely following the ligand-binding equilibration kinetics
(see Fig. 3.2), implying that phosphorylation is not kinetic bottleneck in the system. Therefore,
following the experimental design of obtaining fluorescent microscopy images every 1.5
minutes after new EGF-Alexa647 dose addition, the subsequent analysis was performed with
the assumption that the system operates in a steady state regime.

As areadout for EGFR phosphorylation we used the fluorescently tagged phosphotyrosine-
binding domain of Shc (PTB-mCherry), that is recruited to phosphorylated tyrosines 1086/1148
of EGFR [141]. Its rapid translocation to the phosphorylated EGFR-mTFP at the plasma
membrane (see Fig. 3.1) determined the fraction of phosphorylated receptor (PTB translo-
cation normalised to the total EGFR, Methods). The fraction of liganded EGFR-mTFP
at the PM was determined by EGF-Alexa647/EGFR-mTFP, normalised to the saturating
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EGF dose

PTB/EGFR PTB-mCherry EGFR-mTFP EGF-Alexa647

e 3 b

>

EGFR phosphorylation response

Figure 3.1 Setup of dose response experiments. Representative fluorescence image se-
ries of EGF-Alexa647, EGFR-mTFP, PTB-mCherry and PTB-mCherry(magenta)/EGFR-
mTFP(green) overlay from the single-cell dose-response experiment. Cells were stimulated
every ~1.5 min with increasing EGF-Alexa647 doses (2.5-600 ng/mL). Scale bar: 10 um.
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Figure 3.2 Ligand-binding and phosphorylation kinetics. Quantification of PTB-
mCherry translocation kinetics to plasma membrane localised EGFR-mTFP (Average +
STD). MCF7 cells were stimulated with a saturating EGF-Alexa647 dose (320 ng/mL) and
successive images were acquired every 20s (n=10 cells). Translocated plasma membrane

. [PTB—mCherrypy]/[PTB—mCherry]r
fraction of PTB-mCherry ( [EGFR—mTFEpy ] [[EGFR—mTFPlr

in ~1.5 min, which was within the time frame of successive EGF-Alexa647 dose administra-
tion (Fig. 3.1).

) converged to a steady state level
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EGF-Alexa647/EGFR-mTFP ratio. As changes of EGF in the environment are converted to
changes in receptor occupancy with EGF in the cell, and the ligand-bound EGFR directly
regulates the phosphorylation dynamics (see Fig. 1.5), we use it as an input into our system.

The ligand binding dynamics represents the relationship between the applied EGF-
Alexa647 dose and the estimated fraction of ligand-bound EGFR-mTFP. To estimate this
relationship, the following ligand-binding kinetics model was used (Fig. 3.3a):

k
[EGFR] +[EGF] = [EGF-EGFR]

r

with Kp = k, [k being the dissociation constant.
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Figure 3.3 EGF-EGFR binding dynamics. a) Scheme of the binding dynamics at the
plasma membrane. The unliganded receptors bind EGF (violet) with a forward rate constant
ky, while the the ligand-receptor complex dissociates with reverse rate constant k,.. b) Esti-
mating fraction of EGFR-mTFP bound to EGF-Alexa647 in live cells: EGF-Alexa647/EGFR-
mTFP quantified in single cells (data points) upon increasing EGF-Alexa647 doses was fitted
(line) with the receptor binding kinetics model.

Assuming that at low EGF doses, the ligand can be depleted from the solution due
to binding to EGFR [142], the fraction of ligand bound receptor in steady state gives the
following closed-form solution:

[EGF—EGFR] _ NLA[EGFR]T-F[EGF]T-}-KD—\/(NLA[EGFR]T+[EGF]T+KD)2—4A’/—2[EGFR]T[EGF]T
[EGFR];y ZNLA[EGFR]T

where [EGFR]r = [EGFR] + [EGF-EGFR)] is the total EGFR concentration on the
plasma membrane and [EGF |r = [EGF ] + I%A[E GF-EGFR] is the total input EGF dose,
n is the number of cells, and N4 is Avogadro’s number needed for converting the number
of ligand-bound receptors into moles. This function was used to fit the experimental data
(Fig. 3.3b) thereby mapping the input dose to a fraction of ligand-bound receptor. K, was
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obtained to be 762pM (427, 1097) with 95% confidence bounds, which is in line with values
curated from the literature [143].
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Figure 3.4 Dependence on ligand-binding and phosphorylation steady-state levels on
EGF concentration. Single cell profiles of a) the fraction of ligand-bound EGFR-mTFP,
quantified by [EGF-Alexa647py]/[EGFR-mTFPpy], and b) the fraction of phosphory-
lated EGFR-mTFP, quantified by PTB-mCherry translocation to the plasma membrane

([[};Zi;”f:;gy; [’Z ]] // E§2?;T§¢;g%; ), for increasing EGF-Alexa647 doses (n=21 cells, N=10).

Ligand-binding saturation levels were reached at 200-300 ng/mL of EGF-Alexa647, i.e.
most of the receptors were bound to ligand (Fig. 3.4a). On the other hand, the phosphorylation
response of EGFR reached saturation levels at around 50-70 ng/mL of EGF-Alexa647, with
the activation threshold being at around 20 ng/mL of the ligand concentration (Fig. 3.4b).
Combining of these results translates into a steep EGFR-mTFP phosphorylation response to
the increasing ligand-bound fractions, as observed in most single cells (3.5a, with mean+std
shown in 3.5b). While the ligand-bound EGFR contributes with a corresponding linear
increase in the phosphorylation response (assuming high phosphorylation rate in-trans within
the dimer), the observed steep non-linear dependency indicates that the amplified response is
due to the increase of phosphorylation of the unliganded monomers. By subtracting the linear
contribution of the liganded receptor (dash-dotted semi-transparent diagonal line) from the
phosphorylation response profile we could estimate the contribution of the monomers, shown
with the other dash-dotted profile in Fig. 3.5b. At the pick at around 25% ligand-bound
receptors there are almost twice as many phosphorylated unliganded receptors than liganded
ones. This indicates that the small ligand-bound EGFR fraction triggers the phosphorylation
amplification via activity of the unliganded EGFR monomers. The amplification provides
a stronger response to presence of EGF, and thus a more robust sensing. However, this
immediate increase of sensitivity through the activation of the monomers may deplete the
plasma membrane of receptors more rapidly and thus inhibit its prospective sensitivity as
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a trade-off. Therefore, we set out to determine how the spatial-temporal organisation of

EGFR modulates its plasma membrane abundance and thus affects the growth factor sensing

system.
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Figure 3.5 EGFR-mTFP phosphorylation response. a) Single cell EGFR-mTFP phospho-
rylation responses versus fraction of ligand bound receptors, derived from Fig. 3.4 (n=21
cells, N=10). The estimated fractions of phosphorylated vs liganded EGFR-mTFP are plotted
and colour-coded by the average EGFR-mTFP fluorescence intensity per cell. Moving
average + STD are shown with dashed line and bounded regions in b). Dash-dotted lines
depict the estimated contribution of unliganded (profile in front) and liganded (transparent
linear profile) EGFR to the fraction of phosphorylated receptor.

3.2 Spatial-temporal vesicular trafficking dynamics of EGFR

Motivated by the distinct role of unliganded EGFR in shaping the response to EGF, we
proceeded to study the vesicular trafficking organisation of EGFR and its influence on the
phosphorylation of EGFR at the plasma membrane. Like many RTKs, EGFR undergoes
internalisation into vesicles upon activation that fuse into larger endocytic compartments
such as the early, late and recycling endosome, to be eventually distinctly redistributed.
The receptor redistribution fate primarily depends on its molecular state and the system’s
capability of processing it. While the dimeric ligand-bound EGFR receptor has been shown
to be ubiquitinated and undergoes a unidirectional trafficking towards the lysosome where
it awaits degradation, the monomeric unliganded receptor exhibits constitutive recycling
through the recycling endosome [8].

To distinguish between the trafficking routes of these two species, microscopy imag-

ing experiments were performed on live MCF7 cells where the spatial distribution of an
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ectopically-expressed, fluorescently-tagged EGFR-mCitrine was traced in time inside single
cells exposed to EGF-Alexa647 stimulus. Phosphorylation dynamics were also traced, using
the translocation of PTB-mCherry to EGFR-mCitrine, similar as in section 3.1.1. The spatial
EGFR signal in Cartesian coordinates (X, y) was reduced to one-dimensional vector depicting
the average EGFR signal at a relative position between the cellular and nuclear membrane
in the cell in a given time point ¢ (Fig. 3.6, columns 1-3). The radial symmetry in vesicular
trafficking was exploited in this manner, as we are interested in the coarse spatial EGFR distri-
bution between the plasma membrane and perinuclear areas. Tracing this spatial distribution
in time then generates a 3-D spatial-temporal map (STM) consisting of space (1), time (t)
and molecular quantity of interest (Fig. 3.6, fourth column), which can be any fluorescently
measured quantity Q (EGFR-mCitrine, PTB-mCherry or EGF-Alexa647) as well as any other
derived quantity that can characterise the receptor trafficking/phosphorylation dynamics.
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Figure 3.6 Spatial-temporal maps (STMs) of molecular quantity. Dimensionality reduc-
tion was performed from Cartesian (X, y) to normalised radial (r) distribution of molecular
quantity (Q) between the plasma (PM) and the nuclear (NM) membrane in the cell at a given
time point t (columns 1-3). Spatial distributions from multiple time points were joined to
compile the STM of Q (column four).

3.2.1 Unliganded and liganded receptors have distinct trafficking fates

Stimulating the cells with EGF with different temporal durations generates distinct receptor
occupancy and phosphorylation profiles, that will result in different distributions of EGFR in
space. By comparing these profiles in space and time we can distinguish between the traf-
ficking routes of our two species of interest - liganded ([EGF-Alexa647]/[EGFR-mCitrine])
vs unliganded (1 - [EGF-Alexa647]/[EGFR-mCitrine]) EGFR. To this end we performed two
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types of experiments - stimulating the cells with sustained EGF-Alexa647 stimulus (S-EGF,
200 ng/mL, 2h) and with 5 min pulsed EGF-Alexa647 stimulus (5P-EGF, 200 ng/mL, 2h).
In the former, the medium provides a continuous source of growth factor that maintains a
constant fraction of ligand-bound receptor, whereas in the latter there is ligand-binding only

during the presence of the pulse.

0' 2' 5'

40'

Figure 3.7 Spatial-temporal distribution of EGF/EGFR upon S-EGF stimulation. Rep-
resentative fluorescence image series of EGF-Alexa647(green)/EGFR-mCitrine(magenta)
overlay from single-cell trafficking experiment. Images were taken at 1 minute time interval
for ~120 min, under sustained 200 ng/mL EGF-Alexa647 treatment.

