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ABSTRACT

META-ANALYSIS OF GENE EXPRESSION REVERSALS IN AGEING
BRAIN

Donertas, Handan Melike
M.S., Department of Biology

Supervisor  : Assoc. Prof. Dr. Mehmet Somel

June 2016, 108 pages

Brain ageing is characterised by disruptive changes in cognitive abilities, histology,
and anatomy. The underlying molecular nature of brain ageing, on the other hand,
is little understood, partly due to the stochastic and heterogeneous nature of ageing
process. In this study, using published microarray studies spanning 22 brain regions
with 1,015 samples, gene expression changes in ageing are analysed in comparison
to those in postnatal development. A previous observation that mRNA abundance
of a large number of genes in the ageing prefrontal cortex reverses toward pre-
adolescent levels, is shown to be a widespread phenomenon across different brain
regions. Furthermore, functional analysis reveals that gene expression reversals are
consistently associated with decline in neuronal / synaptic gene expression across
all studied brain regions, and thus may be linked to ageing-related phenotypes such
as decline in cognitive functions. Regulatory analysis show that the genes increas-
ing in expression in development and decreasing in expression in ageing are asso-
ciated with several trans-regulators, whereas there is no consistent association with
any potential trans-regulator for the genes decreasing in expression in development

and increasing in expression in ageing.



Overall, the results show that meta-analysis is crucial for ageing studies due to
the stochastic nature of ageing and that studying gene expression change in ageing
in the context of changes in development is a promising approach to discover the

molecular mechanisms of ageing.

Keywords: ageing, gene expression, microarray, brain

vi



0z

GEN ANLATIM GERI DONUSLERININ YASLANAN BEYINDE
META-ANALIZI

Donertas, Handan Melike
Yiiksek Lisans, Biyoloji Bolimii
Tez Yoneticisi : Dog¢. Dr. Mehmet Somel

Haziran 2016, 108 sayfa

Beyin yaslanmasi, bilissel kabiliyetler, histoloji ve anatomide yikici degisimlerle
karakterize edilir. Buna karsin, beyin yaslanmasi altinda yatan molekiiler yap1, kis-
men yaslanma siirecinin stokastik ve heterojen yapisindan dolay1, az anlagilmistir.
Bu calismada, 22 beyin bolgesini kapsayan 1,015 6rnek iceren yayinlanmis mikro-
dizin ¢aligmalar kullanilarak, yaslanmada yasanan gen anlatim degisimleri, dogum
sonrasi gelisime kiyasla analiz edilmistir. Yaglanan prefrontal kortekste ¢cok sayida
gene ait mRNA miktarinin ergenlik oncesi seviyeye dondiigiine dair gozlem, bir
cok beyin bolgesinde yaygin olarak gozlemlenmistir. Buna ek olarak, fonksiyonel
analiz, gen anlatim geri doniislerinin tutarli olarak ¢aligilan tiim beyin bolgelerinde
noronal / sinaptik gen anlatiminda diisiisle iligkili oldugunu, dolayisiyla da bilig-
sel kabiliyetlerde diisiis gibi yaslanma ile iligkili fenotiplerle iliskili olabilecegini
gostermistir. Regiilasyon analizi, gelisimde anlatimi artan, yaslanmada ise anlatimi
diisen genlerin bir takim trans-regiilatorlerle iliskili oldugunu gostermistir; buna
karsin gelisimde azalip, yaslanmada artan anlatima sahip genlerle iligkili herhangi

bir potansiyel trans-regiilator bulunamamastir.

vii



Genel olarak, sonuclar yaslanmanin stokastik dogasindan dolay1 meta-analizin yas-
lanma calismalart icin kritik oldugunu ve yaslanmada yasanan gen anlatim degi-
simlerinin gelisimde yasanan degisimler baglaminda incelenmesinin yaslanmanin

molekiiler mekanizmalarinin kesfi i¢cin umut verici oldugunu gostermektedir.

