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Part I.

Introduction
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1. Motivation

The leading cause of death worldwide are cardiovascular diseases, which include
amongst others high blood pressure, peripheral artery occlusive disease, coronary
artery disease and stroke [160, 30]. As diverse the well established risk factors, in-
cluding age, unhealthy diet, obesity, alcohol abuse and others, are, the main patho-
logical mechanism for all above-mentioned diseases is the same: atherosclerosis [217].
In particular for the heart, atherosclerosis leads to coronary artery disease, which
is characterized as a stenosis of the coronary arteries and in series an undersupply
of the cardiomyocytes with oxygen. Subsequently, this can cause infarction, ar-
rhythmias and congestive heart failure. The last-mentioned can also be caused as
elucidated below by high blood pressure itself [119].

Heart failure is specified as a disproportion of the required blood demand of
the organisms and the provided blood supply of the heart, thus in any condition
the capacity of the heart muscle is exceeded. This can occur by dysfunction of
the cardiomyocyte itself, for example after an infarction as a result of coronary
artery disease, or by circumstances which increase the force of contraction needed
to pump blood as in existence of high blood pressure [218]. The heart has several
mechanisms to compensate this disproportion short-term, but these processes lead
to more changes and a progression of the disease long-term because of ventricular
remodeling [102]. Coronary artery disease and high blood pressure are rather not
the only causes of congestive heart failure, but along with atrial fibrillation the most
frequent. More rare causes are cardiomyopathies, valvular heart diseases, anaemia
and others [29].

For two reasons, heart failure is of special interest in the following thesis: First,
one of the underlying pathological mechanisms, namely myocyte growth, is primarily
a physiological process in response to increased workload, for instance occurring
consecutively to physiological exercise [162]. So it is of special interest, to find the
point of time when and the reasons why this physiological process turns maladaptive.

Second, nearly all utilized drugs target risk factors or symptoms, none of the
commonly used drug targets at the time-point, where the the physiological turns to
an maladaptive answer. So there is a need for further research.
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The objective of this thesis is a signaling cascade involved in physiological as
well as pathological myocyte growth, the ERK1/2 cascade. For this cascade, it is
already known that an additional phosphorylation may lead to maladaptive cardiac
hypertrophy [133], whereas the exact time courses for these processes were so far
not investigated.

The present thesis demonstrates an in silico model on all events of the signaling
cascade. The model reproduces different phosphorylation states of ERK 1/2 and
various types of stimuli and allows prediction of their synergistic and antagonistic
effects. Feedback loops are considered. Besides, thresholds for receptor activation
can be predicted. To confirm the results of the in silico model, simulated time
courses were experimentally validated. Furthermore, gene expression analysis are
introduced, which show if and in which way proteins of the ERK1/2 cascade are
effected in their gene expression level after inducing heart failure and which other
proteins are effected. At last, new possible targets of the ERK1/2 protein, especially
with regard on pharmacological treatment, will be presented.

The results presented in this thesis were published in Molecular BioSystems in
2016 and was added to the hot article collection here [25].
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2. Heart failure

Heart failure is, as briefed in the previous chapter, a disease with immense meaning
in public health, as it is a final point of many diseases. As it applies to one till
two percent of adult population it can be termed an epidemic disease [218]. In
the following chapter, the main features in the development of heart failure will be
pointed out.

Heart failure is a combination of symptoms, signs and their underlying patho-
physiology. The current definition of the European Society of Cardiology states
that ‘Heart failure is a clinical syndrome in which patients have typical symptoms
and signs resulting from an abnormality of cardiac structure and function [144].
Heart failure is defined pathophysiologically by the WHO when the heart is not
capable of supplying the tissue with enough oxygen to ensure a steady metabolism
when resting and exercising. Clinically heart failure is apparent in typical symp-
toms like fatigue, dyspnoea and retention of fluid. The reason for these dysfunctions
can either be on the arterial side as forward heart failure or in the venous side as
backward heart failure. The cardiac muscle in these cases is not capable of either
supplying sufficient output or providing in adequate turn over to meet the venous
side. The WHO further differentiates the more exact location in left heart, right
heart or global insufficiency and whether the problem is more on the systolic or
diastolic part of the cycle. The most common form of heart failure is the low-output
failure. Here, the demand of the circumference is not sufficiently met. The not so
common high-output failure describes the situation, when the circumference has an
altered requirement through changes in metabolic activity. This case of cause can
also be apparent through other pathology for example anemia, hyperthyreosis, septic
inflammation or even pregnancy. These are only examples and are not necessarily
singular causes for heart failure. However, the most common cause of heart failure
is the coronary heart disease. Arterial hypertonia as a singular cause is stated at 9
to 20 percent. In the vast majority of patients showing symptoms of heart failure a
reduced ejection fraction can be shown. In more of half of the patients it is reduced
under 40 percent. When the chronic pressure or volume overload persists over a long
period of time the cardiac muscle growth to a mass that is called overcritical. The
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muscle fiber increase leads to a change in texture of the heart muscle that causes
dilatation. This again results in an increase of end-diastolic volume which means
the sarcomeres as a functional unit of contraction now has to work under more un-
favorable conditions. Even in highly hypertrophic hearts the blood supply of the
vascular circumference is ensured. The potential shortage is in the bigger subepi-
cardial coronary artery branches which do not grow along. If an even low-grade
coronary artery sclerosis is added to this situation a relative coronary insufficiency
will result. This means hypoxic myelosis will occur and organize into disseminated
myocardial fibrosis. This will further weaken to already insufficient working pump.
This can be called a vicious cycle [58].

The hearts action can be influenced in different ways. These include the ability for
constriction (called inotropy), the regulation of the frequency of heart rate (called
chronotropia) and modification of the degree of excitability (called bathmotropy)
only to name the most important for the understanding of the following thesis
[211, 55, 94]. In general, sympathomimetics like adrenalin are positive inotropic,
whereas sympathoplegic drugs like beta-blockers act negative inotropic. Positive
inotropy itself does initially not mean cardiomyocyte growth itself, but can result in
it, in case of positive inotropic signals received over a long period of time.
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3. MAPK signaling

In response to external influences, for instance signals transmitted by growth fac-
tors, cytokines, hormones or environmental stress, the cell requires mechanisms for
internal signal transmission. In order to adapt to modified circumstances, for ex-
ample through changed protein expression, the signals have to reach the nucleus,
and the information flow has to make its way from the cell membrane to the inte-
rior of the cell. The MAPK (mitogen-activated protein kinase) signaling cascade in
this context represents one of the main mechanisms of cellular signal transmission
involved in proliferation, differentiation, survival and growth of almost all types of
cells [204]. MAPK signaling cascades are multiple-tiered pathways of signal trans-
duction, which include leastwise three kinases, that are connected in series. They are
involved in several physiological processes, including for instance response to stress,
cell progress, cell survival, cell proliferation and cell differentiation [204, 103]. Quite
a few cascades are members of the group of MAPK cascades, and all cascade path-
ways operate in a similar way: small GTP-binding proteins (smGTP) or adaptor
proteins trigger the activation of the pathway, which starts with the phosphoryla-
tion of MAPK kinase kinase (MAP3K). In sequence the MAPK kinase (MAP2K)
gets activated by the MAP3K. In the following step the signal is transmitted to
the MAPK and consecutively to the MAPK-activated protein kinase (MAPKAPK)
[174]. The MAPK-component is eponymous for the cascade in order to distinguish
them from each other, such as the cascade regarded in this thesis is named ERK1/2
cascade after their MAPK-components ERK 1 and 2.

MAPK cascades transmit as the name implies especially signals influencing the
mitosis of the cell, but to a certain extent they also transmit inflammatory and
other signals. Most notably this concerns the MAPK p38 and JNK cascades, which
basically transmit stress and pro-inflammatory signals, and furthermore the ERK 5
cascade, which transmits stress signals as well as mitogenic signals [238, 117].

ERK (extracellular regulated kinases) cascades as a subcategory of MAPK are of
high biological interest as they are involved in many physiological and pathological
processes. At this juncture, eight different isoforms of the ERK enzyme are known,
they are named ERK 1-8 but partially have proper names beyond that [118, 41].
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Thus the focus in the present thesis is on the ERK 1/2 cascade, the accurate func-
tionality will be elucidated only for the this cascade. The activation of the entire
cascade is initialized by membrane receptors, which recruit adaptor proteins and
exchange factors to the membrane of the cell. G-protein coupled receptors (GPCR),
receptor tyrosine kinases (RTK) or ion channels are examples for such membrane
receptors. The adaptor proteins and exchange factors induce the activation of Ras.
Ras proteins are members of a protein family belonging to a class of protein named
small GTPase, phosphatases that are able to bind and hydrolyze guanosine triphos-
phate (GTP) [236]. In the next step the kinases of the MAP3K level, as there
are Raf1, A-Raf and B-Raf kinase, get activated by the (GTP-bound) Ras protein.
Raf stands for rapidly accelerated fibrosarcoma. These kinases are a family of ser-
ine/threonine protein kinases, which are enzymes known for phosphorylating the
hydroxy group of serine or threonine [247].

The kinases of MAP3K level then activate the kinases of MAP2K level by phos-
phorylating them, in the described cascade are these MEK 1/2 (mitogen-activated
protein kinase kinase). MEK 1/2 in turn phosphorylates the kinases of the MAPK
level, ERK 1/2 (extracellular signal–regulated kinases 1/2, also known as MAPK
3/1) .The phosphorylation takes place in the TEY motif in the activation loop at a
threonine and a tyrosine residue [238, 39]. The now activated ERK is able to phos-
phorylate its targets, which are for instance transcription factors or further kinases.
To mention just a few examples, some of the most investigated targets are Elk1,
a transcription factor associated with the development of amongst others breast
cancer, Alzheimers disease and Down syndrome and RSK (ribosomal s6 kinase), a
kinase involved in signal transduction and the substrate of the first isolated MAPK
[19, 40, 7].

ERK cascades are involved in physiological processes as well as, usually when
dysregulated, in pathological processes. The results of the last-mentioned processes
are diseases, that lead from cancer to degenerative, immunological as well as in-
flammatory syndromes [170]. As an example ERK dysregulation is involved in more
than 30 percent of all types of cancer, well investigated for instance in glioma cells
[150, 169].

The focus in the following is the role of ERK 1/2 cascade in the formation of
cardiac hypertrophy. This is, as described above, a process, that can result adaptive
as well as under certain conditions maladaptive. For instance Raf1, a downstream
target of ERK 1/2, is known to protect the heart from ischemic injury and cell death
and thereby pathological hypertrophy, but other downstream targets have opposite
effects [80]. The exact downstream targets of ERK, reasons and time courses of
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these bivalent effects are still uncertain and have to be further investigated [134].
In 2009, an additional autophosphorylation site of ERK2 at Thr188, respectively

Thr208 in ERK1, has been identified [133]. Targets located at the nucleus get phos-
phorylated by ERK subsequently to phosphorylation at this autophosphorylation
site and they supposably promote pathological hypertrophy [133]. So if phospho-
rylation at this site takes place may be the watershed between an adaptive and
a maladaptive response to myocyte growth inducing stimuli [197]. Because of the
variety of physiological and pathological answers and the great amount of effects
ERK promotes, it is of special interest for pharmacological treatment to take aim
at specific points of the cascade and not the enzyme altogether. Therefore, this
autophosphorylation site is a auspicious pharmacological target.
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4. Bioinformatics and systems
biology

This thesis is based upon a system biological approach. The aim of systems biology
is, to capture a biological system altogether. Therefore, it uses mutliple methods to
analyze the genome, proteome, behaviour of a system under certain conditions and
often many others, always with the focus on the overall picture. For these complex
studies, bioinformatical analysis are a main part.

In dependence on a definition of the National Institute of Health of the United
States, bioinformatics include the creation, development and use of computational
tools for analyzing, visualization, acquirement or storing biological or medical data.
Whereas computational biology is the investigation of for instance biological systems
using data-analyzes, theoretical methods, modeling and computational simulation
[88]. As both are comparatively new fields of science, for the first time introduced
in the 1970 [87], there is yet no broad agreement if computational biology belongs
to bioinformatics or rather system biology. Anyway, there is consensus that there
is a significant overlap between the two of them and tools of both are used for the
following analyses.

Modeling biological systems, which means building a frequently simplified com-
puter model of a biological system, is a basic tool of bioinformatics and computa-
tional biology. The represented models can be metabolite networks, gene regulatory
networks or signal transduction pathways [11, 21]. In this thesis the focus lies on
the last-mentioned.

Biological modeling and analyzing of the networks provided insights in many
biological processes including liver cell proliferation and apoptosis [178, 202] as well
as platelet activation and inhibition [153, 152]. Above this, there are many models
and system biological publications existing, providing insights in the heart. For
example models of the cardiac signaling networks [98, 97], models of drug responses
in cariomyocytes [96, 90] or models of cardiac cell architecture [74]. There are several
biological models representing the MAPK pathways already in existence, as it is an
important pathway playing part in many biological processes [111, 20, 4, 77].
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Even concerning the heart in particular, there are several models existing, for ex-
ample a computational model of fibroblast differentiation including the Erk cascade
[1] or even of cardiac myocyte hypertrophy signaling [198] . But so far there was
none, representing the above described additional phosphorylation and the conse-
quences resulting from it.
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Material and methods

11



5. In silico modelling

Network Setup

Simplified, a network is an accumulation of connected objects. In the present thesis,
a signal transduction network is presented. It consists of nodes and edges and
whereas a node represents a protein or state of protein, an edge represents the
connection between two nodes. The connection is directed, which means, there is
a direction in which nodes communicate and beyond that, it can be positive or
negative, indicating activation or inhibition. To mention a few examples, protein
1 can activate protein 2 (-> direction: protein 1 to protein 2, connection type:
positive=activation). Protein 2 in turn further activate protein 1 (-> direction:
protein 2 to protein 1, connection type: positive = activation) and inhibit protein
3 (-> direction: protein 2 to protein 3, connection type: negative = inhibition). In
addition, the connections can be of different strength, which is indicated by their
weight. So if a protein is inhibited by another, but activated by a third one and the
activation is stronger then the inhibition, it is still activated.