We are interested in how the system is executing, and how the receptor state is influencing
its spatial redistribution. In our experiments, upon S-EGF a significant fraction of the
liganded EGFR was accumulated in the perinuclear area in the course of 2h, following
the phosphorylation at the PM and internalisation (see Fig. 3.7). This accumulation can
be observed from the average spatial-temporal map of the derived EGF-Alexa647/EGFR-
mCitrine quantity (Figs. 3.8a to 3.8c). On the other hand, relatively smaller fraction of
unliganded EGFR (1- EGF-Alexa647/EGFR-mCitrine) was recycling to the PM where it was
exposed to constant presence of EGF in the surrounding medium, and was thus continuously
depleted by re-internalisation from there (Fig. 3.8d). EGFR phosphorylation showed a
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distinct spatial-temporal profile. EGFR phosphorylation profile on the PM was sustained over
time, whereas it effectively decreased in the perinuclear area over the period of 2 h (relative
to the respective ligand-bound profiles, Fig. 3.8e relative to Fig. 3.8c). This indicates that
higher EGFR dephosphorylation activities take place in the cytoplasm. Hence, the spatial
balance of EGFR was tipped towards the unidirectional trafficking route manifested by the

accumulation in the perinuclear areas.
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Figure 3.8 Quantification of spatial-temporal phosphorylation and trafficking dynam-
ics of EGFR upon S-EGF. Average spatial-temporal maps (STMs) of corresponding molec-
ular quantities obtained from live cells stimulated with 200 ng/mL S-EGF (n=16 cells, N=3).
Depicted are the STMs of a) EGFR-mCitrine fluorescence, b) EGF-Alexa647 fluorescence,
and estimated fractions of c) ligand-bound EGFR ([EGF-Alexa647]/[EGFR-mCitrine]), d)
unliganded EGFR (1-[EGF-Alexa647]/[EGFR-mCitrine]) and e) phosphorylated EGFR, cal-
culated by PTB-mCherry translocation ([PTB-mCherry]/[EGFR-mCitrine]). White dashed
arrow denotes the change in spatial distribution over time.
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Figure 3.9 Spatial-temporal distribution of EGF/EGFR upon SP-EGF stimulation.
Representative fluorescence image series of EGF-Alexa647(green)/EGFR-mCitrine(magenta)
overlay from single-cell trafficking experiment. Images were taken at 1 minute time interval
for ~120 min, under 5 min pulsed 200 ng/mL EGF-Alexa647 treatment.

To investigate the spatial-temporal dynamics of EGFR trafficking and phosphorylation
when cells see only a transient EGF stimulus, we stimulated the cells with 5 min pulse of EGF
(5P-EGF) and followed the dynamics for 2h. This generated a different ligand-bound receptor
levels at the PM following the pulse removal. The liganded receptors again undertook the
unidirectional route from the PM towards the late endosome where they were degraded
(Fig. 3.9), however in significantly reduced fraction than in the S-EGF case (Figs. 3.10a
to 3.10c). The unliganded receptors in this case repopulated the PM shortly after the pulse
with EGFR molecules susceptible to novel stimulus (Fig. 3.10d). Transient phosphorylation

profiles were present at the PM and at the perinuclear area, albeit different than the ligand-
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Figure 3.10 Quantification of spatial-temporal phosphorylation and trafficking dynam-
ics of EGFR upon 5P-EGF. Average spatial-temporal maps (STMs) of corresponding
molecular quantities obtained from live cells stimulated with 200 ng/mL 5P-EGF (n=14
cells, N=2), analogous to Fig. 3.8. Depicted are the STMs of a) EGFR-mCitrine fluores-
cence, b) EGF-Alexa647 fluorescence, and estimated fractions of ¢) ligand-bound EGFR, d)
unliganded EGFR and e) phosphorylated EGFR.

bound ST profile (Fig. 3.10e). Decreasing phosphorylation towards the perinuclear area
was observed in this case as well. The spatial cycle thus tipped the balance in favour of the
recycling route in this case.

Continuous recycling of unliganded EGFR monomers repopulates the plasma membrane
with unphosphorylated receptors. While when there is a sustained presence of EGF these
receptors are reinternalised and depleted from the PM, after a transient EGF pulse they are
recycled and can be reutilised at the PM, and thus they most likely serve as sensing entities

for upcoming EGF stimuli.
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Trafficking dynamics of unliganded EGFR maintains its plasma membrane levels

To determine the recycling dynamics of unliganded EGFR upon 5P-EGF stimulus, we
constructed a dual-compartment model where EGFR internalisation from the PM to the
endosomes occurs with rate constant k;, and EGFR recycles back to the PM with rate
constant k.. (Fig. 3.11a). During the initial 5 min stimulus, the PM fraction of unliganded
EGFR (EGF Rpyy) relative to the total unliganded concentration (EGF R7) is reduced due to
ligand binding.

After removal of EGF, replenishing of the unliganded EGFR at the PM takes place in the
time span of ~5-35 min according to the following dynamics:

d[EGFRpy]

I = krec([EGFR]7 = [EGFRpy]) = kin[EGFRpy]
yielding a closed-form solution

[EGFRpy ]
[EGFR;]

_ krec
krec + kin

krec _ [EGFRPM]
krec + kin [EGFR]T

(tO ) )e_ (krec+kitl) (t_l())

() —(

[EGFRpy]
Here, [EGFR; ]
[EGFRpy]
[EGFR7]
the trafficking rates from the live cell data (Figs. 3.11b and 3.11c), where the first three (out
[EGFRpy1* _ _kyee
[EGFR]T B krectkin’

(1) represents the fraction of EGFR at the PM at a particular time ¢, and

(tp) - the PM fraction at an initial time point ) ~ Smin. This model was used to infer

of ten) spatial bins denoted the PM. Given that in steady state we have
it holds that
| — [EGFRpy] *
L wmorRy,
[EGFRpy]*
[EGFR]r

kin = Krec

Thus, the steady state PM fraction of unliganded EGFR, estimated from the k;, vs k.. corre-
lation scatter plot (Fig. 3.11d), was 0.43 with 95% confidence bounds (0.37, 0.49). The esti-
mated average quantities (with 95% confidence bounds) were: k;, = 0.31min”" (0.12,0.50),
kree = 0.23min”" (0.08,0.38), and the recycling half-life ; , = k,fffk,-n =4.32min(1.02,7.62).

The high correlation between the cells in Fig. 3.11d indicates that most of them reach
similar steady-state levels of unliganded EGFR fraction at the PM (Fig. 3.11b). This result

suggests that the regulation on this level of spatial distribution of the unliganded receptor is

ubiquitous and important cellular mechanism. Maintaining a certain fraction of receptors
on the plasma membrane can impact the phosphorylation response and thus help the cell in
sustaining sensitivity to EGF stimuli. To understand the implications of this organisation on
the temporal EGFR phosphorylation response we examined the temporal phosphorylation

dynamics at the PM in more detail.
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Figure 3.11 Quantification of recycling dynamics of unliganded EGFR-mCitrine upon
SP-EGF. a) Model scheme of EGFR recycling dynamics. Unliganded EGFR gets internalised
with rate k;;,, while endocytic EGFR gets recycled back to the plasma membrane with rate
kyec. b) Plasma membrane fraction of unliganded EGFR-mCitrine in single cells. Model-
based estimation of the steady state level (95% confidence bounds) is shown with black line
(inside dashed lines) (n=14 cells, N=2). c¢) Compartment-model-based fitting on 4-35 min
time interval for the cells shown in b). d) Linear dependency in (k;;,, k,..) between single
cells reflects that similar steady state plasma membrane fractions of unliganded EGFR
are maintained in different cells by recycling. x: average (k;,, k,..). Black line with red
dashed lines depict linear fit with 95% confidence interval half-widths. Estimated rates:

k;,=0.31min""' (0.12, 0.50), k,,.=0.23 min""' (0.08, 0.38), with 95% confidence bounds.
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3.2.2 Vesicular recycling of unliganded EGFR promotes prolonged ac-

tivation at the plasma membrane
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Figure 3.12 Temporal profiles of EGFR phosphorylation at the plasma membrane. The
plasma membrane fractions of ligand-bound ([EGF-Alexa647]/[EGFR-mCitrine], red) and
phosphorylated EGFR ([PTB-mCherry]/[EGFR-mCitrine], blue) derived from the respective
STMs in Figs. 3.8e and 3.10e (median + MAD). Extracellular EGF-Alexa647 fluorescence
levels are shown in grey. The cells were stimulated with a) SP-EGF (n=14 cells, N=2) and b)
S-EGF (n=16 cells, N=3).

The PM EGFR phosphorylation profiles displayed characteristic temporal dynamics in
both cases (Fig. 3.12). Upon 5SP-EGF treatment the ligand-bound fraction (Fig. 3.12a, red
profile) followed the EGF pulse dynamics (grey profile). However, the phosphorylation
fraction (blue), following the minor dip after the initial EGFR internalisation (at around Sm),
showed prolonged and elevated response that reached maximal level at 15-20 min and only
after slowly decayed to the basal level (Fig. 3.12a). The time frame of this processes is in
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line with the recycling kinetics (Fig. 3.11), suggesting that the recycled unliganded EGFR
monomers induced the increase in EGFR phosphorylation, as they can be autocatalytically
activated.

Upon S-EGF treatment the ligand-bound fraction (Fig. 3.12b, red) followed the continu-
ous growth factor presence (grey) and showed sustained level at the plasma membrane. The
phosphorylated fraction, similarly to the SP-EGF case, showed the initial internalisation-
induced dip at 5min. Following the dip and the recovery period the cells sustained an
elevated phosphorylation level at the PM (Fig. 3.12b, blue profile).

This highlights the importance of the spatial regulation in the system: elevating the PM
abundance of EGFR via recycling brings more non-phosphorylated receptors that can be
reutilised. They can trigger the autocatalytic mechanism, prolonging the plasma membrane
EGEFR signalling as a result (SP-EGF), or engage in ligand binding if there is a presence of
growth factor (S-EGF). Such an organisation is thus crucial for increased sensing- and robust

responding capabilities to upcoming growth factor stimuli.

Inhibition of recycling flattens the EGFR phosphorylation response

To verify that the vesicular recycling is one of the major determinants of EGFR phosphoryla-
tion dynamics, we probed the EGFR phosphorylation response experimentally (as in section
3.1.1) while inhibiting the recycling to the PM from the recycling endosome (RE). Major
regulator of the exit from the RE is the small GTPase Rab11 [144]. It acts as a molecular
switch that guides the exocytic transport of proteins to the cell surface via tubulation of
the RE [145]. Its depletion has been shown to cause protein accumulation in the RE [145].

Ectopic expression of Rabl 155N

, a dominant negative form of Rab11 [146], was used to
inhibit the function of the endogenously expressed Rab11, thereby shifting the EGFR spatial
balance towards the perinuclear areas.

The results show flatter EGFR phosphorylation response, relative to the control case
(Fig. 3.13, green vs red). While the ligand-bound fraction of receptors could still traffic
unidirectionally through the ’degradation route’, the inhibited recycling of the monomers
disturbed the trafficking balance, resulting with reduced PM abundance of unliganded
EGFR. This reduced amount of monomers then translated into weakened phosphorylation
amplification. This underlined the importance of vesicular recycling in supporting the
autocatalytic activation of EGFR by maintaining a fraction of unliganded monomers at the

plasma membrane.
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Figure 3.13 EGFR-mTFP phosphorylation response upon recycling inhibition. Dose-
response of EGFR-mTFP phosphorylation (red, control) is significantly altered upon ectopic
Rab115%N expression (green, p=0.02, n=12 cells, N=4). Moving average (dashed lines) +
STD (bounded regions) represents the single cell data.

