A Knowledge-based Integrative Modeling
Approach for In-Silico ldentification of
Mechanistic Targets in Neurodegeneration with

Focus on Alzheimer’s Disease

Dissertation
zur
Erlangung des Doktorgrades (Dr. rer. nat.)
der
Mathematisch-Naturwissenschaftlichen Fakultat
der

Rheinischen Friedrich-Wilhelms-Universitdt Bonn

vorgelegt von
Erfan Younesi
aus
Hamedan, IRAN

Bonn 2014



Angefertigt mit Genehmigung
der Mathematisch-Naturwissenschaftlichen Fakultét

der Rheinichen Friedrich-Wilhelms-Universitit Bonn

1. Gutachter: Prof. Dr. rer. nat. Martin Hofmann-
Apitius
2. Gutachter: Prof. Dr. rer. nat. Holger Frohlich

Tag der Promotions: Dienstag, 06 Mai
Erscheinungsjahr: 2014



Abstract iii

ABSTRACT

Dementia is the progressive decline in cognitive function due to
damage or disease in the body beyond what might be expected from
normal aging. Based on neuropathological and clinical criteria,
dementia includes a spectrum of diseases, namely Alzheimer's
dementia, Parkinson's dementia, Lewy Body disease, Alzheimer's
dementia with Parkinson's, Pick's disease, Semantic dementia, and
large and small vessel disease. It is thought that these disorders result
from a combination of genetic and environmental risk factors.
Despite accumulating knowledge that has been gained about
pathophysiological and clinical characteristics of the disease, no
coherent and integrative picture of molecular mechanisms underlying
neurodegeneration in Alzheimer’s disease is available. Existing
drugs only offer symptomatic relief to the patients and lack any
efficient disease-modifying effects. The present research proposes a
knowledge-based rationale towards integrative modeling of disease
mechanism for identifying potential candidate targets and biomarkers
in Alzheimer’s disease. Integrative disease modeling is an emerging
knowledge-based paradigm in translational research that exploits the
power of computational methods to collect, store, integrate, model
and interpret accumulated disease information across different
biological scales from molecules to phenotypes. It prepares the
ground for transitioning from ‘descriptive’ to ‘“mechanistic”
representation of disease processes.

The proposed approach was used to introduce an integrative
framework, which integrates, on one hand, extracted knowledge

from the literature using semantically supported text-mining
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technologies and, on the other hand, primary experimental data such
as gene/protein expression or imaging readouts. The aim of such a
hybrid integrative modeling approach was not only to provide a
consolidated systems view on the disease mechanism as a whole but
also to increase specificity and sensitivity of the mechanistic model
by providing disease-specific context. This approach was
successfully used for correlating clinical manifestations of the
disease to their corresponding molecular events and led to the
identification and modeling of three important mechanistic
components underlying Alzheimer’s dementia, namely the CNS, the
immune system and the endocrine components. These models were
validated using a novel in-silico validation method, namely
biomarker-guided pathway analysis and a pathway-based target
identification approach was introduced, which resulted in the
identification of the MAPK signaling pathway as a potential
candidate target at the crossroad of the triad components underlying

disease mechanism in Alzheimer’s dementia.
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CHAPTER 1. Introduction to Scientific
Challenge

1.1. Complexity of the human brain

The human brain is the most complex organ in the human body that
processes thought, action, memory, cognition and feeling. More than
thousand years ago, the Persian polymath — Avicenna — whose book
“Canon of Medicine” provides a complete system of medicine
(known as systems medicine today;
http://en.wikipedia.org/wiki/Avicenna) extensively described the
brain function, brain diseases and a five-cell profile of human head
including common sense, retentive imagination, and cognitive
faculties such as thinking, estimation and memory, both separately
and interconnected [1],[2].

That ancient five-dimensional anatomy of the human brain has been
nowadays transformed into a more modern schema with seven scales
(Figure 1).

Today, the complexity of the human brain can be viewed from two
perspectives: anatomical complexity and functional complexity.
Anatomically, brain has approximately 10'' neurons that
communicate together via about 10" synapses [3]. Surprisingly,
there is no quantitative information on the number of brain structural
parts in the public domain but as I report in details in Chapter 5,

currently the total number of brain anatomical parts based on known
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genetics and development
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Figure 1. A schematic representation of dimensions of

complexity in the functioning brain. With advancements in
neurology, a more complex picture of the interconnected brain
structure and its functioning appears, which poses the challenge of
dealing with high-dimensional, high-order data sets at various
biological levels and scales. (Taken from
[http://questioneverything.typepad.com/]; last accessed: 22.10.2013).

different cell types amounts to 737. From the interconnectivity of
such a complex anatomy then arises high-order functioning of the
brain, which has been recently characterized based on anatomical
and functional connectivity and synchronisation of their interactions
[4]. Advanced neuroimaging technologies have revealed the
existence of functional connectivity profiles of different brain
regions, defined and visualized as complex functional networks [5].
Such a complexity is inherited by neurological diseases as well.