For the setup of the network an extensive research of published literature, in-
cluding notably the publications illustrating the above described additional au-
tophosphorylation of ERK [48, 133, 134, 229], was used. Furthermore, databanks
as PlateletWeb
(http://plateletweb.bioapps.biozentrum.uni-wuerzburg.de/plateletweb.php) [23]
and STRING (http://string-db.org/) [215] offered valuable clues to the network
setup. A network consisting of 25 nodes and 34 edges comprising all crucial signaling
events was established.

CellDesigner version 3.5.1. was used to implement and visualize the model. For
the main part, CellDesigner is a tool for modeling and visualization of networks, but
it also enables to simulate networks. The last-mentioned tool was not used, rather
was taken benefit from the fact, that CellDesigner uses a language, called systems
biology markup language (SBML), which functions to import and export in several
analyzing tools using the same language [69].
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SQUAD simulations

The software SQUAD [49] was used to analyze the model for stable steady states
and for simulating different system states under certain stimulatory conditions as
well as time courses.

Oftentimes, there is knowledge about the regulatory connection in signaling net-
works, but there is no information about the underlying biochemical reactions and
thereby about the kinetic. So in 2006, a method for the ”generation of standardized
qualitative dynamical systems of regulatory networks” was introduced by Mendoza
et al [149] and in 2007 the advancement SQUAD by Di Cara et al [49]. One aim
in simulating signal transmitting networks is always, to elucidate the steady states
of a system. Steady states are conditions characterized by a lack of transformation
of the system in absences of external influences. During appearance of an external
influence, the system can be stable or unstable. Stable means, the system reaches
the initial steady state after a perturbation, whereas an unstable system passes into
another condition [18]. SQUAD uses Boolean logic to elucidate the steady state
initially. Boolean modeling is a discrete modeling technique, each node can reach
only two states, value 0 and value 1 (active or inactive, entirely ”ON” or ”OFF”). The
connection between two nodes in the Boolean models used by SQUAD is directed
and can either be positive (activatory) or negative (inhibitory). It is a quite simple
logic and in many cases not able to constitute the complexity of a biological system,
but in lack of broad information as described above it is a pragmatic way to simulate
these networks anyway.

Above converting the network into a discrete system, SQUAD converts it into a
continuous dynamical system. A dynamical system is a system, in which each node
can reach multiple, continous activation levels. The steady states elucidated via
the discrete system are used to interpolate exponential functions between the states
entirely “ON” (value: 1) and entirely “OFF” (value: 0). Thereby the activating
signal can be traced back on its way through the signaling network. The resulting
activation pathway can be represented in Western blot-like style, as it is depicted
in a time continuous way. Some hypotheses are used for the dynamic analysis: In
presence of any activator, the target node is successfully activated and in presence
of any inhibitor, the target node is successfully inactivated. Even in presence of any
activator, the target node is inactivated in presence of an inhibitor. Anyhow, the
nodes and edges can be modified in several ways: SQUAD allows the modification of
the initial state or the decay rate of a node or variation of the strength of interactions
and so forth. By modifying the decay rate, one can order how strong a node reacts
to transformations in general. By modifying the weight of an interaction, one can
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order how strong a node reacts to a specific stimulus, an inhibitory or activatory
sign upcoming from another node. Thereby, the point, where the presence of an
inhibitor always results in inactivation, can be avoided.

In conclusion, SQUAD unites discrete (Boolean) and continuous modeling tech-
niques [149, 49].

CellNetAnalyzer simulation

CellNetAnalyzer (CNA) is a toolbox for MATLAB [143]. MATLAB is an abbrevi-
ation for MATrix LABoratory and it is a software to solve and graph mathematical
problems. CNA enables the user to analyze structures of metabolic, signaling and
regulatory networks [107]. It is an advancement of Flux analyses, which was first
introduced by Klamt et al in 2003 and was primarily developed to analyze metabolic
(mass-flow) networks [108]. CNA as advancement in turn can be used to analyze
metabolic as well as signaling networks. The last are Boolean models in Cell Net
Analyzer. The reaction in these networks defined how the activation levels of an
”end node” can be reached by ”start nodes”. The reaction types are defined by the
typical Boolean operators AND (conjunction), OR (disjunction) or NOT (negation).
In the case of CellNetAnalyzer, conjunction means two start nodes have to be both
activated to reach the activation of an end note. By existence of an OR connec-
tion (disjunction), one or another start node can reach the activation of the end
node. Negation stands for inhibition. In contrast to conventional Boolean models,
the nodes cannot only reach levels 1 and 0 (entirely ”ON” or ”OFF”), they can also
be multivalued. This provides for instance discrimination between different degrees
of activation [107]. But in contrast to the SQUAD simulations, they cannot reach
manifold continuous levels but only by the user predefined ones.

In the present thesis Cell Net Analyzer was used especially to detect steady states
and feedback loops and to analyze user-defined perturbations. A feedback loop
occurs, when an action leads to an effect and this effect itself influences the original
action. Depending on wether the feedback loop intensifies or weakens the originally
action, it is called positive or negative feedback loop [251]. A perturbation is defined
as a modification of a system caused by internal or external mechanisms. These could
be for instance environmental stimuli, inhibition by drugs or gene knockouts [54].
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6. New predicted targets

It was searched for new supposable targets of ERK 1/2 by combining data from
databanks such as platelet web, i-hop or hprd [23, 182, 86].

Above this, interactions, which were detected by applying string database and
interaction prediction tool were considered [215]. In a second step, all possibly
detected targets were validated by extensive literature search.
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7. Gene expression analysis

The Gene Expression Omnibus (GEO) database [12] was used to find gene expression
data sets for experimental validation of expression levels. Experimental published
data sets on the search terms ”transverse aortic constriction” (TAC) conjugated
with “cardiomyocytes” were retrieved. Transverse aortic constriction in mice is a
frequently used method for the induction of cardiac hypertrophy and subsequent
heart failure. Following a thoracotomy, the transverse aorta is constricted between
the innominate and left carotid arteries with a piece of a silk suture [47]. At first,
this induces compensated hypertrophy of the heart, in many cases this entails a tem-
porary enhancement of cardiac contractility. But during the further procedure, re-
sponding to the chronic hemodynamic overload, the hypertrophy becomes, as known
in physiological setting, maladaptive. This leads to cardiac dilatation and heart fail-
ure [191, 82].

To get more valid data, datasets containing less than three replicates in each
group or having no sham-operated control group were excluded. The appliance
of these criteria led to two time series. One of them (GEO series number: GSE
5500) analyses gene expression during seven days after TAC and sham operation
respectively. The other series (GEO series number: GSE 18224) exploited 9 weeks
after TAC or rather sham operation.

GEO2R [12], a web application for identifying the diffence in gene expression,
was used to analyze the two series. By applying the Benjamini and Hochberg cor-
rection (false discovery rate) all genes with an adjusted p-value less than 0.05 were
considered [15].

16



8. Experimental

For further validation, especially of the in silico predicted time courses, in vitro
experiments were executed by the group of Prof. Dr. Kristina Lorenz, Institut für
Pharmakologie und Toxikologie der Universität Würzburg. The in silico model and
the intial predicted time courses of the in silico model served as assistance to design
the in vitro experiments.

It is accentuated, that the author did not perform the in vitro experiments by
himself. Nevertheless, to underline the correctness of the computed results of an in
silico model, experimental validation is necessary. For a good comprehension of the
results described below, especially the comparison of in vitro and in silico modeling
shown in Figure 12.1, the material and methods of the performed experiments are
described in the following.

COS7 cells were transfected with plasmids encoding for M2-muscarinic receptor
as an example for a non-hypertrophic signal delivering receptor respectively with
plasmids encoding for M1-muscarinic receptor and EGFR (epidermal growth fac-
tor receptor) as examples for hypertrophic signal delivering receptors. COS7 cells
are fibroblast-like cell lines derived from monkey kidney tissue used for production
of recombinant proteins and to cultivate viruses [75]. In a next step the trans-
fected cells were treated with their agonist, the M2-muscarinic-transfected cells and
M1-muscarinic-receptor transfected cells with carbachol and the EGFR-transfected
cells with epidermal growth factor. Then, antibodies against pERK(TEY) and
pERK(Thr188) were given for immunoblotting.

In order to enumerate, following reagents were used and steps were done:
COS7 cells were maintained in Dulbecco’s modified Eagle’s medium supplemented

with 10% (v/v) fetal calf serum, 100 U/ml penicillin, 100 µg/ml streptomycin and
2 mM L-glutamine at 37°C and 7% CO2, respectively. For transient expression
in COS7 cells, cDNA constructs Flag-tagged murine ERK 2 was sub-cloned into
pcDNA3 vector (Invitrogen). Plasmids encoding the human M1- and M2-muscarinic
receptors from Missouri S&T cDNA Resource Center were used. Cells were trans-
fected with indicated cDNAs (Flag-tagged wild-type ERK 2, M1-muscarinic recep-
tors, M2-muscarinic receptors and/or EGFR) 18 hours after seeding using DEAE-
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Dextran method. 36 hours after transfection the experiments were performed. An-
tibodies to ERK 1/2 (Cell Signaling, 9102), pERK 1/2(TEY) (Cell Signaling, 9101)
and pERK1/2(Thr188) (IB – described in [133]) were used for immunoblotting. Im-
munoblot analyses were performed as described in [133]. Cells were lysed in ice-cold
buffer (containing 0.5% (v/v) NP-40, 150 mM NaCl, 25 mM Na4P2O7, 50 mM
β-glycerol phosphate disodium salt, 2 mM EDTA, 2 mM EGTA, 25 mM Tris (pH
8.0), 10% (v/v) glycerol, 50 mM NaF, 0.1 mM Na3VO4, 0.002% (w/v) NaN3), which
was supplemented with protease inhibitors (10 µg/ml soybean trypsin inhibitor, 1
mM benzamidine, 1 mM phenylmethylsulfonyl fluoride). Before getting lysed, cells
were stimulated with the indicated agonists for 5, 10 or 30 minutes. By densito-
metric analyses immunoblot signals were identified and signals were normalized to
unstimulated controls. The analysis included only immunoblots with equal ERK
loading.

The experiments itself were not performed by the author, but the analysis and es-
pecially comparison with the in silico model were executed by the author. Therefore,
it is necessary to understand the exact terms and materials of the experiments.
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9. A semi-quantitative dynamical
model of ERK signaling

Cell Designer model

Figure 9.1 shows the network topology. There are all stimuli and proteins as well
as activating/inhibiting reactions involved in the ERK-pathway in cardiomyocytes
shown. Cytsosol and nucleus as compartments of the cell, which are relevant for the
reproduction of the network are also shown. Cell Designer version 3.5.1. was used
to draw the network.

A table with the references for each node and edge is shown in Table 9.1, the
network in xml-format can be found in Appendix A.

Table 9.1.: Network assembly: Λ indicates the logical connection AND, → indicates
activation and -I indicates inhibition.

node edge
type

node reference
Edge weight in

SQUAD
simulation

angiotensin II → Gq-coupled
AT1- receptor

[133] 5

carbachol → Gi-coupled
M2-receptor

[133] 10

Epac → PKC [203] 10
ERK 1/2 dim

2P
→ p90RSK [133] 0,01

ERK 1/2 dim
2P

→ p70S6K [133] 0,01

continues on next page
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Table 9.1.: Network assembly: Λ indicates the logical connection AND, → indicates
activation and -I indicates inhibition.

node edge
type

node reference
Edge weight in

SQUAD
simulation

ERK 1/2 dim
2P

∧
Gβγ

→ ERK 1/2 dim
3P

[133]

ERK 1/2 dim
2P –I AND:

100,00; AND –I
ERK 1/2 dim
3P: 1,00; Gβγ
→ ERK 1/2

dim 3P: 100,00
ERK 1/2 dim

3P
→ Elk1 [133] 8

ERK 1/2 dim
3P

→ MSK1 [133] 7

ERK 1/2 dim
3P

→ c-Myc [133] 6

Gi-coupled
M2-receptor

→ Ras (GTP
bound)

[133] 10

Gi-coupled
M2-receptor

→ PKC [106] 10

Gq-coupled
AT1- receptor

→ Gβγ [133] 10

Gq-coupled
AT1- receptor

→ Ras (GTP
bound)

[133] 1

Gq-coupled
AT1- receptor

→ PKC [148] 10

GRK2 -I Gs-coupled
β1-adrenergic

receptor

[242] 0,1

Gs-coupled
β1-adrenergic

receptor

→ Ras (GTP
bound)

[229] 1

continues on next page
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Table 9.1.: Network assembly: Λ indicates the logical connection AND, → indicates
activation and -I indicates inhibition.

node edge
type

node reference
Edge weight in

SQUAD
simulation

Gs-coupled
β1-adrenergic

receptor

→ Gβγ [229] 10

Gs-coupled
β1-adrenergic

receptor

→ Epac [203] 10

hypertrophic
stimulus

→ angiotensin II [133] 1

hypertrophic
stimulus

→ isoproterenol [229] 10

isoproterenol → Gs-coupled
β1-adrenergic

receptor

[229] 10

MEK 1/2 → ERK 1/2 dim
2P

[133] 0,001

non-
hypertrophic
stimulus

→ carbachol [133] 10

PKC -I RKIP [131] 10
PKC → RKIP dim [131] 10
Raf1 → MEK 1/2 [133] 1

Ras (GTP
bound)

→ Raf1 [133] 10

RKIP -I Raf1 [131] 0,01
RKIP dim -I GRK2 [131] 30

The signalling cascade in the presented model can be activated in two differing
ways: Via carbachol and the Gi-coupled M2-muscarinic receptor would be an exam-
ple for a stimulus which induces no hypertrophy. Activation via angiotensin II and
the AT1-receptor or via isoproterenol and the ß1-adrenergic receptor respectively
represent hypertrophy-inducing stimuli. The backloops from stimulus to stimulat-
ing protein (carbachol/ angiotensin II/ isoproterenol) are artficial and had to be
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Figure 9.1.: Network topology Cell Designer: The oval shaped, grey coloured sym-
bols indicate stimuli and the stimuli-transferring substances respec-
tively. The v-shaped, yellow coloured symbols show receptors. The
squared, green coloured symbols with rounded down angles symbolize
proteins and in one case it stands for an artificial node as described
below. If there are relevant phosphorylation sites, they are shown by a
”P” in a small white circle at the border of the protein-symbol and the
phosphorylated amino acid is named beneath the ”P”. An arrow headed
line stands for activation, whereas a bar-headed line stands for inhibi-
tion. Furthermore, nucleus and cytosol as important compartments for
the model are pictured.
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implemented to get the model executable. The AT1-receptor is a Gq-coupled recep-
tor, whereas the β1-adrenergic receptor is a Gs-coupled receptor. G-protein coupled
receptors in general are receptors in the membrane of cells and endosomes, that
practice signaltransmission in the internal of the cell or the endosome via binding
of GTP-binding proteins [92]. They are distinguished depending on whether they
bind Gs- Gi- or Gq- proteins [189].