3.2.3 Spatial organisation of EGFR established by distinct vesicular

trafficking promotes the signal processing

These experiments show that unliganded and liganded EGFR exhibit distinct vesicular
and phosphorylation dynamics that can be distinguished by SP-EGF vs S-EGF stimulus
(Fig. 3.14). Upon ligand binding at a subsaturating dose, unliganded monomeric EGFR is
transformed into dimeric EGFR (green arrow, Fig. 3.14), which amplifies the response by
activating the remaining monomeric EGFR (black arrow, Fig. 3.14). The monomeric EGFR
can amplify its own activity by autocatalysis as well (black self-loop, Fig. 3.14). Active
monomeric and dimeric EGFR then internalise into endocytic vesicles and traffic towards
the early endosome (EE). Liganded EGFR unidirectionally traffics from there towards the
late endosome where it gets inactivated by dephosphorylation and eventually degraded [8].
On the other hand, the unliganded EGFR recycles through the recycling endosome (RE) to
repopulate the PM and can be reutilised in enhancing the phosphorylation response. Constant
presence of growth factor redirects the traffic of EGFR from the continuous cycling route
towards the unidirectional degradation route, depleting the plasma membrane of receptors.
Inhibited recycling of the monomers, similarly to the degradation of liganded EGFR dimers,
depleted the PM of the receptors and reduced the phosphorylation response. This indicates
that a continuously maintained PM fraction of EGFR monomers provides the system with

sensitivity and responsiveness to upcoming GF stimuli.
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Figure 3.14 EGFR trafficking dynamics. Unliganded EGFR recycles via early (EE) and
recycling endosomes (RE) to the plasma membrane (red arrows) whereas upon EGF binding
(thin green arrow), ubiquitinated EGF-EGFRyy, unidirectionally traffickes via the early- to
the late endosomes (LE, green arrow) to be degraded in lysosomes (@). Causal links are
denoted with solid black lines.

Major question that remains to be answered is how the interactions with the distinctly
spatially distributed phosphates shape the characteristic EGFR phosphorylation dynamics.

3.3 EGFRresponse is determined by recursive interactions
with the PTPs

EGFR’s phosphorylation response to different EGF doses revealed the properties of the
activation mechanisms depicted in Fig. 1.5. The steep non-linear profile (Fig. 3.5b) showcased
the importance of the unliganded receptor species in the system in amplifying the response.
As the dimeric liganded EGFR fraction was increased upon EGF addition, it activated
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the monomeric one. Activity was further sustained by the autocatalysis of the unliganded
monomers, as shown in Fig. 3.12a.

Counteracting the activation mechanisms of EGFR is carried out by the phosphatases,
which regulate the phosphorylation of EGFR at their distinct localisations in the cell. As
discussed previously, the PTPs under study are the direct and non-redundant strong regulators
identified in [123]: the PM-localised PTPRG and PTPRJ, and the ER-bound PTPN2, as
well as the weak regulator: the PM-localised PTPRA. The inhibitory mechanisms in the
state transition diagram in Fig. 1.5 are depicted by the dephosphorylating activities of the
phosphatases. However, the PTPs are not simple invariable entities, but as described in section
1.3.2 they can also be in multiple activity states and even further, they can be susceptible to
regulation by EGFR itself. Only active PTPs can act as enzymes to dephosphorylate their
substrates, and similarly, only phosphorylated EGFR molecules can induce PTP state change.
Therefore, the specific causal coupling between the two species is a critical facet of the
EGFR phosphorylation regulation as it will determine the activity states of both proteins.
The essential role of the EGFR-PTP interdependence thus underlines the importance of
determining the network motif of EGFR with each of its phosphatases. The topology of each
network motif has specific dynamical properties that can contribute distinctly in shaping the
phosphorylation response of EGFR.

Negative regulation Negative feedback Double-negative feedback
O*—O OhO O*O
EGFR EGFR EGF EGFR EGF-EGFR EGFRp EGFR EGF EGFR EGF-EGFR EGl'Rp EGFR EGF EGFR EGF-EGFR
U U \kT/‘ \_/ \v U
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Figure 3.15 Possible EGFR-PTP interaction motifs. Solid arrows: molecular state transi-
tions (p: phosphorylation, i: inactive, a: active), dashed arrows: causal links. Left: negative
regulation, middle: negative feedback, right: double negative feedback. Top row insets:
corresponding network motifs.

Given that we are studying two different species with inducible activity state transitions
and given the additional regulation presumptions, there are three conceivable network topolo-
gies. They emerge by assuming that EGFR can regulate the PTP activity in any possible
way, and are shown in Fig. 3.15. The motif on the left depicts the absence of causality from
EGFR, hence there is only simple negative regulation from the PTP. In the motif in the

centre, EGFR causes activation to its own inhibitor, the PTP, effectively generating negative
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feedback to itself. Lastly, the mutual inhibition in the motif on the right produces a special
type of positive feedback - a double-negative feedback. Each of these network motifs has its
own distinct dynamical signature that can be utilised for performing specific function, but
with which it can also be experimentally identified [80]. Therefore, dynamically probing the
phosphorylation response of EGFR by introducing a phosphatase in the system can reveal
the underlying EGFR-PTP network motif.

Assuming that in the control case the interaction of EGFR with the endogenously ex-
pressed PTPs (PTPe) encapsulates all of the aforementioned motifs, we created an aggregated
interaction motif to fit the experimental dose-response data from Fig. 3.5b. The model
effectively compiles to a double-negative-feedback-like motif (see Fig. 3.16a and Methods).

The reaction networks from Fig. 3.15 and Fig. 3.16a can be described by the generalised
model:

d[EGFR,]

5 = [EGFRI(u[EGFR]+ 0[EGFR,] + a5 [EGF-EGFR,])

~[EGFR,)(Y[PTP,] +[PTPe])
d[EGF-EGFR,,]
dr

d[PTP,]
dr

= ks[EGF-EGFR] = [EGF-EGFR)J(fIPTR,J+ [PTPe]) 5,

= k[PTF;] - k[ PTP,]
— k3[PTP,](2[EGF-EGFR,] + [EGFR,))
+ ky[ PTP,)(2[EGF-EGFR,] +[EGFR,])

Here, [EGFR,] and [ EGFR] are the concentrations of phosphorylated and non-phosphorylated
unliganded EGFR monomers respectively, [EGF-EGFR,] and [EGF-EGFR] - phosphory-
lated and non-phosphorylated liganded EGFR dimers respectively and [PTP,] and [PTP;] -
active and inactive ectopically expressed PTP respectively. o, o and oy are rate constants
of the autonomous, autocatalytic and ligand-mediated activation respectively (dashed green
arrows in Fig. 3.15 and Fig. 3.16a), k5 is the intrinsic dimeric trans-phosphorylation rate
constant, while ¥ is the dephosphorylation rate constant (dashed blue arrows). k| and k, are
the intrinsic PTP activation and inactivation rate constants respectively, while k3 and k4 are
the EGFR-induced deactivation and activation rate constants of the PTP respectively (dashed
red arrows in Fig. 3.15). The contribution of the endogenously expressed PTPs is

1
a+b(2[EGF-EGFR,]+[EGFR,])

[PTPe] =c+
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Due to conservation of mass balances we were able to reduce the system in Eq. (3.1) to

three variables using:
[EGFR] = [EGFR]r — [EGF-EGFR]r —[EGFR,,]
1
[EGF-EGFR] = E[EGF—EGFR]T —[EGF-EGFR,]

[PTF] = [PTP]; - [PTP,]
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Figure 3.16 EGFR phosphorylation response upon interaction with the endogenously
expressed PTPs. a) EGFR-PTPe double-negative-feedback-like interaction motif. b) Model
fit of dose-response experimental data in the control case is shown with a solid red line.
Dash-dotted line denotes the phosphorylation contribution from the unliganded EGFR. The
data was fitted with the model shown in a). Moving average + STD are shown with dashed
red line and bounded region.

To describe the aggregated effect of endogenous PTP activity on EGFR phosphorylation,
the quantities describing ectopic PTPx expression are set to 0, and a, b and c are arbitrary
parameters that approximate the aggregated activity of multiple endogenously expressed
PTPs. This overall activity was modelled as a combination of double-negative and negative
feedback topology as well as negative regulation motifs. In case of ectopic PTPx-mCitrine
expression on the other hand we have y > 0. Additionally, the following parameter restrictions
were imposed: double-negative feedback (k3 > 0, k4 = 0), negative feedback (k3 = 0, kg > 0)
or negative regulation (k3 = 0, k4 = 0).



3.3 EGFR response is determined by recursive interactions with the PTPs 59

Experimentally, administration of every subsequent dose was performed after ligand-
binding steady state convergence with the previous dose. As the phosphorylation kinetics
followed the ligand-binding equilibration closely (Fig. 3.2), we assume the system is under
steady state conditions. Therefore, for a given parameter set, we solve the system in Eq. (3.1)
by finding a set of variables (EGF R;,E GF-EGF R; ,PTP)) that satisfies:

d[EGFR}]
dr

| d[EGF-EGFR))]
dr

d[PTP)]
( dr
To fit the model that best represents the experimental EGF dose - EGFR phosphory-

=0

lation response in the control case, the model and data were transformed by expressing
the dependency of the fraction of phosphorylated EGFR ([pEGFR] = (2[EGF-EGFR,] +
[EGFR,])/[EGFR]r) to the fraction of liganded EGFR-mTFP. The optimal parameter set
was estimated using an adaptive Metropolis-Hastings algorithm, a variant of the Monte Carlo
Markov Chain (MCMC) method for sequential sampling from the posterior joint probability
distribution of the parameters [135] (see section 2.12 for more technical details).

The resulting profile, shown in Fig. 3.16b closely matches the experimental data. Having
modelled the unliganded species specifically, we can easily estimate its contribution to the
phosphorylated fraction in the response. Here it again shows significant contribution to the
phosphorylation response from the unliganded EGFR (dash-dotted profile). This contribution

diminishes as the unliganded receptors are increasingly converted to ligand-bound ones.

3.3.1 EGFR-PTPRG toggle switch shapes the EGFR response

To understand how EGFR sensitivity to GFs is regulated by the distinct activity of PTPRG/J/A
at the PM and PTPN2 on the ER, we determined the EGFR-mTFP phosphorylation response
to EGF-Alexa647 doses upon ectopic expression or knock-down of the respective PTPx.
This was performed in single cells analogous to the experiments presented in Fig. 3.16b.
The positive perturbation magnify the interaction between the ectopically expressed PTPx-
mCitrine and EGFR-mTFP, isolating the effect of their interaction motif. This allowed us
to simplify the models from Eq. (3.1) by setting PT Pe = 0. The causality coupling between
PTPx and EGFR was determined by analysing the goodness of fit of the aforementioned
three possible interaction motifs (Fig. 3.15) to the dose-response data. The network motif
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was subsequently established by comparing the relative qualities of the model fits using the

Akaike information criterion [147] (see section 2.13 for the fitting results).
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Figure 3.17 EGFR phosphorylation response with ectopic co-expression of PTPRG-
mCitrine. Solid lines: model-based fits to the phosphorylated EGFR fraction. Dash-dotted
lines: contribution of the unliganded monomers. Moving average + STD are shown with
dashed lines and respectively coloured bounded regions. a) Dose-response of EGFR-mTFP
phosphorylation (red) is significantly altered with co-expression of PTPRG-mCitrine (blue
lines, p=0.027, n=28 cells, N=14). Best fit was achieved with the model shown in inset. b)
NOX-inhibition with DPI (10 uM, 30 min pre-incubation) significantly flattens dose-response
of EGFR-mTFP phosphorylation with co-expression of PTPRG-mCitrine (yellow lines,
p=0.06, n=26 cells, N=10).