Therefore, understanding the complexities of the brain is essential
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for understanding pathologies of brain disorders, including

neurodegenerative diseases.

1.2. Neurodegeneration and dementia

Since this work is focused on neurodegeneration and dementia,
provisioning their definitions will be helpful for understanding the
rest of the chapters in this thesis. The term neurodegeneration has
been defined as “any pathological condition in which the nervous
system or nerve cell loses its function, structure, or both [6]. The
neuronal cell degeneration and death is quite devastating (due to
limited brain’s ability to replace lost neurons) and observed in the
progressive neurological disorders such as Alzheimer’s disease.

Dementia by definition is “the loss of intellectual functions, such as
thinking and memory, which interferes with daily function” [7]. It
should be noted that the term dementia does not indicate a disease in
itself, but rather a group of symptoms that are dependent on a
particular condition and result in cognitive decline and significant

deterioration of memory.

1.3. Research motivation

Despite the tremendous advancement of the technology in
contemporary times, there is little known about the complexity of the
brain and its disorders resulting from neurodegeneration; hence,
brain and central nervous system disorders remain the world's
leading cause of disability with no proper diagnosis and very limited
symptomatic treatment options. This very fact is reflected in Figure

2: while modern science has been successful in reducing the
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mortality of patients suffering from cancers or cardiovascular
diseases during the past decade, it has failed to control the high death
rate associated with neurodegenerative diseases (NDDs) such as
Alzheimer’s disease (AD). Unfortunately, this high rate of mortality
has been coupled with a wave of high prevalence and incidence of
Alzheimer’s disease, at least in the US population when compared to
other NDDs. Moreover, although the worldwide prevalence of AD is
estimated to quadruple by 2050, currently there exists no means to
prevent, slow down, or cure AD. A very recent study indicates that,
despite of reduced total mortality of people aged 55-74 years old in
developed countries, total neurological deaths (due to nervous
diseases and Alzheimer’s) increased significantly over the period
1979-2010 [8]. Thus, the social pressure is rising as patients ask their
physicians “why does research take so long? Why don’t we have
effective therapies for such a devastating disease?” [9].

Since 1960, many features of this fatal disease have been elucidated
and many potentially disease-modifying compounds have made their
way to initial human clinical trials. However, more than 200 AD
drug candidates have failed to date [10]. These failures on the side of
clinical application — despite significant successes on the side of
molecular findings - uncover the fact that there is a deep
“translational gap” between basic research and clinical application in
Alzheimer’s disease. Some authors have attributed these problems to
the failure of the translation of research in animal studies or the use
of wrong animal model [11]. But repetitive failure of amyloid-
targeting clinical trials has led to growing skepticism that the

hypothesis on which AD trials are based might not be valid [12].
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Indeed there are important questions about pathogenic mechanism of
AD to be answered; for instance, “are different pathways leading to
the manifestation of AD?”, “are plaques and tangles secondary
events or downstream effects?”, or “what role is the dimension of
time playing in the pathophysiology of AD?”. The current situation
urges for a better understanding of the disease mechanism as it
progresses over time and highlights the pressing need for correct and
precise prediction of efficient mechanistic targets right at the

beginning of the drug discovery pipeline.

Percentage
I
5 o
|
&
2
1
&
R

I I I | I
t t t T
Alzheimer's Stroke Prostate Breast Heart HIV
disease cancer cancer disease

Cause of death

Figure 2. Changes in selected causes of death between
2000 and 2008. The figure shows the overall mortality (in
the given timeframe of 8 years) in selected disease areas. Note
that there is substantial controversy about speaking of a “AD
mortality”, as AD is not the cause of death but rather an
accompanying condition.

(Taken from [http://www.alzheimersanddementia.com /article/
S15525260(13)00076-9/abstract]; last accessed: 22.10.2013).
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Currently no coherent and integrative picture of molecular
mechanisms underlying neurodegeneration in Alzheimer’s disease is
available. The AD research community is now beginning to realize
that AD is a complex multifactorial disease and other non-amyloid
targets, pathways, and processes should be investigated to identify
novel treatment strategies [13]. Existing drugs only offer
symptomatic relief to the patients and lack any efficient disease-

modifying effects [14].