After passing several intermediate steps as described in chapter 3 all stimuli lead
to ERK 1/2 phosphorylation in the TEY motif at Tyrosin185 and Threonin183.
Targets localised in the cytoplasm are phosphorylated by the non-hypertrophic as
well as by the hypertrophic stimuli. In the model p90RSK, also known as MAPK-
activated protein kinase-1, and P70S6K (Ribosomal protein S6 kinase beta-1) serve
as examples. P90RSK supports cell survival, but can either mediate cell growth and
proliferation [175, 68]. Without detection of the ecxact mechanism has yet been
done, it is known that p90RSK is involved in the development of cancer [36]. After
physical exercise, P70S6K participates in the activation of protein synthesis and
thereby in the building of muscle [8, 145].

An additional phosphorylation of ERK 1/2 is resulting, when a hypertrophic
stimulus is present: Thr208 in ERK1 and Thr188 in ERK2 become phosphorylated.
This third phosphorylation is not mediated by the well established cAMP-dependent
pathway downstream to activation by G-protein-coupled receptor, but rather by
interaction of ERK 1/2 with Gβγ subunits. In 2009 this was shown for Gq-coupled
receptor, in 2012 for Gs -coupled receptors [229, 133]. Activation of ERK 1/2 in the
TEY motif is necessary for the described interaction. In the presented model this is
represented with the artifical node ”AND” and two inhibitory edges: AND executes
an inhibitory effect on ERK 1/2 dim 3P, when downstream to a non-hypertrophic
stimulus ERK 1/2 dim 2P is activated, this inhibitory effect is abrogated because
ERK 1/2 dim 2P itself has an inhibitory effect on AND. Nevertheless, in lack of
Gβγ beeing present ERK 1/2 dim 3P is not active. If only Gβγ is present, but
ERK 1/2 dim 2P is not active, the inhibitory effect of AND on ERK 1/2 dim 3P
predominates, ERK 1/2 dim 3P is not activated. Only if both conditions (ERK 1/2
dim 2P activation and presence of Gβγ) apply following to a hypertrophic stimulus,
ERK 1/2 dim 3P gets phosphorylated and thereby activated. This corresponds to
the in vitro found situation.

The now at three sites phoyphorylated ERK (Thr183, Tyr185 and Thr188 in
ERK2; respectively Thr183, Tyr185 and Thr208 in ERK1) is then transported to
the nucleus where it phosphorylates further targets, which overall lead to hyper-
trophy. Elk1, c-Myc and MSK1 are identified nuclear targets down to the present
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day [134, 133]. Elk1 is a transcription factor, which mediates transcription of di-
verse proteins. Thereby it takes place in growth signalling and influences calcium
metabolism [219, 93]. c-Myc, a well investigated proto-oncogen, typically raises the
expression of nearly any type of gene [64]. Within the framework of heart fail-
ure, c-Myc expression is up-regulated in response to hypertrophic stimuli (see also
Figure 11.1) [181]. Post-mitotic cardiomyocytes are capacitated by c-Myc to reen-
ter the cell cycle. Furthermore, c-Myc increases gene expression of several genes
involved in cardiac hypertrophy. Protein synthesis is raised and cell mass is height-
ened by c-Myc [240]. MSK1 (Mitogen- and stress-activated protein kinase-1) as an
AGC kinase of the RSK family is a cytoplasmic serine/threonine kinase involved
in stress activated MAPK cascade signaling, EGFR pathway, inflammation via the
NF-κB transcription factor and histone modification [210, 46, 35, 228]. ACG ki-
nases in gerneral are kinases regulated by secondary messengers such as cyclic AMP
(PKA) or lipids (PKC).

The group of Prof. Dr. Kristina Lorenz, Institut für Pharmakologie und Toxikolo-
gie der Universität Würzburg, identified an important feedback loop involving RKIP,
Raf1, PKC and GRK2 and taking part in the ERK 1/2 pathway.

GRK2 induces desensitization of G-protein-coupled receptors in general, in our
model for example, this would be the the β1-adrenergic receptor. Potentially, GRK2
inhibits further receptor signalling in our model, namely this of M2-muscarinic re-
ceptor and AT1- receptor [59].

Under standard conditions, RKIP inhibits Raf1 by phosphorylation [132]. But
the activation of PKC leads to phosphorylation and in turn dimerization of RKIP,
which induces a target switch from Raf1 to GRK2. This leads to an inhibition of
GRK2.

The result of those two effects is a double amplification of the signal coming in: It
takes the inhibitor of Raf1 off and stopps the inhibition of the activating receptors
in our model (β1-adrenergic receptor and probably also M2-muscarinic receptor and
AT1- receptor [131]. PKC by itself is activated via carbachol (non-hypertrophic
stimulus) as well as angiotensin II (hypertrophic stimulus) as well as isoproterenol
via Epac.

These multiple associated proteins and interactions were incorporated in Figure 9.1
for the setting of the structure of the network. The underlying Boolean logic, mean-
ing activation versus inhibition, was also considered.

The receptors and their agonists in the model stand as examples for hypertrophic
or nonhypertrophic pathway. Beyond the M2-muscarinic receptor, β1-adrenergic
receptor and AT1- receptor receptor are a few more receptors and their agonists well-
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receptor receptor type agonist/s (a
selection)

effect reference

AT1- receptor Gq-coupled
receptor

AT II hypertrophic
pathway (shown in

Figure 9.1)

[133]

M1-
muscarinic
receptor

Gq-coupled
receptor

acetylcholine hypertrophic
pathway (shown in

Figure 12.1)

[133, 25]

M2-
muscarinic
receptor

Gi-coupled
receptor

carbachol nonhypertrophic
pathway (shown in
Figure 9.1 and
Figure 12.1)

[133, 25]

Epidermal-
growth-factor
receptor =
ErbB1-
receptor

receptor
tyrosine kinase
(ErbB family of

receptors)

epidermal
growth factor

hypertrophic
pathway (shown in

Figure 12.1)

[25]

ErbB2-
receptor =
Her2neu-
receptor

receptor
tyrosine kinase
(ErbB family of

receptors)

neuregulin1-
β1

hypertrophic
pathway

[133]

α1-adrenergic
receptor

Gq-coupled
receptor

phenylephrin
1A

hypertrophic
pathway

[133,
229]

α2A-
adrenergic
receptor

Gi-coupled
receptor

adrenalin nonhypertrophic
pathway

[133]

β1-adrenergic
receptor

Gs-coupled
receptor

isoproterenol,
dobutamine

hypertrophic
pathway (shown in

Figure 9.1)

[229]

Table 9.2.: Receptor, receptor type, agonists, affected pathways and validation ref-
erences

established and investigated to effect one of the two pathways. Table 9.2 shows the
different receptors, effected pathways, their physiological relevance and validation
references. There is either preference for non-hypertrophic, mitogenic signals or
preference for hypertrophic signals. In general one could suppose, that Gq-, Gi-
and ErbB-coupled receptors belong to the hypertrophic family of receptors, whereas
Gs-coupled receptors rather stimulate the non-hypertrophic pathway.
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SQUAD simulation

The software SQUAD (standardized quantitative dynamics [49]) was used for dy-
namic simulations and the identification of steady states. By using different expo-
nential functions, the software generates cellular states between no activation and full
activation, even in lack of precise informations about the underlying kinetic. Thereby
it combines discrete and continuous modeling techniques as described above. In the
presented network, the calculation is made for all nodes: the directly affected re-
ceptors (Gi-coupled M2-muscarinic receptor, Gq-coupled AT1- receptor, Gs-coupled
β1-adrenergic receptor) as well as all subsequent network nodes and their resulting
activation levels.

In vitro and vivo, a target can react more or less powerful to an incoming signal.
This can be reflected in weighting the edges in an in silico model. To produce
operability of the model and to reflect the in vitro experiments in COS7 cells as
mentioned below in chapter 12 a few modifications had to be made in weighting the
edges: For instance the ERK 1/2 dim 2P-AND-edge had to be set quite high, whereas
the MEK1/2-ERK 1/2 dim 2P-edge had to bet set quite low. This adjustments are
done in a trial and error manner, especially for precise adjustment to the in vitro
found time courses in COS7 cells. For all exact values see Table 9.1 and Appendix A.

Beyond adjustment of the weight of edges SQUAD allows the modification of
various parameters as described in chapter 5, but only the weight of some edges had
to be modificated to produce operability and to resemble the situation observed in
the COS7 cell experiments (shown in Figure 12.1).

Western blot/ line graph

The following data show the calculation and comparison of the network responses
for stimulation of the ERK pathway by a non-hypertrophic stimulus (carbachol via
the M2-receptor) and two hypertrophic stimuli (angiotensin II via the AT1- receptor
and isoproterenol via the β1-adrenergic receptor). Upon entering a stimulus, the
software environment computes the resulting activation for all subsequent nodes.
Thereby it allows an accurate modelling of time courses and activation levels of
nodes (usually standing for proteins) in the hypertrophic and non hypertrophic
cascade of the cardiomyocyte.

Several graphic forms of presentation of the deliverables are available. Figure 9.2
presents the results of the network as a virtual Western blot whereas Figure 9.3
presents the results as a line graph.

In a Virtual Western blot concentration predictions for network nodes are com-
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(a) Virtual Western blot which shows simulation of ERK-pathway after a non-hypertrophic
stimulus: Each column shows a node, concentration predictions (and thereby activation
levels) are applied on a time line. Deep dark blots stand for high concentrations, whereas
greyish color notes indicate lower concentrations corrsponding to their intensity.

(b) Virtual Western blot which shows simulation of ERK-pathway after an hypertrophic stim-
ulus

Figure 9.2.: SQUAD simulations
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Figure 9.3.: SQUAD readout as a line graph: Time on horizontal axis is plotted
versus state (activation level) on vertical axis. For clear arrangement
relevant nodes (different phosphorylation states of ERK and targets of
ERK) were chosen. Maximum value of state is 1, indicating a high
activation level, minimum value is 0, indicating a low activation level.
Several nodes of the model were chosen. A) shows the readouts after a
non-hypertrophic stimulus, B) shows the readouts after an hypertrophic
stimulus.
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puted over a time lapse. A high concentration prediction indicates a high activation
level, whereas a low concentration prediction indicates no activation. In the Virtual
Western blot showing simulation of ERK-pathway after a non-hypertrophic stimulus
(Figure 9.2 (a)) ERK becomes phosphorylated twice (on Thr183 and Tyr185 in the
TEY-motif, represented as pERK(TEY)), ERK is localized in the cytoplasm and
phosphorylates cytosolic targets (particularly p90RSK, p70S6k). There are no blots
detectable in the columns of the nucleosolic targets Elk1, MSK1 and c-Myc.

In the Virtual Western blot showing simulation of ERK-pathway after a hyper-
trophic stimulus (Figure 9.2 (b)) ERK becomes additionally phosphorylated on a
third position (ERK 2 at Thr188 or ERK 1 at Thr208, shown as pERK(Thr188).
As a result ERK is relocated to the nucleus where it phosphorylates additional nu-
cleosolic targets (particularly Elk1, MSK1, c-Myc). Concluding all targets of ERK
(cytosolic as well as nucleosolic) show high activation levels.

The line graph (Figure 9.3) demonstrates the chronological connection well: In
presence of a non-hypertrophic stimulus, firstly the double-phosphorylated ERK
(pERK(TEY)) reaches a high activation level, then the cytosolic targets (p90RSK
and p70S6K) reach high activation levels. Both lines are overlapping in the graph
and thereby it is only one line visible. In presence of a hypertrophic stimulus, after
activating the cytosolic targets, ERK becomes phosphorylated additionally in third
position, pERK(Thr188) reaches high activation levels, and in series the nucleosolic
targets become activated. Since ERK has to switch the cell compartement (cytosol
to nucleus) before activating the nucleosolic targets, the time elapsing between ac-
tivation of pEKR(Thr188) and activating its nucleosolic targets versus activation of
pERK(TEY) and activating its cytoslic targets is significantly larger.

Steady states

Another interesting question are the steady states of the simulation. Commonly, a
steady state is a mode, where variables stay fixed as time proceeds, a flux balance
is existing.