A remarkable switch-like EGFR phosphorylation response (blue), compared to the
control case (red fit), was observed upon ectopic PTPRG-mCitrine expression (Fig. 3.17a).
A threshold of EGFR activation at around 6-7% receptor occupancy with EGF was imposed
by PTPRG. Above the threshold the response was abruptly switched on, mainly contributed
by the autocatalytically activated unliganded EGFR monomers (Fig. 3.17a, blue dash-dotted
profile). Such a response was most consistent with a double-negative feedback (Fig. 3.17a,
inset). Hence, with a subthreshold stimulus the negative regulation by PTPRG dominates the
response, while the situation is reversed in the suprathreshold case, where the autocatalytic
activation overcomes the inhibition and suppresses the activity of PTPRG.

Dose response experiments with knock-down of PTPRG were not performed, as it was
shown that MCF7 cells treated with PTPRG siRNA exhibit preactivation of EGFR [123].
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EGFR regulates PTPRG through oxidation-mediated mechanism

The biochemical mechanism with which EGFR can regulate the activity of PTPRG is via
H,0,-mediated oxidation, as discussed in section 1.3.2. EGFR induces activation of H,0,
production by NADPH-oxidases (NOX), which potentially reversibly oxidises the catalytic
cysteine of PTPRG. To test whether the dose response of EGFR is affected by H,0,, we
inhibited NOX activity with diphenyleneiodonium (DPI) before the dose-response experiment.
This suppressed H, O, production, thus effectively lowering the PTP regulation from EGFR.
The switch-like activation observed upon PTPRG-mCitrine expression (Fig. 3.17b, blue
profile) was converted to a flatter gradual response as a result of the DPI pre-treatment
(Fig. 3.17b, yellow profile). The increased PTPRG activity reduced the phosphorylation of
EGFR. The double-negative feedback was thus weakened and almost effectively reduced
to a negative regulation, which was reflected in the model fits (section 2.13). The enhanced
PTPRG activity was most strikingly observed from the contribution of the unliganded
monomeric receptor (Fig. 3.17b, dash-dotted profile), suggesting that PTPRG is strongly

suppressing the autocatalytic activation of EGFR.

3.3.2 EGFR-PTPR] negative regulation motif suppresses the phospho-
rylation of EGFR

Unlike PTPRG, ectopic PTPRJ-mCitrine expression flattened the dose-response profile
strongly and uniformly throughout the whole ligand-bound fraction range, relative to the
control case (Fig. 3.18a, blue). This uncovered the underlying interaction motif as a simple
negative regulation (Fig. 3.18a, inset). Perturbing the network motif with the NOX inhibitor
DPI resulted with no change in the response profile, excluding the PTP regulation from
EGFR as a possible causal link (Fig. 3.18b, yellow).

On the other hand the knock-down of PTPRJ showed no significant effect on increasing
the phosphorylation response of EGFR (Fig. 3.18c, blue). However, the single cell data
reveal the manifestation of switch-like response (Fig. 3.18d), reminiscent of the data in
Fig. 3.17a. Furthermore, the double-negative feedback model fit was the most consistent with
the experimental dose-response data. This indicates that the knock-down of PTPRJ revealed
the underlying EGFR-PTPRG double-negative feedback, therefore the role of PTPRJ is likely
in modulating the response established by the EGFR-PTPRG recursive interaction.
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Figure 3.18 EGFR phosphorylation response upon perturbation of PTPR]J expression.
Moving average + STD are shown with dashed lines and respectively coloured bounded
regions. Solid lines: model-based fits to the phosphorylated EGFR fraction. Dash-dotted
lines: contribution of the unliganded monomers. a) Dose-response of EGFR-mTFP phos-
phorylation (red) is significantly altered with co-expression of PTPRJ-mCitrine (p=4 X 10_4;
n=16 cells, N=7). Best fit was achieved with the model shown in inset. b) NOX-inhibition
by DPI (10 uM, 30 min pre-incubation) has no effect upon PTPRJ-mCitrine co-expression
(p=0.162, n=10 cells, N=5). c¢) Dose-response of EGFR-mCitrine phosphorylation upon
siRNA-mediated PTPRJ knock-down (blue line, n=11 cells, N=3). The corresponding single
cell profiles are shown in d).
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3.3.3 PTPRA has minor effect on EGFR’s phosphorylation response

One of the receptor-like phosphatases that was also identified, albeit as a minor regulator, was
PTPRA [123]. Consistent with those results, the EGFR-mTFP phosphorylation response upon
ectopic expression of PTPRA-mCitrine showed weak insignificant suppression (Fig. 3.19a,
blue) relative to the control case (red). It is however known that the activity of PTPRA
is affected by the redox mechanism, inducing it into self-inhibitory state via homodimer
formation [84, 110]. If PTPRA is indeed a strong regulator of EGFR, but its activity is
inherently inhibited, the release of the oxidation-mediated inhibition would result in enhanced
PTPRA activity and thus suppressed EGFR response to EGF. Therefore, we again probed
this hypothesis by inhibiting the H, O, production with DPI. The phosphorylation response
of EGFR showed no enhanced suppression (Fig. 3.19b, yellow) compared to the case without
ROS inhibition (blue). The absence of regulation from PTPRA was further corroborated
by the PTPRA siRNA-mediated knock-down dose response experiment, which showed no

significant phosphorylation elevation, compared to the control case (Fig. 3.19c¢).
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Figure 3.19 EGFR phosphorylation response upon perturbation of PTPRA expression.
Moving average + STD are shown with dashed lines and respectively coloured bounded
regions. Dose-response of EGFR-mTFP phosphorylation (control, red) is not affected upon
a) siRNA-mediated PTPRA knock-down (blue, p=0.823, n=14 cells, N=7) or b) PTPRA-
mCitrine co-expression (blue, p=0.225, n=34 cells, N=16). c¢) NOX-inhibition by DPI
(10 uM, 30 min pre-incubation) has no effect (yellow, p=0.937, n=38 cells, N=16) on the dose-
response of EGFR-mTFP phosphorylation with ectopic co-expression of PTPRA-mCitrine
(blue, same as in b)).
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3.3.4 Spatially established EGFR-PTPN2 interaction motif regulates
the phosphorylation response of EGFR

The function of PTPN2 as a strong and direct regulator of EGFR is an intricate case. Its
localisation is predominantly in the perinuclear areas, determined by its ER-binding domain,
and declines towards the PM. Nevertheless, the effect of the ectopic expression of PTPN2-
mCitrine on the phosphorylation response of EGFR is strong (Fig. 3.20a, blue). Unlike
PTPRG and more similar to PTPR]J, this effect is uniform, flattening the response throughout
the whole ligand-bound EGFR range, implying a negative feedback or a negative regulation
mechanism (Fig. 3.20a, inset). This was further reinforced by the invariant phosphorylation
response upon ROS production inhibition with DPI (Fig. 3.20b, yellow). On the other hand,
PTPN2 knock-down perturbation resulted in increase in EGFR phosphorylation, where
EGFR transitioned to the high phosphorylation state at even lower fraction of ligand-bound
receptor, compared to the control (Fig. 3.20c, blue vs red). This amplification at low EGF
dose is due to the increase of phosphorylation of the unliganded EGFR monomers, hence the
absence of PTPN2 from the system causes the active monomers to elevate their activity at the
PM. This confirmed that PTPN2 is indeed a strong and non-redundant regulator of EGFR,
coupled with it in a negative feedback or negative regulation fashion.

The strong negative regulation that PTPN2 exerts on EGFR’s phosphorylation response
then prompts whether and how the coupling between EGFR and PTPN?2 is established via
vesicular trafficking. Given the previously determined relation between vesicular trafficking
and phosphorylation response of EGFR (section 3.2.3), we hypothesise that the two proteins
interact on the contact points between endosomal and ER membranes. Therefore, we
inhibited the exit from the recycling endosome using the dominant negative Rabl 152N
mutant (as in section 3.2.2) and observed the effect on the phosphorylation response at the
plasma membrane in presence or absence of ectopic PTPN2 expression. Ectopic expression
of PTPN2-mCitrine generated no significant flattening on the phosphorylation response of
EGFR-mTFP when the dominant negative Rabl 15N mutant was present in the system
(blue with PTPN?2 relative to red without PTPN2 in Fig. 3.20d). The absence of additional
inhibition of EGFR phosphorylation at the plasma membrane with ectopic expression of
PTPN?2 indicates that it is the monomers, which are concentrated at the RE in this case, that
were affected the most in the analogous experiment without ectopic expression of Rabl 152N
in Fig. 3.20a. Therefore, PTPN2 exerts its strong effect on EGFR through dephosphorylation
of the recycling monomers. The interaction mechanism is trafficking mediated and occurring

mostly in the perinuclear areas. Moreover, the interaction is promoted by the internalisation
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Figure 3.20 EGFR phosphorylation response upon perturbation of PTPN2 expression.
Solid lines: model-based fits to the phosphorylated EGFR fraction. Dash-dotted lines: contri-
bution of the unliganded monomers. Moving average + STD are shown with dashed lines and
respectively coloured bounded regions. a) Dose-response of EGFR-mTFP phosphorylation
(red) is significantly altered with co-expression of PTPN2-mCitrine (blue, p=0.001, n=34
cells, N=13). Best fit was achieved with the model shown in inset. b) NOX-inhibition
by DPI (10 uM, 30 min pre-incubation) has no effect upon PTPRJ-mCitrine co-expression
(p=0.19, n=45 cells, N=12). Dose-response of EGFR-mCitrine phosphorylation c¢) upon
siRNA-mediated PTPN2 knock-down (blue line, p=0.17; n=14 cells, N=6) and d) with
co-expression of Rabl 152N BFP for recycling inhibition (red, n=15 cells, N=4). Additional
co-expression of PTPN2-mCitrine has no effect on the response (p=0.35, n=19 cells, N=7).

of EGFR, hence it is conditioned on its activity. This in effect generates a spatially established
negative feedback.
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3.4 Dynamical systems properties of the EGFR-PTP net-

work

The previously presented results demonstrated that EGFR responsiveness to EGF is mainly
determined by a double-negative feedback with PTPRG that is established by phospho-EGFR-
induced NOX-mediated production of H,O,, and modulated by PTPRJ activity at the plasma
membrane and PTPN2 on the ER. Phosphorylation of the unliganded monomers plays crucial
role in amplifying the response through autocatalysis, thereby providing increased sensitivity
in the system. Regulating that phosphorylation then happens on two levels: PTPRG imposes
threshold for the switch-like activation at the plasma membrane by countering the autocatal-
ysis through dephosphorylation of the monomers, while the internalised phosphorylated
monomers are dephosphorylated and recycled back to the plasma membrane by PTPN2 and
can again engage in the autocatalytic activation mechanism. Hence, vesicular trafficking
couples the activities of these PTPs on different cellular membranes into a unified EGFR-PTP
network that determines the phosphorylation response (Fig. 3.21a).
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Figure 3.21 Unified EGFR-PTP network. a) Scheme of the EGFR-PTP interaction network
established through EGFR trafficking dynamics. EGFR interacts with PTPRG/PTPRI at the
PM and PTPN2 in the cytoplasm. All notations as in Fig. 3.14. b) Causality diagram of
the unified EGFR-PTP network. Red/blue lines: causal interactions, green arrow: ligand
binding.

To better understand how the central EGFR-PTPRG double-negative interaction that
determines sensitivity to EGF is modulated by negative regulation by PTPRJ and negative
feedback by PTPN2, we transformed this spatial scheme into a unified causality diagram

(Fig. 3.21b). This enables us to explore the dynamical properties of this network using
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bifurcation analysis (see section 1.4.1). For this purpose, the model in Eq. (3.1) was simplified
by parametrising EGF-EGFR, as we assume that the dimer is always in a phosphorylated
state.