Anahtar Kelimeler: yaslanma, gen anlatimi, mikrodizin, beyin
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CHAPTER 1

INTRODUCTION

1.1 Ageing

Ageing is associated with time-dependent disruptive changes in a variety of com-
plex biological processes. These changes are characterised by functional decline
and loss of physiological integrity in the biological systems leading to reduced ho-

moeostasis, vulnerability to many pathologies, and ultimately death.

In today’s world, mostly as a result of decrease in mortality rate at young ages
and infectious diseases the life expectancy of people in most of the countries is
around 80 years of age. For the last 60 years, there has been a demographic shift
towards higher ages in all countries (Department of Economic and Social Affairs
Population Division, 2000). For example, in Turkey the percentage of people who
are 60 or more was 10-19% in 2015 and the projections suggest this value will be
25-29% by the end of 2050 (World Health Organization, 2015). One may think
that these numbers indicate there is no need to study ageing, as the populations
are "successfully ageing" naturally. Unfortunately, this may not be the case. The
numbers mostly reflect the decrease in mortality at younger ages as a result of
socio-economic developments in the recent years, rather than indicating old people
living longer. We may observe an aged population, but the critical question is “Do
we live as healthy as we do in young ages or do we experience a poor health period
during the added years?”. And even if we have old people living longer, as sugges-
ted especially for high-income countries (Crimmins & Beltran-Sanchez, 2011), the

quality of life during the added years is still an important aspect to consider. Age-



ing is seen as the major risk factor for many pathologies including cardiovascular
diseases, diabetes mellitus, hypertension, cancer, and neurodegenerative disorders
(Niccoli & Partridge, 2012). Change in the leading causes of death over the last
years indicate that ageing-related disorders are becoming more and more important
as the rate of death due to infectious diseases decreases and impact of age-related

diseases increases (Figure 1.1).

Comparison of leading causes of death over
the past decade, 2000 and 2012

Ischaemic he...
Stroke
COPD

Lower respir...

Trachea, bro...
HIV/AIDS
Diarrhoeal di...
Diabetes mell...
Road injury
Hypertensive...

Preterm birth...

Tuberculosis

Omillion 2million 4million 6million 8million 10million

== 2012 == 2000

Figure 1.1: Comparison of the leading causes of death in the world, 2000 and
2012 (World Health Organization, 2012). COPD: Chronic obstructive pulmonary
disease

1.1.1 Ageing Studies

As a result of the before-mentioned increase in the median population age and
the corresponding increase in the prevalence of age-related diseases, we encounter
more and more medical, economic and social challenges. For this reason, under-
standing ageing has been a particular interest for the research community especially
within the last decade, thanks to the improvement in high-throughput technologies

enabling simultaneous analysis of many factors together. As ageing is a complex



state with many contributors, it is crucial to collect information regarding different
components. In contrast, the early days of ageing research lacked such technolo-
gies and studies were concentrated on understanding the modulation of lifespan
through single gene mutations. The first genetic element modulating lifespan was
discovered in C. elegans (Friedman & Johnson, 1988; Kenyon, Chang, Gensch,
Rudner & Tabtiang, 1993) and following studies confirmed the role of homologous
pathways on long-lived mutants of D. melanogaster and dwarf mice (G. M. Martin,
2011). This was exciting because it showed that organisms actually carried signi-
ficant potential to extend their lifespan, and also provided models to study healthy

ageing.

One of the earliest discoveries in ageing research, dating to the 1930’s, was the
observation that rodents live longer when subjected to dietary restriction (Bishop
& Guarente, 2007). In subsequent studies, this effect was at least partly replicated
(in the form of increased healthspan) in a diverse range of organisms, including
yeast, nematodes, flies, and primates. Meanwhile, a number of chemicals have
also been suggested to extend median or maximum lifespan, some physiologically

mimicking dietary restriction (Fontana, Partridge & Longo, 2010).