SQUAD can be used to identify steady states. It uses a Boolean modelling tech-
nique to describe all the steady states of a network only based on the topology,
without having kinetic data [49]. SQUAD systematically samples all the systems
states by an intelligent heuristic, more precisely using a Reduced Order Binary Deci-
sion Diagram algorithm [72]. Each of the N modelled nodes can either be ON, OFF
or intermediate (state 1, state 0, 0<state>1) as described above. The outcome of
this are more than 2Npossible combinations. SQUAD checks all these combinations
to find out the stable ones.
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Figure 9.4.: Steady states: A white dot indicates inactivation (state = 0), a red dot
full activation (state = 1), a yellow dot partial activation (0 < state
< 1). Four steady states are computed: Under conditions, when A)
no stimulus is active, B) a non-hypertrophic stimulus is active, C) a
hypertrophic stimulus is active, or D) both stimuli are active.
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Basically, there are four system states to be considered: Firstly, there is full
activation of either the non-hypertrophic or secondly the hypertrophic cascade.
Thirdly, there is no activation. The fourth potentially steady state is when the
non-hypertrophic as well as the hypertrophic stimulus are active (in vivo this would
be a strong stress stimulus affecting the cardiomyocyte). PKC is activated, at least
partially in the three active cases and promotes the RKIP switch from Raf1 to
GRK2.

In the presented CellDesigner model there are backward activations from carba-
chol, angiotensin II and isoproterenol to either the non-hypertrophic or rather the
hypertrophic stimulus integrated.

Without having the backward activation from carbachol, angiotensin II and iso-
proterenol to their corresponding stimulus, SQUAD simulation only shows one
steady state for the cardiac hypertrophy network (basal conditions, RKIP is com-
pletely active and inhibits Raf1). For the three other steady states, these self-
enforcing loops are necessary. Otherwise, a single hyper- or non-hypertrophic pulse
would turn the system into a hypertrophic steady state. This does not correlate to
the situation observed in the experiments in COS7 cells, and therefore, it has to be
decided to integrate these self-enforcing loops.

For the presented network with self-enforcing loops, four steady states are com-
puted. Figure 9.4 shows these four steady states. In Figure 9.4 A) no stimulus is
active, RKIP, GRK2 and the artificial node AND reach full activation, whereas all
other nodes are completely inactive. Figure 9.4 B) shows the steady state, when
a non-hypertrophic stimulus is active. Carbachol and the M2-muscarinic receptor
reach full activation, whereas the downstream nodes including the cytosolic targets
of pERK(TEY) reach partial activation. pERK(Thr188) and the nucleosolic tar-
gets stay inactive. The M2-muscarinic receptor activates PKC and RKIP switches
its target in parts from Raf1 to GRK2, but yet there is no feedback mechanism
computed, because it is only a guess, that GRK2 could also intensify the signal of
M2-muscarinic receptor, but it is not proven so far, and therefore it is not modelled.
Figure 9.4 C) shows the steady state, when a hypertrophic stimulus is present. An-
giotensin II, isoproterenol and the AT1- receptor are fully active, all downstream
targets including the cytosolic as well as the nucleosolic targets of pERK(TEY) and
pERK(Thr188) are partially active. Because all three receptors activate PKC and
the M2-muscarinic receptor is not active, furthermore RKIP performs no full tar-
get switch from Raf1 to GRK2 and thereby, the β1-adrenergic receptor is not fully
active, because it is still partially inhibited from GRK2. Figure 9.4 D) shows the
steady state, when both stimuli, the hypertrophic and the non-hypertrophic stimuli,
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hypertrophic
stimulus

non-hypertrophic
stimulus

with feedback-loop constant pulse 0,27 0,29
single pulse 0,32 0,4

without feedback loop constant pulse 0,24 0,27
single pulse 0,32 0,4

Table 9.3.: Thresholds for downstream-target activation

are present. All downstream nodes including the cytosolic as well as the nucleosolic
targets of pERK(TEY) and pERK(Thr188) reach full activation. RKIP performs a
complete target switch, GRK2 is completely inactivated and thereby the inhibition
of β1-adrenergic receptor is completely abrogated. The above described feedback
mechanism is fully active.

In general, these four computed steady states depict the situation in vivo well.
With regard to the feedback loop, and especially that there is only a full target
switch when both stimuli are present, there is yet no in vivo or in vitro data. But
presumably, the computed situation is similar to an in vitro or in vivo situation and
could be target of further research.

Thresholds

Thresholds for the activation of the downstream targets of pERK(TEY) and
pERK(Thr188) were also computed. This means, the strength of the incoming signal
that is necessary to activate the downstream targets were computed. This was done
for the non-hypertrophic as well as the hypertrophic stimulus, and for a single-pulse
as well as a constant pulse. Also, the situation was computed with and without the
feedback-loop via RKIP. The examinations can be found in Table 9.3

In each setting, the threshold for a single pulse was higher then the one for a
constant pulse. This goes along with the situation found in vivo, usually a single
pulse has less effect than a constant pulse with the same strength. This could be,
besides the third phosphorylation of ERK, another turning point in the switch from
a physiological to a maladaptive answer in the cardiomyocyte.

The comparison between the cascade with and without the feedback loop is only
a theoretical experiment, because in vivo the feedback mechanism is always present
and yet there is no manner investigated to block this whole mechanism. The required
strength of a single pulse stays uneffected by computing the threshold without the
feedback loop. The required strength for a constant pulse is less for the hypertrophic
as well as the non-hypertrophic stimulus, when the cascade is computed without the
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feedback loop. At first glance, this stands in contrast to the above described double-
signal-amplificational effect of the target switch from RKIP from Raf1 to GRK2.
To be specific, one could suppose that signal amplification means a lower required
signal strength to get the downstream targets activated.

But different reasons are thinkable and have to be considered in this case: Firstly,
as described above, it is proven, that all three receptors (M2-muscarinic receptor,
AT1- receptor and β1-adrenergic receptor) activate PKC and thereby enable the
target switch from RKIP. But yet it is an assumption, that GRK2 in turn inhibits
all three receptors when activated, but this is only proven for the beta1 receptor and
thereby only modelled for this receptor. So this could be an improvement for the
model after further investigation for a more accurate representation of the situation
found in vivo. Secondly, it is thinkable, that signal amplification rather means a
lower threshold for activation, but a longer lasting answer to a stimulus.

CNA simulation

CNA topology

CNA [107, 109] was alternatively used to modelize the cascade to examine the same
network with another software. CNA was used because it advantageously allows the
different implementation of the dynamic interpolation between node states.

As described in chapter 5, the nodes in CNA simualtions can not only reach the
state entirely ON or OFF as common Booelan models, but also intermediate states.
But in contrast to SQUAD simulations, they can not reach mutliple states, but
rather predefined states, the CNA simulation is not infinitely variable. The network
topology is shown in Figure 9.5. It is similar to the introduced, with CellDesigner
created topology for SQUAD simulations, but there are a few differences. With
CNA, each node and interaction has to be defined with an Boolean logic, the artificial
node AND is thereby not necessary in contrast to SQUAD. The backward activation
from carbachol, angiotensin II and isoproterenol to their corresponding stimulus is
also not necessary in CNA simulation.

Figure 9.5 provides the CNA network topology, a special focus is set on the feed-
back loops.

A reaction can be defined with the logical operators AND or NOT. A + indicates
an AND, whereas a prefixed ! indicates a NOT. For example A + B = C means, if
A and B are active, C becomes activated. A+!B + C = D means, if A and C are
active and B is not active, D becomes activated.
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Figure 9.5.: CNA topology: The grey colored rhombs show the two different stimuli.
The oval shaped magenta colored symbols indicate the stimuli transfer-
ring substances. The squared, yellow colored symbols show the three
different receptors. The squared, blue coloured symbols with rounded
down angles symbolize the proteins taking part downstream receptor ac-
tivation. An arrow headed line (in black) stands for activation, whereas
an bar-headed line (in red) stands for inhibition. If an activating edge
has two starting points, both are necessary for activation of the target.
Nucleus and cytosol as fundamental compartments for the model are
illustrated also.
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Various discrete activation levels can be defined. In the instant case, this was
important because the aim was to investigate different levels of activation of hyper-
trophic or non-hypertrophic stimulating pathways. For the presented network, the
state 0, 1 and 2 were defined. 0 stands for no activation, 1 for a weak activation level
and 2 for a high activation level of the hypertrophic and non-hypertrophic pathways.
There are only the three described activation levels and no intermediate states.

CNA simulation

In contrast to the continuous model technique via SQUAD, the discrete simulation
model technique via CNA allows a more convenient analysis of feedback loops. This
concerns the feedback loops via RKIP, Raf1 and GRK2 basically. RKIP becomes
phosphorylated via PKC after activation of PKC via all three receptors in the model,
RKIP then forms a homo-dimer. In turn, instead of Raf1 before forming the dimer,
the RKIP dimer inhibits GRK2. This switch leads to signal amplification in two
ways: GRK2 does not inhibit its target receptor anymore and Raf1 is not inhibited
anymore, it does not weaken the downstream signals anymore.

In CNA simulation, both signals (hypertrophic and non-hypertrophic signal) as
well as a combination of both can be modelled. Moreover, a situation where isolated
edges or nodes are deactivated can be modelled. On the one hand, this can serve to
illustrate the effect of a situation found in vitro, for instance a feedback loop. On
the other hand, it can serve to disclose potential pharmaceutical points of contact.

If there is a hypertrophic stimulus as shown in Figure 9.6, both the non-hypertrophic
(namely p90RSK and p70S6K) and the hypertrophic (namely c-Myc, Elk1 and
MSK1) targets reach activation level 2. PKC phosphorylates RKIP, which then
builds a dimer. Under basic conditions, RKIP is active and reaches level 1, now
it reaches level 0. In turn, instead of Raf1 before dimerization, GRK2 becomes
inhibited by the now dimerized RKIP and GRK2 reaches level 0. A bifocal signal
amplification as described above results: Firstly, GRK2 does not inhibit its tar-
get receptors (Gs-coupled β1-adrenergic receptor in the simulation) anymore and
secondly, Raf1 is fully active (value 2) because it is not inhibited furthermore.

When there is no stimulus, as shown in Figure 9.7 the cytosolic as well as nucle-
osolic targets are not activated (level 0 = basal conditions). RKIP inhibits Raf1,
RKIPdim is not built because PKC is not activated and GRK2 inhibits its target
(Gs-coupled beta 1 receptor) because it is not inhibited by RKIPdim.

In case there is a non-hypertrophic stimulus as shown in Figure 9.8 only the
cytosolic, non-hypertrophic targets reach level 2. The nucleosolic targets possess
the value 0. They are not activated. PKC is activated, so that RKIP builds a
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Figure 9.6.: CNA simulation: hypertrophic stimulusThe small squares represent val-
ues of nodes and edges. A red square indicates the level 0, whereas a
violet square indicates values < 0 until 2. All downstream targets reach
high activation levels (value 2). RKIP inhibits GRK2.
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Figure 9.7.: CNA simulation: no stimulusAll downstream targets show the value 0
if there is no stimulus. RKIP inhibits Raf1.
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Figure 9.8.: CNA simulation: non-hypertrophic stimulus: The cytosolic targets be-
come fully activated (level 2). RKIP inhibits GRK2.
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dimer and provides its target switch: Raf1 is not inhibited through RKIP anymore,
whereas now GRK2 is inhibited by RKIPdim. Its target Gs-coupled β1-adrenergic
receptor is not inhibited anymore by GRK2. In the present case, this takes no effect
on the cascade, but as described above, GRK2 probably also inhibits other receptors,
but this is only to be suggested and has to be proven in further experiments. In case
GRK2 would effect Gi-coupled M2-receptor as well as the Gs-coupled β1-adrenergic
receptor, it would lead to an intensification of the signals by taking off the inhibitory
effect.

The situation when both stimuli are present was modelled with the involved feed-
back loops, which reflects the situation found in vitro. Furthermore, as an example
of a blockade of a connection, the situation without RKIP loosing its inhibitory
effect of Raf1 was modelled.

Figure 9.9 shows a simulation when both stimuli are present and the feedback
loops are active. PKC inhibits RKIP, so that Raf1 is not inhibited anymore. GRK2
is inhibited by RKIPdim and loses its inhibitory effect on Gs-coupled β1-adrenergic
receptor. The described amplification of the signals results. Both, the hypertrophic
as well as the non-hypertrophic targets are strongly activated (level 2).

Figure 9.10 shows a simulation, when both stimuli are given, but the inhibitory
effect from RKIP to Raf1 persists. Raf1 weakens the signal on its downstream
targets. The activation levels of the hypertrophic and the non-hypertrophic targets
merely reach a weak activation level (level 1). There is no signal amplification.
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Figure 9.9.: CNA simulation: both stimuli with feedback loopsAll downstream tar-
gets reach high activation levels (value 2). RKIP inhibits GRK2. Raf1
is not inhibited.
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Figure 9.10.: CNA simulation: both stimuli, Raf1-feedback turned offAll down-
stream targets reach only intermediate activation levels (value 1).
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10. New predicted targets of ERK
1/2

Further target proteins of ERK were searched by using established data bases and
validating through ample literature as described in material and methods. For
a whole overview of all found and validated interaction see Table B.1. Broader
investigations compromised not only the targets and its effect, but also localization
of the target in the cell, the ERK isoform which is involved and the cell type, in
which the interaction was found. These additional informations can be found also
in Table B.1 in the appendix. In chapter 11 gene expression analysis were observed,
the new predicted target proteins which were found during them and their adjusted
p-values are noted in Table 11.1, in Table 11.2 as well in the column ”additional
information” in Table B.1.

By incorporation of all these achieved results, there are a few very promising
targets, which could be of great interest for further investigation and they will be
described in detail in the following paragraph.