3.4.1 Bistable dynamics of the EGFR-PTPRG double-negative feed-
back motif generates switch-like activation of EGFR

The mutual EGFR-PTPRG inhibition combined with the autocatalytic activation of EGFR
generates interdependence between the two proteins with two stable solutions in the system:
one where EGFR is active while PTPRG is inactive and vice versa. Simultaneous existence of
two stable steady states is termed bistability [148]. When in bistability, the system is poised
in one of the two stable steady state solutions (see Fig. 3.22a), defined by the intersections of
the nullclines (see section 1.4.1). Sudden transition from one stable steady state to the other
due to destabilisation results in a switch-like activation or deactivation. As both of them
are attainable in bistability, the convergent phosphorylation state of EGFR is determined
based on the initial phosphorylation level, i.e. is history-dependent. Third, unstable saddle
fixed point, repels the system trajectories in one direction, thus separates the state space into
two regions defined by the trajectories that are attracted to a common stable steady state
(Fig. 3.22b, blue vs orange trajectories and steady states). These regions thus determine the
basins of attraction around each of the stable steady states, and are analogous to valleys in an
extended 3-D space - a landscape that depicts the system potential, where the trajectories
descend towards the stable steady states that have zero potential change [149] (Figs. 3.22b
and 3.22c). The ridge between the two valleys is determined by the unstable fixed point.
There is a range of input dose for which the phosphorylation dynamics operates in a
bistable regime with both low and high phosphorylation levels of EGFR potentially attainable.
The phosphorylation dynamics can be analysed by studying the state space topology changes
during a presence and removal of input signal, as shown in Fig. 3.23. Prior to addition of EGF
the resting phosphorylation state is occupied (Fig. 3.23a). Thresholded switch-like activation
then arises from a saddle-node bifurcation: a change in EGF dose at which the occupied stable
low EGFR phosphorylation state merges with the unstable fixed point, abruptly annihilating
each other (see Fig. 3.23b). This change in the topology of the state space comes about as
the nullclines no longer intersect in three fixed points, but in one, as a result of the input
parameter change. Consequently, the system state transitions towards the single remaining
stable steady state - the high EGFR phosphorylation state (Fig. 3.23b, green trajectory). The
resulting dose-response profile has the shape as the one shown in Fig. 3.17a. Therefore, while

PTPRG’s activity suppresses the autocatalysis of EGFR and dominates in the bistable regime
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Figure 3.22 Bistable behaviour of EGFR-PTPRG double-negative feedback. a) State
space of the EGFR-PTPRG system. Solid black lines represent nullclines which intersect
at three different points. The vector field is shown in the background. Green line shows
a trajectory that converges to one of the stable steady states. b) Corresponding estimated
quasi-potential landscape representation. Blue trajectories converge to high-, while orange
trajectories to low EGFR phosphorylation steady state, outlining their basins of attractions. c)
Enhanced view showing the potential-valleys, defined by the basins of attraction, separated
by an unstable-saddle-node-established ridge.

under a subthreshold stimulus condition, it can no longer contain the activity of EGFR with
suprathreshold stimulus and becomes inactive as a result. However, the amplification via
autocatalytic activation inflicts a trade-off, as the phosphorylation level is maintained after the
pulse removal. The state trajectory stays in the high phosphorylation state upon reinstating of
the initial bistability as it remains stable (Fig. 3.23c). A suprathreshold EGF pulse thus causes
an irreversible activation of EGFR, where the autocatalysis alone is sufficient to maintain the
monomeric unliganded receptors phosphorylated after the pulse removal. This effectively
generates a memory in the system, as the monomeric species preserve the knowledge of a

previous stimuli.

3.4.2 Sensitivity to novel growth factor stimuli depends on PTP/EGFR

plasma membrane abundance

Shapes of the nullclines determine the number of intersection points between them, hence ex-
istence of bistability depends on the parameters in the system. These include the biochemical
rate constants and the protein concentration levels. Unlike the former which depend on the
biochemical properties of the molecules, the latter can vary depending on the context, and
are thus tunable parameters for the cell. The gene regulatory expression profile of the cell, as
well as the spatial regulation in the system, will determine the protein concentration levels at
the plasma membrane, and consequently the operation regime of the cell. More accessible
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Figure 3.23 Memory from bistable dynamics in EGFR phosphorylation upon pulsed
EGF stimulation. State space representation of the EGFR-PTPRG system as in Fig. 3.22a.
a) Pre-stimulus (Bistability): The trajectory converges to the resting phosphorylation state. b)
Suprathreshold stimulus (Monostability): Transition of the state trajectory to the remaining
stable, high EGFR phosphorylation state from bistability. c) Pulse removal (Bistability): The
state is maintained at the high EGFR phosphorylation level when bistability is reinstated.

experimental perturbations of these mechanisms also provide an advantage in characterising
the dynamical properties of the network.

Therefore, the phosphorylation dynamics of monomeric unliganded EGFR (EGFRp) at
the plasma membrane was analysed theoretically as function of the system’s parameters: lig-
anded EGFR (EGF-EGFR), which will show the response properties, and PTPRG/EGFR ex-
pression levels, which will determine the regime of operation. Dependence on PTPRG/EGFR
with EGF-EGFR=0 can be observed in Fig. 3.24a, where the bistability region spans between
the two annotated saddle-node bifurcation points. To understand further how the system
will respond to a given EGF concentration depending on where it is positioned in respect to
PTPRG/EGFR, the EGFRp response was studied using 3-D bifurcation analysis. The EGFRp
steady state surface, also termed cusp catastrophe surface [148], is shown in Fig. 3.24b in
dependence of both of the parameters. The surface folds over on itself in certain points of
the parameter space, defining the bistable region where three fixed points coexist. Profiles
parallel to the EGF-EGFR axis show the phosphorylation response of EGFRp for a given
PTPRG/EGEFR ratio. Therefore, studying the difference between the responses is performed
in relation to the PTPRG/EGFR concentration ratio at the plasma membrane, and the four
distinct response types, i.e. operation regimes, that were identified are denoted on the PT-
PRG/EGFR axis. Their respective EGFRp responses are captured in the bifurcation diagram
against the input EGF-EGFR, shown in Fig. 3.24c, where representative profile (vertical slice)
was taken from each of the operation regimes. Finally, to interpret the activation/deactivation
points in each of the responses, a top view of the 3-D bifurcation diagram, describing the
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PTPRG/EGFR - EGF-EGFR parameter space, is shown in Fig. 3.24d, where the overlay of
the high and low phosphorylation states in the bistable region is denoted with purple.
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Figure 3.24 Bifurcation analysis of the EGFR-PTPRG system. a) Bifurcation diagram
of unliganded EGFRp as a function of PTPRG/EGFR. Stable branches are depicted with
solid lines (red - high-, blue - low phosphorylation), while unstable branch is shown with
dashed line. The saddle-node bifurcations, SN1 and SN2, define the bistable region. b) 3-D
bifurcation diagram of EGFRp as a function of liganded EGF-EGFR and PTPRG/EGFR.
Different regimes of operation are denoted along the PTPRG/EGFR axis. c) Bifurcation
diagram of EGFRp on EGF-EGFR. Representative responses are shown from the four
operation regimes. Colours are matching the respective region colours along PTPRG/EGFR
axis in b). d) PTPRG/EGFR - EGF-EGFR parameter space depicting the possible dynamical
regimes. Bistable region is denoted with purple colour. Arrows illustrate forward and
backward EGF-EGFR dose-response trajectories within each operation regime. Blue colour
in arrow depicts low-, while red depicts high EGFRp state is occupied along the trajectory.
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For high concentrations of EGFR or low PTPRG concentrations (as with a knock-down),
hence low PTPRG/EGFR ratio, the autocatalysis is sufficiently strong to maintain stable
phosphorylation levels of EGFR even in the absence of signal (EGF-EGFR), leading to
preactivation and no response to EGF (Fig. 3.24b, yellow region; Fig. 3.24c, yellow profile).

For a wide range of PTPRG/EGFR concentration at the PM the system resides in bista-
bility in the absence of signal (Fig. 3.24b, brown region). Increase in liganded EGFR then
leads to saddle node bifurcation and abrupt switch in activity (Fig. 3.24c, brown profile;
Fig. 3.24d, third arrow), as described previously. Removal of EGF, i.e. EGF-EGFR, from the
system results in reinstating of bistability. However, since the convergent state depends on
the previous state in bistability, the system will continue to reside in the high phosphorylated
state in this case (Fig. 3.24c, upper branch of orange profile; Fig. 3.24d, fourth arrow).

Moving the system further on the right on the PTPRG/EGFR axis, by decrease of EGFR
or increase of PTPRG abundance, can weaken the self-sustaining autocatalytic activation
mechanism and place the system away from the irreversible regime of operation (Fig. 3.24b,
green region). The system operates in a monostable regime there, however, upon increase
in EGF-EGFR it can enter bistability while still occupying the low phosphorylation state
of EGFR. Exit from bistability generates the switch in activation (Fig. 3.24c, green profile;
Fig. 3.24d, fifth arrow), as in the previous case. The backward EGF-EGFR trajectory will
again occupy the high phosphorylation state when it is in bistability but the system will reset
when it is back in the initial low monostable state (Fig. 3.24d, sixth arrow). The discrepancy
between the EGF-EGFR points of activation and inactivation (saddle-node bifurcations),
resulting from operating in bistability in history-dependent manner, is called hysteresis
(see Fig. 3.24c, green profile). However, unlike in the previous case where the hysteresis
was extending back past the y-axis, locking the system in a phosphorylated EGFR state
(Fig. 3.24c, brown profile), it operates in a reversible regime in this case.

Still further right on the PTPRG/EGFR axis, the system operates in a completely monos-
table manner (Fig. 3.24b, blue region). Starting from the low phosphorylation state in the
absence of stimuli, EGFR is gradually, albeit still ultrasensitively activated (Fig. 3.24c, blue
profile; Fig. 3.24d, seventh arrow). The backward EGF-EGFR trajectory overlaps with the
forward trajectory, thus the system is in a reversible regime again.

The bistable response is modulated by PTPRJ and PTPN2

Determining the conditions under which bistability occurs is necessary to understand the
response profile. Bistability can arise from a presence of ultrasensitive response coupled to
a positive feedback in the system, either a double-positive or a double-negative feedback
[150]. The EGFR-PTPRG system satisfies these conditions as the autocatalytic activation
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mechanism of EGFR, as well as the double-negative feedback, provide non-linearities
necessary for bistability. This can be observed in Fig. 3.25a, where bistability arises when the
phosphorylation and dephosphorylation rates balance each other (intersect) in three different
points, two of which are stable. The bifurcation from bistable to monostable dynamics
occurs when the changes in forward and backward rate due to increase of EGF result in
intersection in a single point. From this graphical analysis it is straightforward to perceive
how the absence of either of the two preconditions will result in loss of non-linearity of the
respective forward/backward rate, thus in loss of bistability. This can also be seen from the
first equation in the main model in Eq. (3.1), where setting &, = ; to remove autocatalysis
lowers the order of the forward rate from second to first.