Another early finding relevant to ageing was the discovery of replicative senes-
cence. In the 1960’s, a group of researchers demonstrated that non-transformed
cells have limited division capacity (Hayflick, 1965; Hayflick & Moorhead, 1961).
Following work showed that the number of divisions decrease as the age of the
donor increases (Campisi & Robert, 2014). This could explain why tissues fail to
regenerate with advanced age. Another important finding in this area was that cel-
lular senescence works in accordance with tumour suppressor mechanisms (Camp-
isi, 2001). However, apart from arresting the cell cycle, another common feature
of senescent cells is senescence-associated secretory phenotype (SASP), which is
known to include secretion of pro-inflammatory cytokines, growth factors, and pro-
teases. Being referred as “the dark side of cellular senescence”, SASP, can actually
trigger development of neoplasm through secretion of mitogens by accumulated
post-replicative senescent cells. Recent work on the epigenetic landscape of senes-
cent cells also supports this idea, reporting senescence-related methylation changes
that resemble those observed in cancer (Cruickshanks & Adams, 2011; Cruick-

shanks et al., 2013). The senescent phenotype has also been associated with other



age-related pathologies such as atherosclerosis, hypertension, skin thinning, de-
generation, osteoarthritis, COPD, insulin resistance and many others (Campisi &
Robert, 2014).

Both the discovery of single gene mutations and environmental manipulations that
can alter lifespan, and the nature of replicative senescence have had serious contri-
butions to our understanding of ageing today. However, until the advent of high-
throughput genome and transcriptome analysis technologies, ageing was studied in
reductionist manner. Studies were limited in addressing the complex nature of this
multifaceted phenomenon. The revolution in ageing studies, as in many research
areas in molecular biology, came with the application of global gene expression
analysis. In the first such study, the authors analysed ~6000 genes in neocortex and
cerebellum in young and ageing mice, and found increased inflammatory response,
oxidative stress and reduced neurotrophic support at old age (Lee, Weindruch &
Prolla, 2000). Intriguingly, in the same study, caloric restriction was found to curb
the expression of inflammatory and stress response genes observed at old age, im-
plying that these expression changes may have relevance to the ageing phenotype.
In the following years, many studies followed, investigating the ageing phenotype
at the genomic (Faggioli, Wang, Vijg & Montagna, 2012; Forsberg et al., 2012;
Moskalev et al., 2012), epigenomic (Horvath et al., 2012; T. Yuan et al., 2015),
transcriptomic levels (de Magalhaes, Finch & Janssens, 2010; Erraji-Benchekroun
et al., 2005; Lu et al., 2004; Zahn et al., 2006), as well as at the systems level
(McAuley et al., 2009; Xue et al., 2007). I will describe these later in this section.

1.1.2 Theories of Ageing

The phenomenon of ageing has been of great interest to the research community
and more than 300 theories to explain “why and how ageing occurs?” has been
postulated throughout the late 19t and the 20*" centuries (Medvedev, 1990). How-
ever, there is no single theory that can fully explain the ageing process. Instead,
we can think of ageing as a combination of diverse biological phenomena postu-
lated by different theories. We can further classify the theories as describing the
ultimate and proximal reasons / causes of ageing, which describe evolutionary and

mechanistic (molecular and physiological) processes, respectively.



Evolutionary Theories

The basic evolutionary perspective on ageing suggests that it is a result of decline in
selective force with age. The first clearly articulated evolutionary theory of ageing
is the “mutation accumulation” theory (Medawar, 1952). The theory states that
even if a de novo germline mutation has a negative effect on a survival/reproduction
gene, such a mutation cannot be opposed by natural selection if this is a late-acting
gene. As a result, such mutations can drift to fixation and accumulate in the gen-

ome over generations.

Another theory concerns pleiotropic genes that show opposing effects in early
life and later ages (Williams, 1957). Thus, if a gene has beneficial effect during
early years when natural selection is strong, but has detrimental effect in later life
when selection is weak, it will still reach fixation. The idea is today known as

“antagonistic pleiotropy” theory.

A similar idea, but described in terms of physiological trade-offs instead of purely
genetic mechanisms, has been coined the “disposable soma” theory. The theory
suggests that an organism needs to divide the metabolic resources between main-
tenance and reproductive functions (Kirkwood, 1977). Thus, since the organism
has limited resources, and because allocating resources to reproduction is evolu-
tionarily preferred, it will tend to allocate an insufficient amount of resource to

maintenance. This will cause somatic damage to accumulate, leading to ageing.