Besides the already existing targets in the cascade of ERK 1/2 Caspase 8, GRB2-
associated-binding protein 2, Mxi-2, SMAD2, FHL2 and SPIN90 are interesting
targets, which are worthy turning attention to. All of them are involved in ei-
ther cardiomyocyte differentiation, cardiac hypertrophy or in triggering apoptosis,
respectively in several of them.

FHL2 (Four and a half LIM domains protein 2) antagonizes ERK 1/2 mediated
cardiac hypertrophy by inhibiting transcriptional coupling. It is located in the nu-
cleus [168, 183]. In general, it is a protein which serves as a repressor, for instance
it is down-regulated during transformation of normal myoblasts to rhabdomyosar-
coma. Associated diseases with FHL2 are Familial Isolated Dilated Cardiomyopathy
and Hemophagocytic Lymphohistiocytosis [227, 223].

Caspase 8 is known as a pro-apoptotic factor, ERK 1/2 can inhibit Caspase-8
induced apoptosis in ovarian and breast cancer cell lines [141]. Besides, the inter-
action of Caspase 8 with p38MAPK is well established: For instance in neutrophils
apoptosis can be hindered by p38MAPK, because it inhibits Caspase 8 [3]. Caspase
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8 can mediate p38α MAPK-dependent apoptosis induced by palmitic acid in car-
diomyocytes as well [166]. If ERK 1/2 interacts in cardiomyocytes with Caspase 8,
this could be of great interest to examine and a potential therapeutic target.

GRB2-associated-binding protein 2 (GAB2) is well established in t-lymphocytes.
It acts downstream of several membrane receptors including cytokine, antigen, hor-
mone, cell matrix and growth factor receptors. Thereby it regulates multiple sig-
naling pathways, including for example osteoclast differentiation, allergic response
and hematopoiesis [231, 26]. In connection with ERK, it has to be indicated, that
ERK-mediated phosphorylation of GAB2 regulates via intermediate steps the fine
tuning of proliferative answer [5].

Mxi-2, which is a splice isoform of p38MAPK, enhances the activity of ERK in
matters of activation of nuclear targets by facilitating nuclear translocation of ERK.
Mxi-2 thereby regulates activation of nuclear targets as Elk1 or HIF1 [201, 38]. It
does not effect cytosolic targets and therefore it could play a crucial role in the
balance between ERK 1/2 nuclear and cytoplasmic signals [37].

SMAD2 (Mothers against decapentaplegic homolog 2) regulates multiple cellular
actions, such as cell proliferation, apoptosis, and differentiation by mediating the
signal of the transforming growth factor TGF-β [188]. ERK transduces Ras signal
to SMAD2 and this inhibits SMAD2 transcriptional activity. This has been shown
for lymphatic endothelial cells and for tumor cells [91, 113]. Diseases associated
with SMAD2 mutations are for instance arterial aneurysms and dissections [151].
Moreover, it was shown that SMAD2 and c-Myc, one of the three nuclear targets
in the presented cascade, interact also. C-Myc interacts directly with SMAD2 and
thereby the TGF-β-mediated induction of the CDK inhibitor p15(Ink4B) can be
inhibited which is one step that takes part in cell growth and cancer development
[63]. Because of these multiple possibilities of interaction with proteins known for
taking part in developing heart failure, the interaction of SMAD2 with ERK has to
be investigated further.

Nck and SPIN90 are binding partners, this plays an essential role in the for-
mation of sarcomeres during differentiation of cardiomyocytes. Via cell adhesion
activated PDGF activates ERK 1, which in turn phosphorylates and thereby acti-
vates SPIN90. This mechanism is of essential importance for solid cell adhesion in
cardiomyocytes[127]. Moreover, it has been shown that SPIN90 knockdown tempers
the formation and movement of endosomal vesicles in the early stages of epidermal
growth factor receptor endocytosis[167]. From this it follows that SPIN90 is a central
target because of its role in the structure building of cardiomyocytes.
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11. Gene expression Analysis

By analysis of gene expression data in heart failure of cardiomyocytes, expression
levels for the components of the cascade under non-hypertrophic and hypertrophic
conditions can be reviewed. As described in chapter 7, it has been reverted to pre-
existing gene expression data sets. As they had three replicates and solid time series
on murine cardiomyocyte gene expression response, only two studies were selected
to achieve high quality results. One of these two, GEO series number GSE 5500,
analyses gene expression during 7 days after TAC (transverse aortic constriction)
respectively sham operation, whereas the other series, GSE 18224, analyses 9 weeks
after TAC respectively sham operation.

Not only the genes encoding for proteins in the ERK cascade but also all differen-
tially expressed genes were analyzed. The outcomes of both studies were matched
to identify genes, which are altered in both studies to achieve more significance.
An overview of these genes, that are altered in both experiments can be found in
Table 11.1. These findings show, that other pathways besides the ERK-cascade are
affected by TAC.

Table 11.1.: Genes altered in GSE 5500 as well as in GSE 18224: GSE analyses 7
days after TAC, whereas GSE 18224 analyses 9 weeks after TAC. Genes
with an adjusted p-value less than 0.05 after the false discovery rate were
included. Beyond that, the first 250 spots from each experiment were
used for the comparison.

Gene symbol Gene title Gene ID Adj.
p-value

GSE 5500

Adjusted
p-value
GSE
18224

1500009L16
Rik

RIKEN cDNA 1500009L16
gene

1452840_at 0.028608 5.73e-05

Ano10 anoctamin 10 1426672_at 0.026066 5.15e-05
Bgn biglycan 1437889_x

_at
0.016966 7.30e-05

continues on next page
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Table 11.1.: Genes altered in GSE 5500 as well as in GSE 18224: GSE analyses 7
days after TAC, whereas GSE 18224 analyses 9 weeks after TAC. Genes
with an adjusted p-value less than 0.05 after the false discovery rate were
included. Beyond that, the first 250 spots from each experiment were
used for the comparison.

Gene symbol Gene title Gene ID Adj.
p-value

GSE 5500

Adjusted
p-value
GSE
18224

Bgn biglycan 1448323_a
_at

0.028369 3.35e-04

Bgn biglycan 1416405_at 0.047221 3.55e-04
Cilp cartilage intermediate layer

protein, nucleotide
pyrophosphohydrolase

1457296_at 0.003647 6.29e-05

Col1a1 collagen, type I, alpha 1 1423669_at 0.046904 1.14e-03
Col5a2 collagen, type V, alpha 2 1450625_at 0.00327 1.03e-03
Col8a1 collagen, type VIII, alpha 1 1455627_at 0.002963 3.04e-04
Col8a1 collagen, type VIII, alpha 1 1418440_at 0.002963 9.61e-05
Col8a1 collagen, type VIII, alpha 1 1418441_at 0.007573 6.30e-04
Col8a1 collagen, type VIII, alpha 1 1447819_x

_at
0.009684 5.21e-04

Ctgf connective tissue growth
factor

1416953_at 0.026312 8.38e-04

Fbn1 fibrillin 1 1460208_at 0.043775 7.75e-04
Frzb frizzled-related protein 1448424_at 0.024229 1.20e-03
Ift122 intraflagellar transport 122 1427239_at 0.018931 5.78e-04
Kcnv2 potassium channel, subfamily

V, member 2
1440537_at 0.034454 5.39e-04

Lgals4 lectin, galactose binding,
soluble 4

1451336_at 0.017818 5.39e-04

Ltbp2 latent transforming growth
factor beta binding protein 2

1418061_at 0.018931 3.35e-04

Meox1 mesenchyme homeobox 1 1417595_at 0.015167 8.37e-04
Mfap5 microfibrillar associated

protein 5
1418454_at 0.007776 1.23e-03

continues on next page
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Table 11.1.: Genes altered in GSE 5500 as well as in GSE 18224: GSE analyses 7
days after TAC, whereas GSE 18224 analyses 9 weeks after TAC. Genes
with an adjusted p-value less than 0.05 after the false discovery rate were
included. Beyond that, the first 250 spots from each experiment were
used for the comparison.

Gene symbol Gene title Gene ID Adj.
p-value

GSE 5500

Adjusted
p-value
GSE
18224

Mybpc2 myosin binding protein C,
fast-type

1455736_at 0.010186 1.51e-04

Myh7 myosin, heavy polypeptide 7,
cardiac muscle, beta

1448553_at 0.001554 4.22e-07

Nppa natriuretic peptide type A 1456062_at 0.021041 6.19e-04
Srpx2 sushi-repeat-containing

protein, X-linked 2
1427919_at 0.048266 1.28e-03

Synpo synaptopodin 1434089_at 0.004904 6.23e-04
Thbs1 thrombospondin 1 1421811_at 0.007776 1.03e-03
Tmsb10 thymosin, beta 10 1417219_s

_at
0.043459 1.27e-03

Vcan versican 1421694_a
_at

0.037309 1.20e-03

Many structural proteins, components of the extracellular matrix and signaling
transducing proteins are affected, for example different types of collagens and bigly-
cans. Biglycan is a small leucine-rich repeat proteoglycan (SLRP) and can be
found in diverse extracellular matrix tissues, amongst others bone, cartilage and
tendon[224]. In the heart, biglycan has been shown to regulate collagen fibril di-
ameters in tendon. There is a relation between biglycan and cardiac extra-cellular
remodeling, but yet the exact mechanisms have not been proven [16, 246].

Collagens are the major structural proteins in the extracellular matrix in all con-
nective tissues. Due to the wide appearance of connective tissue in the body, for
instance in tendons, ligaments and skin, collagens make around 30 percent of the
content of the whole body protein. It consists of triple-helices of elongated fibrils
formed by amino acids wound together [50]. In heart failure, it has been shown, that
collagens pass through diverse changes. For example there are changes in the degree
of cross-linking as well as the types of collagens and their proportions to each other
[45, 76]. It is scientific consensus, that collagens accumulate in cases of pathological

47



Gene symbol Gene ID Gene title Adjusted
p-value

Cnksr1 1455399_at Connector enhancer of kinase
suppressor of Ras 1

5.73e-05

Elk1 1446390_at ELK1, member of ETS oncogene
family

5.09e-03

Myc 1424942_a_at Myelocytomatosis oncogene 1.89e-02
Prkcd 1422847_a_at Protein kinase C, delta 1.31e-02
Prkce 1452878_at Protein kinase C, epsilon 3.36e-02
Rab27b 1417214_at RAB27b, member RAS oncogene

family
1.24e-03

Rab31 1416165_at RAB31, member RAS oncogene
family

1.20e-03

Rab3a 1422589_at RAB3A, member RAS oncogene
family

5.39e-04

Raf1 1420090_at v-Raf-leukemia viral oncogene 1 2.70e-02
Rps6ka5 1440343_at Ribosomal protein S6 kinase,

polypeptide 5 = MSK1
1.43e-02

Table 11.2.: Genes, that appear in the ERK-cascade or rather stand in proximate
correlation to genes in ERK-cascade and are altered in GSE 18224: Ad-
justed p-value was at least 0.05, evaluation occurred 9 weeks after TAC.
Some genes (for example the ras oncogene family) appear in different
isoforms in the cascade. .

hypertrophy [17, 100].
Frizzle related protein is a modulator of the important Wnt signaling pathway and

has inhibitory effects on the Wnt pathway in general [22]. Frizzle related proteins
reach the highest level in heart, but it can be found also in other tissue. It plays
roles during cardiac embryogenesis as well as in cardiac remodeling, not only in mice
after TAC, but also in human heart failure its expression level is increased [6, 205].

Of special interest is myosin-binding protein c, because it is identified to be target
of MAPK (see also Table B.1). Already in 1996, it has been shown that MAPK-
dependent state of phosphorylation modifies the cellular function of c-Myb [230].
Regrettably, it is not in the focus of investigation furthermore, so the exact under-
lying mechanisms are not definitely clear at the moment.

In summary, these results show that changes in the ultrastructure of the cardiomy-
ocyte are the final result of both gene expression experiments.

Table 11.2 shows altered genes, that appear in the presented ERK-cascade and are
significantly altered in the gene expression data set GSE 18224, the larger of both
experiments. In the matched results of both experiments, there were no altered
genes from ERK-cascade that complied with the criteria for inclusion.
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mRNA expression levels for several proteins that are involved in the ERK-cascade
could be verified, whether the genes were down- or up-regulated was analyzed ac-
cessorily Figure 11.1.

The nuclear targets of ERK were regulated in different directions: Myc mRNA
was up-regulated whereas Elk1 mRNA and MSK1 (Rps6ka5 in Figure 11.1) mRNA
were down-regulated. mRNAs for two isoforms of Protein kinase C showed also sig-
nificant, but appropriate regulation directions: whereas Protein kinase C-δ (Prkcd in
Figure 11.1) was up-regulated, Protein kinase C-ε (Prkce in Figure 11.1) was down-
regulated. Raf1 was down-regulated after TAC. These data support the knowledge
base, that mRNA expression levels do not necessarily correlate with protein activa-
tion via phosphorylation and that gene expression underlies complex processes.

Two bystanders not explicitly considered in the ERK-simulation have to be termed
additionally. Connector enhancer of kinase suppressor of Ras 1 (Cnksr1), a regula-
tory protein influencing Ras1, whose knockdown partially blocks the MAPK path-
way, showed significant expression levels [62]. RAB27b, another RAS regulatory
protein, showed also significant altered expression levels, but its role in ERK-cascade
respectively heart failure is not well investigated [187].
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Figure 11.1.: Genexpression Data GSE 18224: Regulation directions (down- versus
upregulation)
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12. Comparison with in vitro
results

For confirmation of the in silico predicted results the group of Prof. Kristina Lorenz
executed in vitro experiments with COS7 cells as described in chapter 8. The com-
parison of these in-vitro experiments with the simulation were performed by the
author.