The extent of the bistable region shapes the phosphorylation response of EGFR and
determines the operation regime of the network. While the interaction of EGFR with PTPRG
constitutes the central motif that generates bistability, the interactions with the other PTPs
modulate the extent of the bistable region, hence the EGFR response. The contribution from
the negative regulation by PTPRJ or negative feedback from PTPN2 in the backward rate of
EGFR phosphorylation is of the same shape. It adds a linear term to the rate and therefore
steepens its profile (Fig. 3.25b), effectively decreasing the region where the two profiles
intersect in three points. The previous wide PTPRG/EGFR region of irreversible bistability
provided a response where the forward EGF-EGFR trajectory (green) lead to switch-like
activation and the backward trajectory (red) remained in the high phosphorylation state
(Fig. 3.25¢, using the original model from Eq. (3.1)). The narrowing of the bistability by
PTPRJ and PTPN2 shifted the system poised at the same PTPRG/EGEFR ratio to a reversible
region (bistable or monostable) of the bifurcation diagram (Fig. 3.25d). The negative feedback
with PTPN?2 that is established by the vesicular recycling thus plays a similar role to PTPRJ.
However, the vesicular recycling of activated EGFR monomers that are dephosphorylated by
PTPN2 in the cytoplasm is also essential to maintain sufficient number of EGFR molecules

at the plasma membrane for autocatalysis to manifest.
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Figure 3.25 Modulation of the range of the bistable EGFRp response by PT-
PRJ/PTPN?2. a) Rate-balance plots of EGFRp captures the bistable dynamics in the EGFR-
PTPRG system. Blue shows the forward-, while red shows the backward non-linear phos-
phorylation rate of EGFRp. b) Rate-balance plot with additional negative regulation in
the system. c) 3-D bifurcation diagram as in Fig. 3.24b. Forward (green) and backward
(red) dose-response trajectories are shown for PTPRG/EGFR=1.9, with corresponding ortho-
graphic projections on the right profile plane. d) 3D-bifurcation diagram for the combined
toggle-switch/negative regulation/negative-feedback network topology established by vesicu-
lar recycling of unliganded EGFR.

3.4.3 Periodic pulses to probe the network sensitivity

Whether and how this EGFR-PTP system will respond to time-varying cues will depend
on where the system is organised in parameter space (PTPRG/EGFR). To explore how the
system will respond in the different parameter regimes, we simulated EGFR responsiveness
to a train of periodic EGF pulses (see Methods). If the dynamics of the EGFR-PTP system
is dominated by the bistable properties of the PTPRG-EGFR toggle switch, the simulation
shows that EGFR will remain irreversibly “trapped” in the active state after the first EGF
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pulse removal and decrease of EGF-EGFR (Fig. 3.26a). The system is thereby not able to
sense and respond to subsequent EGF cues. However, if the system is organised close to
the bifurcation point, just outside the irreversible bistable region, the response dynamics
exhibit reversible but delayed phosphorylation relaxation (Fig. 3.26b). Hence, the system
can respond to all of the subsequent pulses, while transiently maintaining memory of the
previous pulse.

Further away in the monostable regime, EGFR phosphorylation closely follows the EGF
input (Fig. 3.26c¢).
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Figure 3.26 Different temporal responses to train of EGF pulses. Simulated temporal
profiles of the fractions of liganded (dark) and phosphorylated receptors (light) in response
to a train of EGF pulses, when the system is organised in a) the bistable regime, b) close to
the bistability region, and c) in the monostable regime.

The EGFR-PTP system is poised at criticality, close to bistability

To identify where the EGFR-PTP system is poised and whether it can sense time-varying EGF
signals, four subsequent non-saturating (20 ng/mL) 5 min EGF-Alexa647 pulses followed
by 25 min washout were administered every 30 min to live MCF7 cells expressing EGFR-
mCitrine. The fraction of liganded receptor (EGF-EGFR=EGF-Alexa647/EGFR-mCitrine)
as well as the fraction of phosphorylated EGFR (EGFRp=PTB-mCherry/EGFR-mCitrine)
were ratiometrically determined at the plasma membrane as a function of time, similar to the
analysis in section 3.2.2 (see Methods).

Cells with knock-down of PTPRG showed strong response to the initial EGF pulse,
followed by limited response to the subsequent pulses, restricted within the boundaries of
the higher EGFR phosphorylation state. The EGFR activation did not relax back to the
basal inactivated state in these cells (Fig. 3.27a, light blue). This result is consistent with the
irreversible bistable EGFR phosphorylation dynamics with low levels of PTPRG (Fig. 3.26a).
It confirms that PTPRG is a central regulator of EGFR activation dynamics through a double

negative feedback motif. We also observed a subpopulation of cells (4 out of 9 cells) that
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Figure 3.27 Temporal responses to train of EGF pulses upon experimental PT-
PRG/EGFR perturbations. Temporal traces of the fraction of ligand bound ([EGF-
Alexa647]/[EGFR-mCitrine], dark colour) and phosphorylated EGFR estimated by PTB-
mCherry translocation to the plasma membrane ([PTB-mCherry]/[EGFR-mCitrine], light
colour) in live MCF7 cell. Data was acquired at 1 min intervals following 20 ng/mL 5P-EGF
every 30 min. Average + STD are shown with solid line and coloured bounds from single
cell data upon a) siRNA-mediated knock-down of PTPRG treatment (n=5 cells, N=2), b)

non-targeting siRNA treatment (n=4 cells, N=1), and c) ectopic Rabl 15N _mTFP expression
(n=16 cells, N=2).

relaxed back to the basal state after each EGF pulse (data not shown), presumably due to
variability in PTPRG knock-down with respect to EGFR expression levels.

In the control cells, EGFRp response showed prolonged relaxation (Fig. 3.27b, light
red) after each EGF pulse, reminiscent of the simulated response of a system poised close
to the bifurcation, at the criticality point (Fig. 3.26b). This differed from the relaxation
of the liganded EGF-EGFR that displayed a more monotonic decay function (Fig. 3.27b,
dark red), which is due to depletion of liganded receptors from the plasma membrane by
endocytosis. The more rapid activation of EGFRp with respect to EGF-EGFR at the onset
of each pulse is a manifestation of the autocatalytic EGFR phosphorylation amplification.
The prolonged relaxation shows that the EGFR-PTP system is organised close to the bistable
region, narrowly escaping irreversible activation, enabling both sensing, as well as robust
activation upon time-varying EGF stimuli.

EGFR abundance at the plasma membrane regulated by vesicular trafficking deter-
mines the sensing

This reflects on how the PTPRG/EGFR concentration ratio distinctly poises the system on
the bifurcation diagram, and thus dictates the dynamics of the system (Fig. 3.24b). To perturb
the positioning of PTPRG/EGFR at criticality we manipulated the spatial organisation of

the system. As shown previously, ectopic expression of the dominant negative Rabl1 152N
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mutant impairs the vesicular recycling of EGFR monomers. This generates a lower steady
state plasma membrane abundance of EGFR, hence shifts the system to the right on the
PTPRG/EGFR axis of the bifurcation diagram, to the monostable regime of operation. In this
case, a dampened phosphorylation response, relative to the control case, to a train of EGF
pulses was observed, where EGFRp followed closely the EGF-EGFR relaxation (Fig. 3.27c¢).
This corroborated the previous findings that recycling of EGFR monomers is essential to
generate a sufficient concentration at the plasma membrane for autocatalytic amplification
of phosphorylation after each EGF pulse. This is apparent from the strong decrease in both
autocatalytic EGFR activation, as well as the dampening of both EGFRp and EGF-EGFR
in amplitude in the course of the experiment (Fig. 3.27c). In this case, the system loses
its robustness in response to time varying stimuli and becomes more rapidly insensitive to
upcoming EGF pulses.

How long the system can respond to time-varying EGF stimuli generally depends on the
total amount of expressed EGFR that is recycling in the cell, and how quickly, thus how
much of this pool is depleted by the unidirectional trafficking of liganded EGFR, which in
turn is determined by the magnitude of EGF stimuli.
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Figure 3.28 Temporal profile of the fraction of EGFR at the PM upon stimulation with
train of EGF pulses. Average [EGFR-mCitrine)PM/[EGFR-mCitrine]r is shown for the
single cell data upon non-targeting siRNA treatment (n=4 cells, N=1), corresponding to
Fig. 3.27b.

We also observe decrease in response amplitude and extent of phosphorylation in the
control case (Fig. 3.27b). To examine whether this indeed comes as a result of the decrease
in the dynamically maintained PM EGFR abundance, we plotted the fraction of EGFR at the
plasma membrane, relative to the total abundance. Sharp decrease in relative concentration
due to ligand-binding can be observed after the first pulse (0—30 min), followed by an

additional decrease after the second pulse (30—60 min), after which the concentration did not
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decrease further (see Fig. 3.28). This correlates with the decrease in amplitude and temporal
extent in the phosphorylation response, more accentuated after the second pulse (Fig. 3.27b).
Hence, the lowering steady state plasma membrane abundance of EGFR that shifts the system
to the right on the PTPRG/EGEFR axis of the bifurcation diagram (Fig. 3.24b), is pushing the
system towards the fully monostable regime of operation.

Growth factor sensing is optimal at criticality

To understand the extended phosphorylation relaxation after each EGF pulse in the control
case, we turn again to the state space representation of the system. The PTPRG/EGFR
parameters poise it just outside of the irreversible bistable regime. There, next to the saddle
node bifurcation point, the nullclines no longer intersect at three different points, but are
rather very close to each other near the point where the high EGFR phosphorylation state
and the unstable steady state merged and annihilated each other, while they still intersect on
the other end at the low EGFR phosphorylation state (see Fig. 3.29a). The quasi-potential
has very small derivative at this position because of the closeness of the nullclines, hence the
landscape’s slope is fairly flat there (see Fig. 3.29b). The system dynamics at this criticality
point are slowed down as a result.
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Figure 3.29 Behaviour of the EGFR-PTP system close to criticality. a) State space
representation of the EGFR-PTP system as in Fig. 3.22a. The nullclines are very close to each
other at (EGFRp=0.5, PTPRGax0.1). b) Corresponding quasi-potential landscape showing
the flat slope at the narrow part of the stable manifold near (EGFRp=0.5, PTPRGax0.1).
The green line outlines a trajectory from a high EGFRp initial state to the low EGFRp steady
state.

Arrival of suprathreshold EGF pulse changes the topology of the state space by changing
the nullclines and therefore the points of intersection. This dynamics was simulated using
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a stochastic numerical simulation (see Methods) and three snapshots of a representative
simulation are shown in Fig. 3.30. We can observe the history of the trajectory (green)
overlaid over the current state space (Figs. 3.30a to 3.30c, left panels). Moreover, we can
observe how the generated state space trajectory is translated into a temporal profile of
extended EGFR phosphorylation, shaping the response dynamics (Figs. 3.30a to 3.30c, right
panels).

From the initial state the system rapidly converged to the low phosphorylation stable
steady state (EGFRp~0, PTPRGax0.4) in the absence of stimulus (Fig. 3.30a). Signal
presence altered the nullclines’ intersection points which destabilised the occupied steady
state (Fig. 3.30b). Thus, from the low EGFR phosphorylation monostable mode (single
intersection point), through the bistable region (two intersection points), the state space
topology settled at the high EGFR phosphorylation monostable mode (single intersection
point, distant from the initial one) where the switch-like activation took place (EGFRp=0.6,
PTPRGax0.1; Fig. 3.30b). Finally, signal removal reinstated the initial state space topology,
where the ’ghost attractor’ captivated the relaxing system trajectory for a transient period
of time before it continued to converge back to the initial stable steady state (EGFRp=0,
PTPRGa=0.4, Fig. 3.30c). In this manner the signal processing with the metastable steady
state is translated into a temporal EGFR phosphorylation profile with transient memory of
the perceived stimulus. The EGF-induced topological changes in the state space provided
such robust signal processing, while also allowing EGFR phosphorylation resetting to the
ground state. The EGFR-PTP network thus acts as a sensory system of single cells, adopting
these information processing capabilities in the vicinity of the saddle-node bifurcation point.