Molecular Theories

At the molecular level, there are several characteristics associated with ageing.
Each of these is associated with the normal ageing process, but none is capable
of explaining ageing on their own. Rather, they act together to form what we call
as the ageing phenotype, but their individual contributions and the interconnections
among them is still an open research area. These characteristics have been recently
reviewed and gathered under nine “hallmarks of ageing” (L6pez-Otin, Blasco, Part-
ridge, Serrano & Kroemer, 2013). These hallmarks are further divided into three

groups:



1. Primary Hallmarks : These are the primary causes of the cellular damage.

(a) Genomic Instability: Somatic mutation accumulation, especially mi-
tochondrial mutation accumulation, have long been suspected as a mech-
anisms of ageing. Accumulation of genetic damage can happen due
to extrinsic effects such as mutagens, or due to intrinsic mechanisms
such as spontaneous replication errors. These can result in point muta-
tions, translocations, chromosomal abnormalities, transposon integra-
tions efc.. All these alterations in the genome can affect essential genes
and transcription. However, somatic damage is not limited to nuclear
DNA. Mitochondrial DNA and nuclear architecture are also possible
targets, which result in defects in energy metabolism and in the tran-
scription of nuclear genes, respectively. Contribution of genetic in-
stability to ageing has also been shown to be important since many
progeria syndromes are associated with deficits in repair mechanisms

and nuclear structures(Gregg et al., 2012; Hoeijmakers, 2009).

(b) Telomere Attrition: After the discovery of replicative senescence, te-
lomere shortening was first suggested, and later shown to be a causal
factor (Olovnikov, 1996). Most of the mammalian somatic cells do not
have telomerase expression, which causes time-dependent and cumulat-
ive loss of telomere sequences. Also, pathological telomere deficiency
is associated with decreased lifespan, and induced telomerase activa-
tion can reverse some premature and normal ageing phenotypes in mice
(Bernardes de Jesus et al., 2012; Jaskelioff et al., 2011).

(c) Epigenetic Alterations: Age-related epigenetic alterations involve global
DNA hypomethylation, region-specific DNA hypermethylation, increased
or decreased histone acetylation, methylation on specific histone pro-
teins. Many such changes can have strong effects on genomic integrity
and ageing. For example, a 2011 study identified an epigenetic per-
turbation (H4K16 hypoacetylation) linked to progeria, and the authors
could further reverse the progeroid syndrome by re-establishing normal
H4K16 acetylation (Krishnan et al., 2011). However, to what degree
observed genome-wide epigenetic changes represent spontaneous cel-
lular damage, how much they directly contribute to ageing, and how

much they may represent programmed responses to other age-related



(d)

cellular processes (see below), still remains unknown.

Loss of Proteostasis: Proteostasis or protein homeostasis is the total
of processes evolved to preserve a stable and functional proteome. Pro-
teostasis involves chaperons and protein modifiers that ensure efficient
protein folding and function, as well as the proteasome or lysosome
for protein degradation. Accumulation of non-functional and misfol-
ded polypeptides is associated with many age-related pathologies such
as Alzheimer’s and Parkinson’s, especially in non-mitotic tissues. Ac-
cordingly, improvement of proteostasis via genetic alterations has been
shown in a number of experiments to delay mammalian ageing (Zhang
& Cuervo, 2008).

2. Antagonistic Hallmarks: These are the responses to compensate the effect

of damage induced by the first category. In excess and with time, these can

become pathological.

(a)

(b)

(©)

Deregulated Nutrient Sensing: It is suggested that ageing is acceler-
ated by anabolic signalling, which decreases lifespan (Fontana et al.,
2010). Moreover, restricted nutrition or drugs mimicking this state,
such as rapamycin, have been shown to extend longevity in various

model organisms (Harrison et al., 2009).