This experimental validation included time-dependent and agonist-dependent ERK
1/2 phosphorylation in Western Blot and following densitometric quantification.
Three agonists and four time points chosen. From previous experiments, kinetic
data, for example the time point when ERK stabilizes at a maximum, is known
[133], so the phosphorylation in ERK 1 respectively ERK 2 was measured by two
phospho-antibodies in time courses of 0, 5, 10 and 30 minutes after stimulation with
the appropriate agonist, because these time points cover an adequate time range of
phosphorylation. Two agonists representing the hypertrophic pathway (carbachol
as agonist for M1-muscarinic receptor and epidermal growth factor as agonist for
EGFR) and one agonist representing the non-hypertrophic pathway (carbachol as
agonist for M2-muscarinic receptor) served as examples. As showed in Table 9.2
all six, the three chosen agonists in the in vitro experiments as well as the three
examples chosen in the in silico model (carbachol via M2-muscarinic receptor, an-
giotensin II via AT1- receptor and isoproterenol via β1-adrenergic receptor) serve
as representatives for many other known agonists effecting the non-hypertrophic or
hypertrophic pathway.

Figure 12.1 shows a comparison of the in silico and in vitro results. The three
columns A), B) and C) show results for A) the M1-muscarinic receptor, B) the
M2-muscarinic receptor and C) the EGF receptor. The first line shows concen-
trations of pERK(Thr 188) after stimulation with the appropriate agonist at the
chosen time points as a bar chart, whereas the second line shows concentrations of
pERK(TEY) after stimulation at the same time points. The third line shows West-
ern blot measuring results for ERK, pERK(Thr188) as well as pERK(TEY). The
fourth line shows the corresponding results of the in silico model: A) and C) are
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compared with the measuring-results for hypertrophic stimuli, B) is compared with
the measuring-results for non-hypertrophic stimuli in a line graph. pERK(Thr188)
is represented as red graph with dots in the course of the graph, pERK(TEY) is
represented as green graph with squares in the course of the graph.

A strong third ERK phosphorylation (pERK(Thr188)) and thereby activation of
the hypertrophic pathway in Figure 12.1 A) (M1-muscarinic receptor) and Figure 12.1
C) (EGF receptor) is shown in the in silico experiments. The phosphorylation sig-
nal increases over time. In the phosphorylation level of the M2-receptor shown in
Figure 12.1 B) which is primarily leading to the non-hypertrophic pathway and acti-
vation of cytosolic targets, there is no increase in phosphorylation level of pERK(Thr
188).

The second line shows the TEY motif phosphorylation (pERK(TEY)) and time
course for the cytosolic, non-hypertrophic pathway which shows a strong activa-
tion for all three stimuli. This activation increases faster than the activation of
pERK(Thr188). As described in section 5 and shown in Figure 9.3 and by knowing
that ERK has to be phosphorylated in TEYmotif before the third phosphorylation
in Thr188 can occur, the faster increase of pERK(TEY) phosphorylation level is a
logical consequence. A peak of the phosphorylation of pERK(TEY) signal arises at
10 minutes, and after this the values show a decrease again. It must be pointed out,
that the measurement points are not straight-lined.

Unlike the in silico simulation, all in vitro experiments show basal rates of both
phosphorylation states of ERK around 1 ng/ml. In Figure 12.1 B) pERK(Thr188)
shows this value over all time courses, whereas all other measurements show this
value only at time point 0. In SQUAD simulation, basal ERK levels are arranged
on the baseline. In vivo, one can act on the assumption, that there are certain
concentrations of all phosphorylation states at all times detectable. For the present
aim, the changes of values under particular conditions are of greater interest and for
a clear presentation it was abstained from modeling basal levels off the baseline in
the in silico model.

By using a concatenated e-function, SQUAD simulation allows an almost linear
increase of pERK(TEY) in Figure 12.1 A-C) and pERK(Thr188) in Figure 12.1 A)
and C) until the values approximate to the maximum level. The values start to
increase at time step 3 and stabilize at 80% activation at time-step 6, yielding a
plateau around time-step 8. After reaching and stabilizing this maximum level,
the values decrease again and approximate to the basal level. The decrease of
pERK(TEY) is shown in Figure 12.1. The decrease of pERK(Thr188) is not shown
in the chosen time interval to permit a comparison with the in vitro results, in which
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the decrease of pERK(Thr188) is not also shown. In Figure 9.3 the decrease of
pERK(Thr188) is visible and shows similar kinetics to the decrease of pERK(TEY).

Each time-step in the in silico model corresponds to about 5 min of time measured
in the in vitro experiments. Whereas the in vitro experiments show values for the
measurement points only, the in silico model allows predictions for all time points.

Naturally there are several limitations by design, causing the in silico model to
differ to the experimental data: As the in silico-simulation via SQUAD uses default
e-functions and concatenations of them, only exponential activations or decays, re-
spectively concatenations of them, are precisely modelled. As demonstrated above,
for the phosphorylation kinetics of pERK(Thr188) and pERK(TEY) the agreement
is passable.

In modelling signaling phosphorylation cascades and their inhibition, the software
SQUAD was tested in several other cellular environments. Including for example
liver cells, stem cells, dendritic cells, platelets and in these systems good kinetic
agreement was found as well [153, 178].

With CNA simulation, which uses besides the typical Boolean modelling multi-
valued logical networks [108, 107, 109], the adjustment to the in vitro experiments
succeeds not as well. For comparison, when a hypertrophic stimulus occurs in the
CNA model, this leads directly to high activation (level 2) for pERK(Thr188). As
described above, in the CNA model three different values were used: 0, 1, 2 for no,
intermediate and high activation. As CNA provides only a discrete state simulation
the rapid activation is not visible as it is in SQUAD or in the in silico experiment
but rather the terminal point is shown.

The comparison of time courses as well as thresholds (shown in Table 9.3) shows
that the SQUAD model captures the information also in a qualitative manner: If a
stimulus occurs only for a short time period, the effect is different from the effect of
a continously active stimulus. This can be found also in vivo: Whereas short sympa-
thetic stress situation does not lead to cardiac hypertrophy, continuous sympathetic
overdrive leads to cardiac hypertrophy and sickness in turn.

53



Figure 12.1.: Experimental analysis compared with SQUAD readouts: COS7 cells
were transfected with plasmids encoding for A) M1-muscarinic receptor
B) M2- muscarinic receptor or C) epidermal growth factor (EGF) re-
ceptor., comparison with SQUAD readouts with A) and C) as examples
for hypertrophic stimuli as well as B) as example for a non-hypertrophic
stimulus. Receptors were treated with A) carbachol (CCH; 30 µM),
B) carbachol (CCH; 30 µM) or C) epidermal growth factor (EGF; 10
ng/ml) for 5, 10 or 30 minutes. Immunoblot analyses with Western
blots antibodies directed against in TEY motif (twice) phosphorylated
Erk 2 [pErk(TEY)] or (thrice) phosphorylated Thr188 [pErk(Thr188)].
n=4-11 experiments; P < 0.05 versus unstimulated control. The cor-
responding in silico-predicted courses can be found in the last column.
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Part IV.

Discussion
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13. First integrative biological
model of ERK-pathway in
cardiomyocyte

Numerous studies demonstrated, that ERK 1/2 is a major player in mediating
cardiac hypertrophy and that an additional phosphorylation at Thr188 in ERK
2 can cause cardiac hypertrophy be switching from cytosolic to nucleosolic targets
[200, 27, 28, 73, 133, 134, 70]. This thesis introduces an integrative biological view on
the ERK 1/2 cascade in cardiomyocytes for the first time. A special significance lies
on the additional phosphorylation site. The third phosphorylation of already double
phosphorylated ERK in general seems to be an interesting mechanism. Other tissues
and cells also showed a third phosphorylation, for example platelets. As platelets
are anucleated, there is no discrimation between cytosolic and nucleosolic targets,
but rather between cytoskeletal and non-cytoskeletal activation of the platelet [153].

The thesis includes several perceptions: Firstly a regulatory network of the ERK-
cascade in the cardiomyocyte in form of a first semi-quantitative model on all events
for this important signaling cascade and bioinformatical analysis of it. In this con-
nection, structural as well as dynamical cellular functions are considered. Secondly,
because experimental data are necessary for the validation of a model, correspond-
ing in vitro experiments, realized by Prof. Kristina Lorenz, especially with regard
on time courses, are presented. In collection, a first normalized and validated model
which provides time-resolved data was established.

Thirdly genomic analysis in form of gene expression analysis are investigated, to
verify involved components as well as to detect potential components, that could
be of interest for further investigation of cardiac hypertrophy. Moreover, further
targets of ERK 1/2 were investigated with the same destination.

The aim of system biology is always, to become an extensive comprehension of
all regulatory processes. Oftentimes, not every single process is entirely examined
and suppositions are necessary to establish a complex model, without having hard
evidence for every single step. For example, the assumption, that Epac activates
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PKC could be wrong, novel experiments, indeed in cardiomyocytes but at least
on nociceptive sensory neurons, rather suggest that Epac activates Ras [24, 206].
Nevertheless, these suppositions are necessary, but when they are proven to be
wrong, they offer an entry for improvements of a model.

Moreover, separate from the point that one often has to deal with a lack of infor-
mation, system biology is an integrative science, combining parts of biology, math-
ematics as well as physics, the mathematical-analytical part is not the main focus
and comparative easy accessible computational methods and heuristics are neces-
sary. For instance, in the present case at the outset, the current level of information
included only information about the network topology (nodes and connections of
them), but nearly all kinetic constants for a full dynamic simulation were unknown.
A complex mathematical analysis is not possible without having kinetic parameters.
The semi-quantitative model advocated in this thesis uses as foundation logical con-
nections between the involved components, regarding occurrence and mode of action.
To get dynamical information the software SQUAD and CellNetAnalyzer (CNA)
were used. After having computed predictions of time courses, in vitro experiments
were performed. The computed predictions hereby assisted to establish the base for
the design of the in vitro experiments. After having in vitro time courses, in turn
the in silico model was adjusted. So the soft spots of both sciences can be balanced.

Furthermore, by using different software, in this case SQUAD and CNA, the re-
spective weakness can be partial eliminated. SQUAD modelling allows no exact
estimation of steady states. In this case, achieving steady states was only possi-
ble because of computing backward activation from carbachol, angiotensin II and
isoproterenol to their corresponding stimulus. One reason could be, that SQUAD
indeed quickly, but therefore efficiently samples steady states using a fast heuristic
[202]. Therefore, SQUAD generates limitations in for instance modelling complex
inhibition scenarios [153]. Nonetheless, a big benefit of SQUAD is the rapid setup of
a dynamic model using concatenated e-functions for interpolation. In the presented
case, the via SQUAD generated kinetic data agreed well with the in vitro results.

However, CNA simulation delivered exact results for four steady states (hypertrophic
stimulus, non-hypertrophic stimulus, simultaneous hypertrophic and non-hypertrophic
stimulus, no stimulus) which agree with physiological observations (for this see
Table 9.2) as well as good results for inhibiting feedback loops (see also Figure 9.6
- Figure 9.10). On the other hand, using CNA, only stepwise activation is possible
(in this case state 0,1,2) which allows neither exact prediction of time courses nor
reaching the targets multiple values. So in conclusion, both models accorded with
each other in key parts and completed each other.
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The system biological approach allows a wide view on the ERK 1/2 cascade in
cardiomyocytes especially in development of heart failure, but although ERK is def-
initely a key player in this process, it is not the only mediator. Current research
of cardiac hypertrophy and heart failure in turn incorporates beyond ERK-cascade
calsarcins [67], growth factors as TGFβ and IGF [89, 147], mTOR [157], the role of
inflammation and thereby IL-6, NF-κb [56, 85, 116] as well as the role of calcium
[156]. The gene expression data experiments showed also changes in the ultrastruc-
ture of the cardiomyocyte as mainly conclusion of the experiments presented in
chapter 11.

A model, which concerns all these factors is, due to the immense importance of
this clinical picture and its increasing incidence, definitely desirable, but exceeds the
extent of a single doctoral thesis.
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14. Insights into cardiomyocyte
signaling

The SQUAD network, with its logical heuristic, works in a manner, that the hy-
pertrophic stimuli (in the presented case ATII via AT1- receptor and isoproterenol
via β1-adrenergic receptor) can reach all five targets (cytosolic as well was nucle-
osolic) whenever they are present. Carbachol via M2-receptor as an example for
a non-hypertrophic stimulus causes no hypertrophy by only activating the cytoso-
lic targets, when it is activated singularly. Unfortunately, the other two receptors
dominate the system.

This has to be investigated further in vitro and in vivo, but many findings indi-
cate that this behavior occurs in these cases as well. As the cytosolic targets have
protecting effects, an aim of an (pharmacological) intervention could be to respect
this fact and intervent either at the beginning of the cascade or at the final path of
the hypertrophic cascade, but not on the common part of the cascade.

The inhibition of the third ERK-phosphorylation is object of investigations on
molecular level [131, 132, 48]. These experiments include also data for RKIP inhi-
bition, which was in silico modelled in Figure 9.10.

The SQUAD model allows also a differentiation between different hypertrophic
stimuli: As an example, if both hypertrophic stimuli (angiotensin II and isopro-
terenol) appear, a weaker and shorter lasting activation of AT1- receptor and a
stronger and longer lasting activation of β1-adrenergic receptor occurs. This ac-
cords to in vitro found results and the GRK2-negative feedback loop [131].

The threshold dependent behavior of the modelled ERK-cascade shown in Table 9.3
is also a newly investigated mechanism. Other in silico models uncovered also
threshold-dependent behavior, for example for platelets and SRc-phosphorylation
[153].