Another important feature of the dynamics of the network in which EGFR is embedded
is to ensure maximal dynamic range of the receptor’s phosphorylation response to minimal
growth factor dose that activates the system (EGF-EGFR=0.15, see Fig. 3.24c). We therefore
determined the amplitude of EGFR phosphorylation when changing the PTPRG/EGFR
concentrations on the PM (Fig. 3.31). The maximal EGFR phosphorylation response ampli-
tude gradually increased when decreasing the PTPRG/EGFR concentration as the system
moved from the monostable towards the bistable regime, exhibiting a clear peak at the
PTPRG/EGEFR ratio that corresponds to the saddle-node bifurcation. After the bifurcation
point, the discontinuous drop in amplitude corresponds to switching and maintenance of
continuously high EGFR phosphorylation state in the bistable regime and further on the left
in the preactivation regime. Organisation at criticality thus also ensures optimal dynamic
range of EGFR phosphorylation response.

As mentioned before, reversibility is a crucial feature of the EGFR-PTP system when op-

erating at criticality. Following the prolonged EGFR phosphorylation, the system converges
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back to the resting state, and is therefore susceptible again to upcoming growth factor stimuli.
However, should a subsequent pulse arrive within the duration of the transient memory, the
response amplitude of the system will be low, comparable to the amplitude of a system that
operates in an irreversible bistable regime (Fig. 3.31). To determine how is the response
changed and how is the transient memory affected by a concurrent arrival of a second pulse,
we performed stochastic simulations as in Fig. 3.30. The results show that with the second
pulse the trajectory revisits the high EGFR phosphorylation steady state from the currently
occupied narrow region of the stable manifold in state space, thus the response amplitude is
indeed reduced (Fig. 3.32a). However, persistent memory is not developed, as the transient
memory is extended by an additional prolonged duration.

This hypothesis was also tested experimentally by applying short pulses of 20 ng/mL
EGF-Alexa647, as in the experiments from section 3.4.3. To determine the transient memory
duration, a single EGF pulse, followed by a wash, was applied to single cells (Fig. 3.32b).
The resulting dynamics showed a prolonged phosphorylation of 20—30 min after the pulse
wash, in line with the previous results from Fig. 3.27b. When a second pulse was applied
within the duration of the phosphorylation response (at ~15 min), the transient memory was
extended accordingly, in agreement with our simulations (Fig. 3.32c).
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Figure 3.30 EGFR phosphorylation dynamics upon EGF pulse near criticality. Stochas-
tic simulations of the EGFR-PTP system. Left panels show the state spaces as in Fig. 3.22a,
in the corresponding regimes. Right panels show the corresponding EGFRp trajectory in time
(green). The presence of the EGF pulse is shown with grey. a) Pre-stimulus: The trajectory
converges to the resting phosphorylation state. b) Suprathreshold stimulus: Transition of
the state trajectory to the high EGFR phosphorylation state. c) Pulse removal: The state is
transiently maintained at a high EGFR phosphorylation level when the system returns to
criticality, before it converges back to the ground state.
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Figure 3.31 Phosphorylation re-
sponse amplitude of unliganded
EGFR. The maximal EGFR phos-
phorylation response amplitude is
shown for different PTPRG/EGFR
values, estimated by the difference in
the responses from EGF-EGFR=0 to
) 05 1 15 2 25 3 EGF-EGFR=0.15.
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Figure 3.32 Temporal EGFR phosphorylation dynamics upon second EGF pulse in
quick succession. a) Stochastic simulations of the EGFR-PTP system, as in Fig. 3.30.
Temporal traces are shown of the fraction of phosphorylated EGFR-mCitrine upon b) single
(n=7 cells, N=1) and c) double EGF-Alexa647 pulse stimulation (n=5 cells, N=1). Data was
acquired and processed as in Fig. 3.27b.






Discussion

How cells sense and respond to extracellular EGF concentration is determined by the re-
sponse dynamics of EGFR. This means that the spatial-temporal growth factor signal is
translated through the EGFR phosphorylation, resulting in activity propagation downstream
by recruitment of SH2- or PTB-containing effector proteins. EGFR’s phosphorylation regu-
lation is still not well understood, as the state transitions by the canonical and non-canonical
activation mechanisms, as well as the coupling interactions with the phosphatases have not
been well characterised on a systemic level. In this thesis, the main objective was to reveal
how sensing and responding to time-varying EGF signals is determined by the EGFR-PTP

network in which the receptor is embedded.

4.1 Vesicular trafficking of EGFR regulates its phosphory-

lation dynamics at the plasma membrane

To understand sensing, it was first necessary to determine which species are able to sense the
time-varying cues and how is their cell surface abundance regulated to support the sensing.
Upon occurrence of growth factor signal, fraction of the receptor population gets bound to
ligand, ubiquitinated and depleted from the plasma membrane, that is determined by the
ligand concentration. The remaining unliganded receptor fraction remained sensitive to
upcoming stimuli. It is thus the unliganded EGFR that is sensing the time-varying cues,
therefore the regulation of its plasma membrane abundance is crucial for maintaining or
diminishing the sensing capabilities. The balance between plasma membrane and endoso-
mal fractions of EGFR is determined by the spatial organisation of the receptor, and it is
established via vesicular trafficking. It has been shown in a recent study that the unliganded
EGFR undertakes a different trafficking route than the liganded EGFR upon activation at the
plasma membrane and internalisation [8]. Whereas the liganded and ubiquitinated EGFR,

tagged for degradation, from the early endosome traffics unidirectionally towards the late
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endosome and lysosome, the unliganded EGFR exits the early endosome and recycles back
to the plasma membrane through the recycling endosome. We distinguished between these
two trafficking routes by exposing the cells with EGF stimulus of different duration - pulsed
vs sustained stimulation. By tracking the spatial distribution of the receptors over time, we
could observe plasma membrane depletion and accumulation in the perinuclear areas of
the ligand-bound EGFR upon exposure to sustained EGF stimulation (Fig. 3.8c). On the
other hand, transient stimulation emphasised the trafficking route of the unliganded receptor,
which was rapidly recycling to repopulate the plasma membrane (Figs. 3.10d and 3.11). The
effect of such spatial organisation came to light when studying the phopshorylation dynamics
on the plasma membrane. The recycling of the unliganded EGFR upon 5P-EGF, which
increases the plasma membrane abundance, resulted in prolonged phosphorylation there, due
to triggering of the autocatalytic mechanism of activation (Fig. 3.12). On the other hand,
with S-EGF the monomers engaged in ligand-binding and maintained constant and elevated
levels of phosphorylation.

4.2 Autocatalytically activated EGFR forms distinct cou-

pling interactions with PTPs on different membranes

To understand the phosphorylation dynamics, the regulation network in which EGFR is em-
bedded was studied. On one hand, the activation mechanisms triggered phosphorylation of
EGEFR across the plasma membrane. These include the canonical model for EGFR activation
of the ligand-bound dimers via trans-phosphorylation [44, 139], as well as the autocatalytic,
autonomous and ligand-bound-induced activation of the unliganded EGFR [76, 77]. Unli-
ganded EGFR molecules can initiate and propagate the signal among the receptor population,
even in the absence of stimulus [46]. The phosphorylation propagation has been directly
observed initially in [48], where local EGF stimulation led to global EGFR phosphorylation
across the plasma membrane. This non-linear self-amplification is a manifestation of the
autocatalytic activation of EGFR. Using single-cell dose-response analysis we characterised
the EGFR phosphorylation response to increasing doses of EGF. This allowed to establish
that the autocatalytic activation of the unliganded receptors indeed significantly enhanced
the EGFR phosphorylation in the low doses stimulation scenarios. While the ligand-bound
fraction of receptors contributed linearly to the increase of phosphorylation, the unliganded
receptors introduced non-linearity and thus generated an ultrasensitive response to EGF,
rather than a graded one (Fig. 3.5). The unliganded receptors can get trans-phosphorylated
in a transient complex by another unliganded receptor - comprising the autonomous or

autocatalytic activation, or by a ligand-bound receptor, that promotes the autocatalysis at low
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dose. The basis for such phosphorylation propagation through autocatalytic EGFR activation
is most likely the phosphorylation of the regulatory Y845 in the kinase activation loop, which
stabilises the active conformation of the receptor [47, 8]. This could be established by direct
autophosphorylation in transient receptor complexes or by indirect phosphorylation via Src
[151] that is in turn activated by EGFR [152]. A recent study revealed in detail the molecular
basis behind the autocatalytic activation mechanism [153].

EGEFR response dynamics, however, is not solely determined by its activation mechanism,
but results also from the coupling interactions with the PTPs. It has been shown previously,
for example, that a double negative EGFR-PTP feedback determines the ultrasensitive lateral
phosphorylation propagation mechanism [76, 77]. Using dynamical systems modelling we
uncovered the role of the plasma membrane-localised PTPRG as such regulator, coupling
with EGFR in a toggle switch manner to shape its responsiveness to EGF (Fig. 3.17a). This
coupling is mediated by the phospho-EGFR-induced H,O, production near the plasma mem-
brane, that oxidised the catalytic cysteine of PTPRG, thereby making it inactive. Inducing
NOX complex inhibition therefore resulted in decreased EGFR phosphorylation response,
following from the increased PTPRG activity (Fig. 3.17b). The mutual inhibition of EGFR
and PTPRG gave rise to a bistable response, where two stable solutions exist simultaneously
in the system - one where EGFR ’dominates’ over PTPRG and vice versa. Therefore, with
low EGF dose PTPRG dominates the EGFR-PTPRG balance and inhibits the autocatalytic
activity of EGFR, while given high enough stimulus, EGFR overcomes the inhibition by
PTPRG and propagates the signal laterally. The critical EGF dose upon which the system ex-
hibits discontinuous switch-like activation sets an activation threshold for EGFR. This toggle
switch interaction motif between EGFR and PTPRG practically implements an activation
safeguarding filter for EGFR, as stimuli with low signal-to-noise ratio are deemed insuffi-
cient for triggering a phosphorylation response and are thus filtered out. Due to bistability,
however, irreversible activation that is maintained even after removal of the signal, occurs as
an adversary side effect. Permanent memory is formed in the network, as EGFR maintains
its phosphorylation level as a result of a previously perceived signal.

A question arose therefore as to how is this vulnerability overcome in order for the signal
to be terminated. We identified that the negative regulation through PTPRIJ at the plasma
membrane helps in pushing the system towards reversible activation that is necessary to sense
upcoming growth factor cues (Fig. 3.18a). It modulates the bistable response established
by the double-negative feedback between PTPRG and EGFR. This was corroborated by a
knock-down of PTPRJ, which exposed the underlying switch-like activation (Fig. 3.18c).
The internalisation following the activation removes the active receptors from the plasma

membrane where the routes of liganded and unliganded EGFR diverge. This promotes
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the interaction with the ER-bound PTPN2, which exerts its strong effect on EGFR by
dephosphorylating the recycling monomers, effectively generating a spatially established
negative feedback. Thus, a flatter EGFR phosphorylation response was observed upon
ectopic expression of PTPN2 (Fig. 3.20).