1.4. The goal of this thesis

The goal of the research presented in this thesis is:

a. to propose an integrative knowledge- and data-driven
approach for identification of novel target candidates by
addressing the problem of complexity underlying the
neurodegenerative mechanisms in Alzheimer’s disease.

b. to demonstrate that knowledge-based computational
models and maps of Alzheimer’s disease progression
enable the identification of mechanistic pathways and
improve the understanding of the correlations between

genotypes and phenotypes at the molecular level.
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CHAPTER 2. Complex Biology Underlying
Neuro-degeneration in Alzheimer’s Disease

2.1. Classification of neurodegenerative disorders

(NDDs)

Neurodegeneration represents a large group of heterogeneous
disorders in which the neuronal damage and death occurs within
specific anatomical and functional areas of the brain. The exact
number of NDDs is not clear but it is estimated to be a few hundred
[15]. Due to the inherent anatomical and functional complexity of the
brain, classification of NDDs is a challenging and complicated task,
which has so far remained controversial. This is because many
NDDs show clinical and pathological overlap with one another and
several regions of the brain are affected simultaneously. For
example, multiple system atrophy (MSA) in which several areas of
brain are affected by degeneration of neurons, parkinsonism is a
prominent feature but it may be accompanied with other symptoms
such as sever ataxia or autonomic failure, depending on the affected
area of the brain. Another example is the clinical overlap between
Parkinson’s disease with dementia and Alzheimer’s disease
dementia. Since classification of these two neurodegenerative
diseases is merely based on their clinical signs, early diagnosis of
Parkinson’s disease (PD) is hampered. The extent of clinical overlap

between these two conditions is so much greater than chance that
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even some authors propose that AD and PD belong to a spectrum of
neurodegenerative disorders with common disease mechanism but
triggered by different etiological factors [16]. Moreover, even many
diseases with neurodegeneration as their major element such as
epilepsy, multiple sclerosis and schizophrenia are not classified as
degenerative. To date, categorization of neurodegenerative disorders
is still based on clinical features (symptomatology) or the topography
of lesions (as revealed by imaging techniques). Accordingly,
Przedborski and coworkers (2003) have proposed a high-level
classification for NDDs (Figure 3).

Traditionally, the current nosology of NDDs follows the “one
disease, one pathology” paradigm which is based on the notion of a
discrete and clear correlation between disease states and certain
pathological markers. For instance, early findings in autopsies of AD
patients showed the presence of amyloid plaques and neurofibrillary
tangles and similarly, abnormal protein aggregates of Lewy bodies
were identified in the postmortem brains of Parkinson’s patients.
However, this kind of nosology poses several problems.

Firstly, the progressive nature of NDDs highlights the point that
neurological changes are “time-dependent” and for this reason, it is
difficult to distinguish disease stages or decide about the associated
neuropathology. Due to this long “latency period” in NDDs
generally, and in dementias particularly, which can take several
decades as long as 22 years before the diagnosis of dementia,
clinically it is not possible to operationalize poor cognitive
performance in elderly [17]. Secondly, problems relate to labeling

the disease when more than one possible diagnosis exists for a set of
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symptoms. Disease labeling may change over time as the disease

progresses and this can be misleading for patients [18].

NDDS
[E———
Cerebral cortex Basal ganglia Brain stem Spinal cord
diseases diseases diseases diseases
t Dementing
conditions

| Non-dementing
conditions

Figure 3. High-level classification schema for grouping
NDDs based on anatomical structure. This schema reflects the
conventional anatomically guided classification system, which does
not take into consideration the disease mechanism. Reproduced from
[15].

As mentioned before, the overlapping symptomatology of NDDs
suggests that single pathological markers can poorly correlate with
clinical symptoms and perhaps, multiple markers or molecular
features can better represent separate NDD etiologies. Recent
initiatives have been launched to develop a new taxonomy of
diseases based on their underlying molecular and environmental
causes rather than on physical signs and symptoms [19],[20].
Therefore, NDDs should be seen as a spectrum of diseases with

overlapping symptoms and mixed pathologies.
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2.2. Dementias and Alzheimer’s disease

2.2.1. Nosology

Today, several classification systems for dementia subtypes exist,
taking into account the etiological specifications, anatomic location,
course of disease and prognosis (http://www.ninds.nih.gov/disorders/
dementias/detail_dementia.htm). Figure 4 summarizes all three
classifications in a single schema with detailed categorization based
on subcortical subtypes. This schema integrates the entire concept of
“clinical vs. histopathological vs. mechanism-based classification”.
The limitation of this classification schema is that it does not provide
sufficient granularity at the etiological level.

In contrast, an etiology-based classification schema provides a better
granularity and more complete list of dementia subtypes. Table 1
depicts this classification system [22]. However, this classification
system is heavily biased towards anatomical etiology of dementias
and does not include the knowledge of molecular basis underlying

dementias.
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Dementia subtypes

Etiology Course of disease Anatomy

Primary dementia Pmm- Subcortical

Secondary

Bacondary Doneneraiive Vascular disorders  Metabolic disorders.