The simulation allows predictions about time scales and thereby not only quan-
titative, but also qualitative insights: A faster activation of the cytosolic targets
occurs in comparison to the activation of nucleosolic targets (see also Figure 9.2
and Figure 9.3). In synopsis with the experimental data and the gene expression

59



analysis, a fast appearance of the non-hypertrophic effects in the space of minimum
minutes as well as a rather slow process of the hypertrophic effects were proven. Slow
process means, that effects appear in the range of many hours to several weeks.
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15. Predictions about
pharmacological targets

Along with flanking measures like alcohol abstinence or adjusted physical activity
and in some cases invasive measures like cardioversion or pacemaker-implantation,
the standard medical therapy includes follwing drug classes: ACE inhibitors, an-
giotensin receptor blockers, β-blockers, mineralocorticoid receptor antagonists and
diuretics. In special patient populations these drugs become complemented with
digitalis glykosids, oral anticoagulants or platelet aggregation inhibitors [245, 9].
The only two of these substances, which addresses ERK cascade in parts are β-
blockers and AT1-receptor antagonists, but they do not act very specific and affect
not only the hypertrophic but also the adaptive effects. Besides they have multiple
side effects and the model shows multiple more potential target points.

Nearly all of the mentioned drugs treat symptoms or risk factors. The ERK cas-
cade is very suitable as target for drugs as it seems to promote the switch from
a protective to a maladaptive answer [133]. Unfortunately, there is yet no drug
established in clinical use except the mentioned β-blockers and AT1-receptor an-
tagonists, which addresses ERK cascade, but the development of those drugs is an
object of research in preclinical studies. Up to now Pimasertib an orally bio-available
small-molecule inhibitor of ERK 1/2 and selumetinib, primiarily developed for the
treatment of neurofibromatosis 1, are promising [199, 121]. Yet, there is no drug
known, which intervenes in the process of the third phosphorylation of ERK 1/2
and thereby targets to physiological-to-maladaptive-step specifically.

The presented ERK-model enables the user to predict on further potential phar-
macological targets which could influence cardiac hypertrophy and enables to model
pharmacological scenarios with different receptor stimulation combinations. A more
mathematical ERK-model, published by Breitenbach et al. 2019 [24] which uses
the here presented network topology, enables to model optimal pharmacological in-
tervention points, combined effects of activation and inhibiting as well as further
thresholds.

The entire network analysis and the analysis of further targets provide several
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intervention options:
As already mentioned, the third ERK phosphorylation leads to cardiac hypertro-

phy via activating nuclear targets. Therefore, either preventing the third phosphory-
lation or blocking the nuclear targets could be a possible approach. More promising
appears the blockade of the third phosphorylation, as there are probably multiple
more nuclear targets beyond the two mentioned which mediate cardiac hypertrophy
(see also Table B.1).

Another interesting target point of medicinal therapy is the GRK2-RKIP-feedback
loop. As mentioned, dimerized RKIP inhibits GRK2, whereas non-dimerized RKIP
inhibits Raf1. This effect amplifies an incoming stimulus und could be used as
a pharmacological target. Moreover, Raf1 is known to be cardioprotective, which
underscores the importance of this feedback loop.

Another way to prevent cardiac hypertrophy could be, to prevent activation of
hypertrophy mediating genes, which is part of research at this moment [135].

The assembly of downstream targets of ERK shown in Table B.1 hints for a bet-
ter understanding of the tissue transformation that is involved in hypertrophy and
includes further potential pharmacological targets.

62



16. Perspective for further
research

As already mentioned, the thesis presented in this model acted as a base for a
more mathematical model of the ERK cascade in cardiomyocytes [24]. This new
model uses the presented model as base and that it describes the proceedings in
cardiomyocytes correctly to establish a model, which can simulate external stimuli.
Although, the road to drugs applicable in clinical use targeting the ERK cascade
is still long, this model does the next step as it allows to simulate external stimuli
to the cell and make them visible. Moreover, a combination of different external
stimuli can be simulated.

In contrast to the model presented in this thesis, the new model did not focus
on exact kinetic predictions. A next step could be to establish a model, which
includes both, the possibility to calculate several external stimuli combinations and
simultaneously, accurate time courses. Such complex simulations will necessitate
further in vitro experiments, firstly to receive data about time courses and secondly,
to validate predicted courses as it was done in this thesis.

A great amount of research data in the last few years underlines the assumption,
that ERK 1/2 are promising targets in the treatment of heart failure. Especially,
the additional phosphorylation of ERK at Thr188 seems to be an interesting target
point. After publishing results presented in this work, it was shown that interference
with ERK-dimerization, a condition for the phosphorylation of ERK at Thr188,
decreases cardiac hypertrophy without causing harmful cardiac effects. The nuclear
ERK 1/2-signaling and cardiomyocyte hypertrophy could be prevented by inhibiting
the third ERK phosphorylation at Thr188 by an inhibitory peptide. Auspicious
effects like cytosolic survival signaling were not affected by this inhibitory peptide
[221]. As it has been shown, that MAPK/ERK activation and in turn signaling is
crucial for cardiac regeneration, for example in zebrafish experiments [196, 128], it
appears necessary to assess the ERK cascade at a later point to prevent negative
effects while allowing positive effects.

Not withstanding that this third phosphorylation seems very promising, it is not
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the only possible target point in treating heart failure. It has been shown that novel
EGFR inhibitors weaken angiotensin II, a cardiac hypertrophy [177]. ERK is known
to act downstream of EGFR and is one example for an hypertrophic stimuli in the
here presented in vitro experiments shown in Figure 12.1. But angiotensin II is no
typical known interacting partner of EGFR. The underlying mechanisms are not
investigated in this case as well as the influence on harmful effects.

Surprisingly, not only an increased ERK activation in cardiomyocytes, but also
in non-myocytes has been shown to drive hypertrophy in Marfan mice [193]. This
could be a hint, to not focus only on the ERK effects on cardiomyocytes, but also
on other cell types. Building on the results of this thesis and the insights on the still
open questions of the right approach to treat cardiomyocytes and prevent cardiac
hypertrophy, a general in silico method to calculate optimal pharmacological stimuli
for the ERK cardiomyocyte signalling network was developed [24].

Summing up, we are bound to recognize, that in the current state there is no drug
established, which addresses the ERK cascade specifically to treat heart insufficiency.
But as it is furthermore subject of many studies, it is to be expected that in future
drugs affecting the ERK cascade can be established and thereby heart failure can
be treated causally.
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Part V.

Summary
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ERK 1/2 are known key players in the pathophysiology of heart failure, but the
members of the ERK cascade, in particular Raf1, can also protect the heart from cell
death and ischemic injury. An additional autophosphorylation (ERK 1 at Thr208,
ERK 2 at Thr188) empowers ERK 1/2 translocation to the nucleus and phosphory-
lation of nuclear targets which take part in the development of cardiac hypertrophy.
Thereby, targeting this additional phosphorylation is a promising pharmacological
approach.

In this thesis, an in silico model of ERK cascade in the cardiomyocyte is in-
troduced. The model is a semi-quantitive model and its behavior was tested with
different softwares (SQUAD and CellNetAnalyzer). Different phosphorylation states
of ERK 1/2 as well as different stimuli can be reproduced. The different types of
stimuli include hypertrophic as well as non-hypertrophic stimuli. With the intro-
duced in silico-model time courses and synergistic as well as antagonistic receptor
stimuli combinations can be predicted. The simulated time courses were experimen-
tally validated. SQUAD was mainly used to make predictions about time courses
and thresholds, whereas CNA was used to analyze steady states and feedback loops.

Furthermore, new targets of ERK 1/2 which partially contribute, also in the
formation of cardiac hypertrophy, were identified and the most promising of them
were illuminated. Important further targets are Caspase 8, GAB2, Mxi-2, SMAD2,
FHL2 and SPIN90.

Cardiomyocyte gene expression data sets were analyzed to verify involved com-
ponents and to find further significantly altered genes after induced hypertrophy
with TAC (transverse aortic constriction). Changes in the ultrastructure of the
cardiomyocyte are the final result of induced hypertrophy.

Summing up all these findings, both, the third ERK phosphorylation as well as
the RKIP-feedback loop are promising pharmacological target points.
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

TACE ADAM17 cell
surface,
golgi

apparatus

ERK acts as an intermediate in
protein kinase C-regulated TrkA

cleavage. The cytosolic tail of TACE
is phosphorylated by Erk at threonine

735. ERK and TACE associate.

Erk1/2 [51]

GRK 2 ADRBK1 ERK1 phosphorylates GRK2.
Inhibition of ERK activity potentiates
GRK2 activity, whereas, conversely,

ERK activation inhibits GRK2
activity. An feedback regulatory loop

occurs!

Erk1 HEK293
cells

[179]

ALK ALK vesicle ALK mediates growth and
differentiation of neurons, ERK is

essentially involved.

- - [159]

continues on next page
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

p85
betaPIX

ARHGEF7 Erk activates p85 via binding of PAK2
to Erk and as a result of this PAK2
and p85 are building a complex and

translocate -> neurite growth

- PC12 cell
lines

[208]

CREB2 ATF2 nucleus Raf-MEK-Erk pathway induces
phosphorylation of ATF2 at Thr71
and Ral-RalGDS-Src-p38 pathway at
Thr69 -> both required for activation;

but: other study shows that
Erk-activation is not required for

ATF2-activation
GSE 18224 adjusted P-value: 3,4x10-2

- fibroblasts [171, 81]

continues on next page
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

bromodomain
adjacent
to zinc
finger

domain,
1B

BAZ1B novel mechanisms of epigenetic
regulation of MAPK (amongst others
Erk1): Phosphorylation of Williams

syndrome transcription factor by them
induces a switch between two different

chromatin remodeling complexes

Erk1 - [172]

BRAF BRAF cytosol
and

nucleus

BRAF mutations activate the
mitogen-activated protein kinase

pathway

[79, 244]

Hyaluronan
binding
protein1

C1QBP cytoplasm,
nucleus

is an endogenous substrate for MAP
kinase, suggestion: ERK activation is

requirement for translocation to
nucleus

[138]

continues on next page
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

CAD CAD allosteric regulation of CAD is
mediated by MAPK and

PKA-mediated phosphorylations →
cell-cycle dependent regulation of

pyrimidine biosynthesis

[209]

Calnexin CANX endoplasmic
reticulum

Phosphorylation by CK2 and MAPK
enhances calnexin association with

ribosomes → increase in glycoprotein
folding

GSE 18224 adjusted P-value:
2,17x10-2

[42]

Caspase 8 CASP8 pERK 1/2 inhibit Caspase-8 induced
apoptosis

Erk1/2 cancer
cells

[34, 3, 166,
141]

continues on next page
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

Caspase 9 CASP9 nucleus
and

cytoplasm

Erk phosphorylates and inhibits
Caspase9 and promotes cell survival

and tissue homeostasis

[2, 142]

Caveolin 1 CAV1 “Caveolin-1 and caveolae play a
paradoxical role in regulating

VEGF-induced ERK2/1 activation
and in vitro angiogenesis as evidenced
by the similar inhibitory effects of

down-regulation and overexpression of
caveolin-1 and disruption of caveolae”

ERK 1/2 [126]

continues on next page
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

H4 Gen-
produkt

CCDC6 CCDC6-Ret oncogen phosphorylates
and activates Erk -> regulation of cell
proliferation (CCDC6 Ret genproduct
is found in lung adenocarcinoma and

papillary thyreoid carcinoma)

Erk 1/2 LAD cell
lines

[214, 115]

Cep55 CEP55 amongst others Erk2 phosphorylates
Cep55 (centrosome protein) →

relocate to midbody →function in
cytokinesis and mitotic exit

GSE 5500 adjusted P-value: 2,02x10-2

Erk2 [60]

continues on next page
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

Cortactin CTTN cytoplasm ERK regulates cortactin
ubiquitination and degradation in lung

epithelial cells
GSE 18224 adjusted P-value:

1,03x10-2

[250]

DCC DCC DCC activates Erk and this
contributes to netrin signalling in

axon growth and guidance

Erk 1/2 [66, 84]

Elk1 ELK1 nucleus
and

cytoplasm

IN CASCADE, phosphorylated
Erk1/2 translocated to the nucleus

and phosphorylates Elk1
GSE 18224 adjusted P-value:

5,09x10-3

Erk1/2 [137]

continues on next page
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

Elk 4 ELK4 nucleus
and

cytoplasm

Elk4 is phosphorylated by Erk2 (and
MAPK8), Elk4 directly links Erk

signaling to the transcriptional events
required for thymocyte positive
selection, Elk4 is direct androgen
receptor target in prostate cancer

Erk2 [44, 139]

TNF - R f.e. FAS Polyphenols from Korean prostrate
spurge Euphorbia supina induce

apoptosis through the Fas-associated
extrinsic pathway and activation of
ERK in human leukemic U937 cells

[78]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

FCGR2B FCGR2B nuclear
membrane

and
cytoplasm

Erk1/2 binds to FCGR2B and
phosphorylates a serine residue → thr
binding of Lyn to FCGR2B is modified

→ thus might negatively regulate
phosphorylation of ITIM → signal

transduction is not inhibited anymore

Erk1/2 [146]

FHL2 FHL2 nucleus FHL2 serves a repressor function, it
inhibits ERK 1/2 transcriptional

coupling
GSE 18224 adjusted P-value:

4,63x10-2

Erk1/2 [183, 168,
227]

c - fos FOS nucleus Erk phosphorylates c-fos, as an result
the transcriptional activity is increased

[158]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

GAB2 GAB2 cytoplasm Erk-mediated phosphorylation of
Gab2 regulates assosication with

SHP2 and decreases STAT5 activation
→ fine tuning of proliferative answer

of t-lymphocytes to IL-2

t-
lymphocytes

[5, 231, 26]

GATA2 GATA2 nucleus Erk possibly phosphorylates GATA2,
involved in growth factor

responsiveness and proliferation of
hematopoietic progenitor cells

hematopoietic
progenitor

cells

[222]