4.2.1 Spatial segregation of PTPs allows signal processing

The autocatalytic activation of the unliganded EGFR is coupled to a mutual inhibition with
PTPRG at the plasma membrane, whose bistable switch-like response permits a threshold
activation of EGFR. This interaction is spatially unified with the EGFR-PTPN?2 interactions
through the recycling of the EGFR monomers. The stronger dephosphorylating PTP activities
in the perinuclear areas reset the monomeric EGFR activity states before they return to
the plasma membrane. The spatial segregation of high PTPN2 activity from the plasma
membrane ensures that EGFR phosphorylation is not immediately suppressed upon exposure
to ligand. This is also in line with the relatively low mRNA expression of the RPTPs
with respect to PTPN2 (PTPR/ER-PTP mRNA 0.045, [123]). The system therefore can
initiate signalling due to a clear segregation of tyrosine kinase and phosphatase activity
and shuts down by their co-localisation over time due to vesicular traffic. Such stronger
endosomal dephosphorylation over time was observed by comparing the plasma membrane vs
endosomal distribution between Fig. 3.8e and Fig. 3.8c upon S-EGF, and between Fig. 3.10e
and Fig. 3.10c upon 5SP-EGF. Similar effect was observed in [8], where the increasing
concentration of PTP1B towards the perinuclear area led to a decreasing EGFR spatial

activity gradient.

4.2.2 Spatially unified EGFR-PTP coupling interactions establish growth

factor sensing network

The spatial organisation of the system is summarised in Fig. 4.1. Unification of the interac-
tions of EGFR with the PTPs on different membranes establishes a system for growth factor
sensing: the autocatalytic EGFR monomers coupled with the RPTPs in a double-negative-
feedback fashion amplify the response after a signal threshold, while upon internalisation
their phosphorylation state is reset as a result of the interactions with the ER-bound PTPN2,
before they recycle back to the plasma membrane to respond to upcoming stimuli. Pres-
ence of growth factor in the environment re-routes ligand-bound EGFR molecules from
the unliganded recycling to the liganded-ubiquitinated unidirectional degradation route and

thus decreases the total concentration of EGFR at the plasma membrane. Dynamically
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Figure 4.1 Spatial unification of the EGFR-PTP network motifs determines growth
factor sensing. Monomeric EGFR (left) is converted to dimeric one (right) upon binding to
EGF and undertakes the unidirectional route towards perinuclear degradation. The RPTPs at
the plasma membrane are coupled to the autocatalytic EGFR monomers in a double-negative-
feedback fashion to set a switch-like amplified activation. Constitutive recycling unifies these
interactions to the ones with the ER-bound PTPs to reset the phosphorylation state of EGFR
and enhance the sensing capabilities of the system.

maintaining the plasma membrane abundance of the monomers via vesicular trafficking is

therefore crucial feature of the time-varying growth factor sensing system.

4.3 The operation regime of the unified EGFR-PTP net-

work depends on its positioning in parameter space

The EGFR-PTPRG interaction motif was revealed as the central unit that dictates the ultra-
sensitivity and reversibility of the response to EGF. Crucially, they are determined by the
presence of bistability, which is conditioned on the existence of non-linearities of both - the
autocatalytic activation as well as the inhibition via double-negative feedback (Fig. 3.25a).
The other PTPs modulate the extent of the bistability region, shifting the response away from
irreversibility (Figs. 3.25b and 3.25d). Therefore, how EGFR will respond to EGF stimuli
depends on the PTPRG/EGFR abundance ratio at the plasma membrane, i.e. the operation
regime of the system depends on its positioning in parameter space (Fig. 3.24). High EGFR-
or low PTPRG-abundance set the system in a preactivation regime in the extreme case, or a
bistable regime where a switch-like, but irreversible activation can take place. This makes
EGFR unresponsive to the subsequent changes in EGF concentration, thus the sensitivity

of the system is greatly diminished while the phosphorylation is sustained (Fig. 3.26a). On
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the other end of the PTPRG/EGEFR ratio, low EGFR- or high PTPRG-abundance main-
tain reversibility with reduced autocatalytic amplification (Fig. 3.26¢). However, optimal
growth factor sensing of non-stationary signals must combine the essential features of the re-
sponses presented at both ends: switch-like amplified activation and reversibility (Fig. 3.26b).
We identified that this is achieved on the interface between the two regions, close to the

saddle-node bifurcation point that marks the transition from bistability to monostability.

4.3.1 Growth factor signal processing is optimal at criticality

State space and bifurcation analysis revealed that the processing of time-varying input at
this criticality point operates via different topological transitions in state space (Fig. 3.30).
In the absence of stimulus the system is monostable, with the low EGFR phosphorylation
being the single stable steady state. Being just outside of the bistability region in parameter
space places the nullclines close to each other at the high EGFR phosphorylation end of the
state space. When suprathreshold input is attained the topology of the state space contains
only the single active stable steady state, and thus the system trajectory converges there.
Removal of the input reverts the topology of the state space through bistability, back at
monostability with low EGFR phosphorylation, in the vicinity of the saddle-node bifurcation.
The closeness of the nullclines at the high EGFR phosphorylation end of the state space
established a ’ghost’ attractor where a transient memory of the stimulus was retained that
was manifested with prolonged but reversible phosphorylation (Fig. 3.26b). This implies
that the cells do not operate using only the stable attractors to encode information about the
extracellular state, but rather that they can process and integrate time-varying signals with
the state space trajectories using metastable states. The dynamics of these trajectories are
translated into temporal phosphorylation responses, as showcased in Fig. 3.30. Therefore,
for signalling networks that are organised at criticality it is necessary to consider how the
metastable states affect the state space trajectories that guide the temporal phosphorylation
response, rather than only consider the positions of the stable attractors.

We showed that the phosphorylation response amplitude of the unliganded EGFR was
maximal near the saddle-node bifurcation (Fig. 3.31). Increase of the PTPRG/EGFR ratio
moves the system fully into the monostable regime where the autocatalytic activation is
reduced and the response amplitude is diminished, while decrease of PTPRG/EGFR dimin-
ishes the response amplitude upon subsequent stimuli. In this thesis it was demonstrated
experimentally that the EGFR-PTP system operates close to criticality, by stimulating the
cells with train of EGF pulses (Fig. 3.27b). The response showed prolonged and reversible
EGFR phosphorylation dynamics, matching the theoretical results obtained in Fig. 3.26b. The

transient memory duration was observed at about 20-30 min upon 5 min EGF stimulation.
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Processing of time-varying signals with a metastable state equips the system with unique
features. Temporal dependencies are inherent properties of time-varying signals, and having
a sensing system with short-term memory, while still maintaining responsiveness provides
plasticity in the processing dynamics. Hence, while on one hand, the metastable state allows
the cell to temporarily maintain the signalling state from the past, a topological change in
state space arising from a signal change will still induce a proper response (Fig. 3.32). As
EGFR activation by EGF leads to PI3K- and Racl-mediated activation of the Rho-GTPases
and coupling to the cell motility machinery [24, 25], one could imagine that directed cell
motion in a complex spatial-temporal pattern of a growth factor signal is indeed guided by

such transient memory in receptor phosphorylation and cell polarity.

4.3.2 Dynamical organisation of EGFR abundance at the PM is critical
for the phosphorylation response

Administering of periodic EGF pulses in time interval of 30 min resulted in reducing response
amplitude over time (Fig. 3.27b). This follows from the periodic internalisation of the ligand-
bound receptors when EGF is present in the environment (Fig. 4.1). As they are redirected to
the lysosome, thus effectively removed from the sensing system, the total EGFR abundance
at the plasma membrane is decreased (Fig. 3.28). This depletion effectively pushes the
system towards higher PTPRG/EGFR parameter values, which causes shift to the monostable
operation regime with lower response amplitude (Fig. 3.24b).

Thus, to sustain optimal information processing capabilities, the system must maintain
organisation at the critical transition between the two opposed regimes. The PTPRG/EGFR
ratio must be kept in a defined interval near the saddle-node bifurcation. The unidirectional
removal of EGFR upon ligand binding disrupts the PTPRG/EGFR abundance at the plasma
membrane, which weakens the sensing capabilities. The optimal ratio can be restored by
protein synthesis in the long term, which imposes a refractory period for the cell. However,
to ensure rapid recovery to the optimal functioning of the network after growth factor
stimulation, the PTPRG/EGFR parameter organisation must be dynamically maintained
via vesicular trafficking. It is possible to envision that such feedback regulation can be
implemented through a fluctuation sensing mechanism, since the fluctuation frequency
around the basal EGFR phosphorylation state depends on the positioning of the system in
parameter space and can therefore be employed as a readout for deviation from the criticality
point. When moving away from the saddle-node bifurcation point, the low-frequency
fluctuations could activate a downstream effector (Akt is one such candidate) using a low-

pass filter, that in turn promotes EGFR recycling, thereby maintaining EGFR concentration
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at the plasma membrane such that the system remains close to criticality. However, this will
likely function only up to a certain amplitude or frequency of stimulation, as observed from
the weakening response in the cells from the control case (Fig. 3.27b), after which it must
rely on expression-dependent replenishing of plasma membrane EGFR.

Growth factor sensing and responding of the EGFR-PTP network can be influenced in
multiple ways in aberrant and normal signalling. Mutations that affect the activity of EGFR
can increase its signalling and proliferation in tumours, such as the L834R/T766M mutation
in lung cancer [154]. Apart from affecting the biochemical properties of the molecules, the
network can be regulated by changing the abundances of the proteins as well, as argumented
above. High EGFR concentrations has been shown to result in aberrant signalling in the
absence of stimulus [46]. Similarly, we showed here that siRNA-mediated knock-down
of the tumour suppressor PTPRG [155] affected strongly the sensing capabilities of the
system, as the exposure to periodic pulses of EGF resulted in sustained activity of EGFR
(Fig. 3.27a). On the other hand, decreasing the plasma membrane abundance of EGFR, by
blocking the exit of the EGFR monomers from the recycling endosome with the dominant
negative Rabl 152N mutant, resulted in diminished phosphorylation response to the periodic
EGF stimulation (Fig. 3.27¢). Changes of PTPRG/EGFR plasma membrane abundance
via vesicular trafficking is thus an important mechanism through which context-dependent
regulation of the network can be dynamically manipulated. It has been shown for example
that environmental inputs, such as cell-cell contact, can affect the rate of recycling and
thus influence the cellular response to EGF stimulation, generating contextual plasticity in
growth factor signalling [156]. Eph-induced Akt activation by ephrin, normally present on
a neighbouring cell surface, decreases the recycling rate [156], which lowers the EGFR
concentration on the plasma membrane, as well as the strength of the negative feedback from
PTPN?2. This has implications in collective dynamics of cells, such as in wound healing [19]
and collective cell migration [157, 158], where cells exhibit more protrusive behaviour in
absence of cell-cell contact, while they are less migratory otherwise.

In summary, growth factor receptors are the ‘sensory units’ of the cell that perceive
changes in extracellular growth factor stimuli, leading to a variety of cellular responses. In
this thesis it was studied how the growth factor sensing properties arise from the dynamics
of the network in which EGFR is embedded, and to an extent how the cells generate
versatility in their responses using networks with small number of components. We identified
how the coupling interactions with the major dephosphorylating PTP activities shape the
phosphorylation response of EGFR to EGF, and how the vesicular trafficking unifies them
spatially to establish the sensing network architecture. Furthermore, the unique properties

and implications of the sensing and responding dynamics of the network were established.
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By doing so we gained understanding of the interplay and dependency between the multiple
levels, starting from the individual protein interactions, through the dynamics of the unified
network, to the sensing system’s function and operation.
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