Parkinson's Lacunar state Wilson's disease

Huntington's Thalamie vaseular — pypoparathyroidism

Progressive
supranuclear palsy

Binswanger's
disease

Fahr's disease.

Spinocerebellar
degeneration

degeneration

Progressive gliosis

Cortical dementia

Other diseases

Multiple sclerosis

AIDS
encephalopathy

Sarcoidosis

Hydrocephalus

Behcet disease.

Pseudodementia

Dementia pugiistica

Figure 4. An integrated classification system for grouping
dementia subtypes. Reproduced from [21].

The lack of proper classification of diseases with high resolution at
the molecular and mechanism level has led to the ignorance of
disease heterogeneity. Unfortunately, disease heterogeneity is not
considered in the design and conduct of clinical trials and
consequently, the likelihood of success in clinical trials for an
effective drug will probably reduced. For this reason, Kola and Bell
(2011) have called for reformation of the human disease taxonomy
by moving away from traditional diagnostic-based criteria to
molecular-based stratification of patients with multiple disease

subtype [23].
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Table 1. Etiology-based classification system for dementia
subtypes based on anatomy

Etiology-
based
dementias

Primary cortical

Alzheimer’s disease

Frontotemporal dementia

Pick’s disease

Primary progressive aphasia

Agryophilic grain disease

Lewy body dementia Diffuse
Mixed
Cerebral
Primary Parkinson’s disease
subcortical Corticobasal degeneration
Progressive supranuclear
palsy
Multiple system atrophy
Lewy body dementia Transitional
Brainstem
Cerebrovascular | Vascular dementia Large/small vessel strokes
Multiple lacunar infarcts
Binswanger disease
CADASIL
Cerebral amyloid
angiopathy
Structural/traum | Brain tumors

atic injury

Limbic encephalitis

Traumatic brain injury

Dementia pugillistica

Chronic subdural hematoma

Normal pressure
hydrocephalus

Postanoxic state

Postoperative cognitive
dysfunction

Toxic exposure

Substance induced dementia

Medication induced dementia

Alcohol dementia

Inhalant induced dementia

Wernicke-Korsakoff
syndrome

Toxic metal exposure

Wilson’s disease

Toxic gas exposure

Nutritional
deficiency

Vitamin B12 deficiency

Folate deficiency
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Niacin deficiency

Thiamine deficiency

Infectious
disease

Bacterial

Bacterial manengitis

Whippie disease

Viral

Viral manengitis

Herpes simplex
encephalitis

HIV-associated dementia

Progressive
Leukoencephalopathy

Sleeping sickness

Neurosyphillis

Lyme disease

Fungal

Fungal manengitis

Cryptococcal meningitis

Prion disease

Creutzfeldt-jakob disease

Kuru

GSS syndrome

Fatal familial insomnia

Parasitic diseases

Organ failure

Uremic encephalopathy

Hepatic encephalopathy

Endocrine Diabetes mellitus
disease Hypothyroidism
Hyperparathyroidism
Cushing syndrome
Addison disease
Neurologic/ Huntington’s disease
metabolic Multiple sclerosis
disorders Marchiafava-Bignami
disease
Ataxia syndrome
Inherited storage diseases Adrenoleukodystrophy
Metachromatic
leukodystrophy
Cerebrotendinous
xanthomonasis
Inflammatory Collagen vascular diseases Behcet syndrome
disease Sjorgen syndrome

Systemic lupus
erythematosus

Vasculitides

Granulomatous angiitis

Lymphomatoid
granulomatosis

Polyarteritis nodosa

Wegener granulomatosis
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2.2.2. Epidemiology of dementias and AD
Epidemiological estimates indicate that the prevalence of AD is
increasing worldwide. According to the World Health Organization
in 2001, about 37 million people worldwide had been afflicted by
dementia out of which 18 million suffered from AD by that time.
The latest numbers come from the Alzheimer World Report, which
estimated 35.6 million people with dementia in 2010, the numbers
nearly doubling every 20 years, to 65.7 million in 2030 and 115.4
million in 2050 [24]. The global burden of annual incidence of
dementia is shown in Figure 5. It is noteworthy that in most studies

the term ‘dementia’ has been used interchangeably with ‘AD’.

High-income countries ~ === Europe === North America

== Low- and middle-income countries e Latin America

Incidence/1000 person-years
— — N o
=] o S &
5 3 8 S

o
S

0
60 - 64 65-69 70-74 75-79 80-84 85-89 90-94 95+

Age group (years)
Figure 5. The global burden of annual incidence of

dementia. (Taken from [http://www.who.int/mental 