GATA4 GATA4 mainly
nucleus

Erk1/2 regulates cardiomyocyte
hypertrophic growth via GATA4
through direct phosphorylation

Erk1/2 cardiomyocyte [125]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

Connexin
43

GJA1 hexameric connexin (Cx)-43
hemichannels are the essential

transducers of the
Erk-activating/anti-apoptotic effects

of bisphosphonates

Erk1/2 [180]

GRB10 GRB10 nucleus
and

cytoplasm

is a direct substrate of Erk1/2,
regulates insulin signaling

Erk1/2 - [120]

general
transcrip-
tion factor

IIi

GTF2I nucleus ERK regulates the activity of TFII-I
by direct phosphorylation, regulates
its activation of the c-fos promoter

Erk1 [104, 105]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

hyaluronan-
mediated
motility
receptor

(RHAMM)

HMMR RHAMM (an intracellular cytoskeletal
protein) modulates ERK1/2 signal
transduction at microtubules, which

can act as barriers to mESC
pluripotency

Erk1/2 [95]

heat shock
transcrip-
tion factor

1

HSF1 nucleus
and

cytoplasm

association of HSF1 with ERK and
14-3-3ε during heat shock may thus

modulate the amplitude of the
response and lead to efficient

termination of HSP expression on
resumption of growth conditions

Erk2 [232]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

Hsp90 HSP90 cytosol extracellular Hsp90 serves as an
important co-factor for

KSHV-initiated MAPK activation
(proof-of-concept for the potential
benefit of targeting csHsp90 for the

treatment or prevention of
KSHV-associated illnesses)

MAPK
general

[185]

heat shock
22kDa

protein 8

HSPB8 nucleus
and

cytoplasm

involved in regulation of cell
proliferation, apoptosis; HSPB8 is
phosphorylated by amongst others

Erk1 (at residues Ser(27) and Thr(87))
GSE 18224 adjusted P-value: 9,8x10-3

Erk1 in vivo [173]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

IEX1 IER3 IEX1 is a substrate of Erk, they
regulate each other, phosphorylated
IEX1 is able to inhibit cell death

Erk2 in vivo [71]

JAK 2 JAK2 the interaction between TFII-I and
ERK, which is essential for its

activity, can be regulated by JAK2
through phosphorylation of TFII-I

Erk
general

[105]

Sam68 KHDRBS1 nucleus Sam68 acts as a convergence point for
ERK signaling to cell migration;
blockade of phospho-Sam68 may

provide a new avenue for therapeutic
inhibition of metastatic cancers

GSE 18224 adjusted P-value: 4,7x10-3

Erk1/2/5 [130]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

KSR1 KSR1 KSR1 is a scaffold, enhances signaling
between Raf, MEK and ERK, Erk

phosphorylates KSR1

MAPK
general

in vivo [190, 33]

LIFR LIFR ERK-induced event was required, in
addition to CREB/ATF-1

phosphorylation, for
CREB/ATF-1-mediated transcription
of C/EBP genes; essential role for

adipocyte differentiation
GSE 18224 adjusted P-value:

1,08x10-2

Erk1/2 [14]

hormonsensitive
Lipase

LIPE Erk phosphorylates LIPE in fat cells,
in muscle via PKC

fat cells,
muscle
cells

[52, 53]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

Lyn LYN Interleukin 2 activates polymorph
cored, neutrophil granulocytes. In
signal transduction the MAP/ERK
cascade plays a role. ERK 1 binds
Lyn in IL-2 activated neutrophil

granulocytes.

Erk1 neutrophil
granulo-
cytes

[234]

Mxi - 2 MAPK14 nucleus
and

cytoplasm

Could play a pivotal role in the
balance between ERK1/2 nuclear and

cytoplasmic signals.
GSE 18224 adjusted P-value:

8,74x10-3

[38, 37,
201]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

Ubiquitin -
Protein -
Ligase E3

MDM2 Mdm2 phosphorylation is regulated
via MEK-ERK, might be important
for the regeneration of hepatocytes

after centrilobular cell death

hepatocytes [140]

MI MITF cytoplasm becomes phosphorylated by ERK ->
activation, also targets it for
degradation through the

ubiquitin-proteosome pathway,
involved in melanoma proliferation

regulation
GSE 18224 adjusted P-value:

6,01x10-3

Erk2 melanocytes [235, 83]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

Mnk1 und
2

MKNK1/2 nucleus after activation through
phosphorylation by Erk Mnk 1 and 2

both phosphorylate eukaryotic
initiations factor 4E

Erk1/2 [233]

c - Myb MYB MAPKs can phoyphorylate c-Myb and
thus modulate the cellular function of

c-Myb

[230]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

c-myc MYC nucleus hypertrophic target in our cascade,
becomes phosphorylated by Erk,

enables post-mitotic cardiomyocytes
to reenter the cell cycle and increases
gene expression of genes that play a
decisive role in cardiac hypertrophy,
c-Myc is known for elevating both,
protein synthesis and cell mass
GSE 18224 adjusted P-value:

1,89x10-2

[64, 181,
240]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

MLCK MYLK Erk phosphorylates MLCK, involved
in cell migration, in GSE 18224:

MYLK4
GSE 18224 adjusted P-value:

1,36x10-2

[163, 161]

SPIN90 NCKIPSD SPIN90 is a binding partner to Nck,
which plays a role in the formation of
sarcomeres during differentiation of
cardiomyocytes. Cell adhesion and

PDGF activate Erk1, which results in
phosphorylation of SPIN90. Finally

this is of essential importance for solid
cell adhesion

Erk1 [127, 167]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

AIB1 NCOA3 assumption: the ability of growth
factors to modulate estrogen action
may be mediated through MAPK
activation of the nuclear receptor

coactivator AIB1

MAPK
general

[65]

Nek2A NEK2 centrosome NEK2 may regulate proliferation,
apoptosis, and other biological

behaviors via MAPK signal pathway
-> therapeutic target in liver cancer

Erk
general

Hep G2
cells

[248]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

PAK2 PAK2 PAK2 plays a role in a new signal
transduction pathway, which induces
growth of neurites by bfGF. The
PAK2-p85 betaPIX – complex

phosphorylates the Erk-cascade and
following translocations of this

complex

PC12 cell
lines

[101]

PEA-15 PEA15 PEA – 15 binds Erk and prevents its
translocation into the nucleus ->

blockade of cell proliferation, amongst
others involved in ovarian cancer

[114, 13]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

PECAM1 PECAM1 Erk phosphorylates platelet
endothelial cell adhesion molecule 1

(PECAM-1) and regulates its function
as a binding partner and modulator of

catenins

Platelet
Web
[23]

progesterone
receptor

PGR nucleus Progesterone receptor ligand binding
induces rapid and transient ERK1/2

activation via EGFR

Erk1/2 [61]

Phospholipase
A2,

CA-2+
abhängig

PLA2 cytosol stretch induced ERK2
phosphorylation depends on PLA2

activity in skeletal myotubes
GSE 18224 adjusted P-value: G5

8,18x10-4, G4a 1,03x10-2

Erk2 [31]

continues on next page

123



Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

Phospholipase
c beta 1

PLCB1 nucleus Erk phosphorylates PLCB1 and leads
to mitogenic action of the insulin like

growth factor
GSE 18224 adjusted P-value:

3,43x10-2

Erk1/2 [243]

PPARalpha PPARA Erk1/2-dependent Cox 2-expression is
one of the mechanisms of PPARA

activation -> may control
atherosclerosis

Erk1/2 macrophages [216]

PP2Calpha PPM1A PPM1A functions as an extracellular
signal-regulated kinase phosphatase

(regulates it negatively)
GSE 18224 adjusted P-value:

1,29x10-2

Erk
general

[123]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

PP1C PPP1CC cytoplasm in IGF1 treated neuronal cells ERK
associates with PP1C (protein

phosphatase 1 catalytic subunit c),
which results in an enhanced

activation level and however activates
elF2b (= endogenous initiation factor

2B)

Erk1/2 neuronal
cells

[186]

STEP PTPN5 cytosol PTPN5 specifically inactivates
MAPKs and block nuclear

translocation, missense variant of
PTPN5 involved in appearance of

hypertrophic scarring

mostly
Erk1/2,

p38MAPK

[57, 212]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

PTP-E PTPRE cytosol inhibits Erk1/2 kinase activity,
functions to prevent inappropriate
activation and to stop prolonged

activation

Erk1/2 [220]

Stomach
Cancer-

associated
Protein-
tyrosine

Phosphatase-
1

PTPRH inhibits growth factor induced
activation of Erk2

[165, 154]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

PTP - SL PTPRR cytosol inactivates MAPKS and inhibits
nuclear translocation, therapeutic

target for treating neurodegenerative
diseases

mostly
Erk1/2,

p38MAPK

[10, 57]

PTPN7 PTPN7 cytosol inactivates MAPKS and inhibits
nuclear translocation, therapeutic

target for treating acute myeloblastic
leukaemia

mostly
Erk1/2,

p38MAPK

[57]

RAB4A RAB4A is phosphorylated by insulin-activated
Erk1

Erk1 in vitro [43]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

MCIP 1 RCAN1 Erk1/2 phosphorylates RCAN1,
phosphorylated RCAN1 inhibits
calcineurin which plays a role in
cardiac hypertrophy, but there are

different mechanisms of inhibition and
they are not finally clarified
GSE 18224 adjusted P-value:

5,21x10-4

Erk1/2 in vitro [226]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

RSK1 RPS6KA1 nucleus
and

cytoplasm

non-hypertrophic target in our
cascade, mediates mitogenic and

stress-induced activation of
transcription factors, regulates

translation through phosphorylation,
and mediates cellular proliferation,
survival, and differentiation by

modulating mTOR signaling and
repressing pro-apoptotic functions

[195, 207,
174, 68]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

RSK3 RPS6KA2 non-hypertrophic target in our
cascade, serine/threonine-protein
kinase that acts downstream of
Erk1/2 signaling and mediates
mitogenic and stress-induced

activation of transcription factors,
regulates translation, and mediates
cellular proliferation, survival, and

differentiation, may function as tumor
suppressor in epithelial ovarian cancer

cells, prolonged Erk association
increased the duration of RSK3

activation

Erk 1/2 [194, 237]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

RSK2 RPS6KA3 after EGF-stimulation, Erk activates
RSK2

Erk1/2 [99]

MSK1 RPS6KA5 hypertrophic target in our cascade,
mediates stress and growth factor

induced activation of CREB
GSE 18224 adjusted P-value:

1,43x10-2

Erk1/2 [210, 35,
46, 228]

p70S6K RPS6KB1 nucleus
and

cytoplasm

non-hypertrophic target in our
cascade, involved in the activation of

protein synthesis after physical
exercise and thus in the building of

muscle

Erk1/2 [8, 145]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

RXRalpha RXRA nucleus in hepatocellular carcinoma, RXRα is
constitutively phosphorylated by Erk
and thereby losing its transactivation
activity and becoming resistant to

degradation

[110]

Na(+)/H(+)
exchanger
fusion
protein,
His182

SLC9A1 positive feedback loop between both
proteins, this could pose a barrier

against apoptosis

[112, 176]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

SMAD1 SMAD1 Smad signaling becomes activated via
Erk1/2 pathway, signaling crosstalk
could be a key mechanism in diabetic

scarring
GSE 18224 adjusted P-value:

7,15x10-3

Erk1/2,
p38MAPK

[122]

SMAD2 SMAD2 Ras inhibitory signal on Smad2 is
mediated by Erk MAPKs, regulates
cell proliferation, differentiation and

apoptosis.

Erk1/2 [91, 113,
188]

Vinexin SORBS3 cytoplasm Erk phosphorylates vinexin, plays
important roles in cell spreading,

migration and anchorage-independent
growth

Erk2 [155]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

Sos1 SOS1 Ras–Raf–ERK pathway in placentas is
highly dependent upon Sos1

Erk2 [184]

SP1 tran-
scription
factor

SP1 nucleus SP1 mediates stress-induced activity
of IRS2 promoter via Erk

Erk1/2 HepG2
cells

[225]

SRC1 SRC nucleus SRC can modulate pathways by the
phosphorylation of hSpry2WT and

following inhibition of Erk1/2

Erk1/2 in vitro [124]

SREBP-1a SREBF1 gets phosphorylated by Erk Erk1/2 in vitro [192]
TAL2 TAL2 Erk1 phosphorylates TAL2, involved

in T-ALL
Erk1 in vitro [239]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

E47 TCF3 Notch-induced E2A ubiquitination
and degradation are controlled by

Erk1/2 kinase activity → crucial for B
and T lymphocyte development

Erk1/2 B/T lym-
phocyte

[164]

TGIF1 TGIF1 cytoplasm Smad2 – co-repressor
GSE 18224 adjusted P-value:

4,58x10-2

Erk1 [129]

Naf1alpha TNIP1 Naf1alpha inhibits the translocation of
Erk2 in the nucleus and consequently
the transcriptional activation, is an

attenuator of activated Erk2
GSE 18224 adjusted P-value:

1,56x10-3

Erk2 in vitro
and in vivo

[249]
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Table B.1.: Possible further ERK targets

Erk-
Targets

official
symbol
(NCBI)

Localisation additional information MAPK
isoform

cell
type

reference

UBF UBTF nucleoli Erk phosphorylates UBF and thus
prevents their interaction with DNA,
suggest a central role for ribosome
biogenesis in growth regulation.

Erk1/2 [213]

Tob TOB1 The phosphorylation of Erk negatively
regulates the anti proliferative effect of

Tob.

Erk2 in vitro [136]

Tpr TPR protein-protein interaction Erk2 in vitro [32]
YBX1 YBX1 shows interaction Erk2 HEK293

cells
[241]
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