Mitochondrial Dysfunction: Ageing is associated with decrease in the
efficiency of energy metabolism, resulting in low levels of ATP produc-
tion. The change might be due to accumulation of reactive oxygen spe-
cies, mtDNA mutations, and involve the process called mitohormesis
(mitochondrial mild stress signals that invigorate the cell against fur-
ther stress) (Yun & Finkel, 2014).

Cellular Senescence: It is the most complex contributor of ageing.
Because senescent cells accumulate in tissue with age, it was initially
suggested as an ageing mechanism. However, senescence at the same
time prevents damaged cells from proliferation. So, cellular senescence
can be seen as a beneficial system that decreases the possibility of onco-
genic transformations. Conversely, considering the SASP phenomenon,
which was mentioned before (see Section 1.1.1), cellular senescence’s

relation to ageing becomes more complicated. Accordingly, limited



up-regulation of senescence-inducing tumour suppressors are known
to increase lifespan (Matheu et al., 2007), while removal of senescent
cells from a progeria mouse model also delays age-related pathologies
(Baker et al., 2011). These observations underscore the complex rela-

tionship between senescence and ageing.

3. Integrative Hallmarks: These are the culprits of ageing resulting from the

above two processes and the ultimate causes of decline in functionality.

(a)

(b)

Stem Cell Exhaustion: Decreased proliferative capacity of tissues with
age is one of the most prominent characteristics of ageing. Although
low proliferation of stem / progenitor cells limits removal of damaged
cells, increased proliferation of stem cells is also detrimental, as it
causes stem cell exhaustion. This phenomenon is associated with more
than one other characteristics of ageing, including loss of proteostasis

and cellular senescence.

Altered Intercellular Communication: Multicellular organisms also
demonstrate changes in intercellular communication including hormonal
and non-hormonal communication. One of the most prominent con-
sequences is “inflammaging” which can be the result of accumulation
of pro-inflammatory tissue damage, defective immune system, SASP-
related cytokine secretion efc.. (Salminen, Kaarniranta & Kauppinen,
2012).

The authors only described two integrative hallmarks; one regarding stem cell pool
and the other regarding the intercellular communication. Even if it does not satisfy
the criteria to be a hallmark, another important consequence of the primary causes
corresponds to intracellular changes. Cellular damage accumulation, mainly as
a result of genome instability and loss of proteostasis, can result in cellular dys-
function. This aspect is especially important for the non-mitotic tissues and can

ultimately contribute to the decline in functionality.

1.2 Structural Changes in Human Brain with Age

In this section, organisation of the human brain, structural and functional changes
in human brain with age, and summary of the previous brain ageing transcriptome

studies will be given.



1.2.1 Human Brain Organisation

In this section, before describing ageing-related phenotypes observed in the human
brain, I will first describe the organisation of the human brain, based on “Ele-
ments of Molecular Neurobiology” (Smith, 2002). There are two types of cells in
the nervous systems: neurons and glia. Information process in the nervous sys-
tems is possible thanks to the neuronal networks, which are specific organization
of afferent, efferent and inter-neurons so that input retrieval, output generation and
integration can occur. In vertebrates, brain and spinal cord are responsible for in-
formation processing, storage, and retrieval. These are called the central nervous
system (CNS). Sensory and efferent neurons and their supporting cells which are

distributed across body are called peripheral nervous system (PNS).

Neurons

Neurons can transmit messages from, to or within the CNS. One of the most dis-
tinctive features of neurons is that almost all of the neurons lose their potential to
proliferate after they differentiate. Different neuron types have been defined such
as pyramidal cells, stellate cells etc.; however, all of these share a common architec-
ture. Most of the neurons consist mainly of 4 regions: cell body, dendrites, axon(s),
and axon terminals. Nucleus and most of the organelles are within the cell body.
The projections branching out from the cell body are called dendrites and these are
responsible for retrieval of information from other cells. Most of the neurons have
one projection, which is much longer than the rest and is called the axon. Axons
are responsible for carrying action potential -the physiological message- from the
cell body towards the target cell. At the end of the axon a group of fine nerve end-
ings with a swelling are present. These swellings are called axon terminals and
are responsible for intercellular communication via synapses. Synapse is the struc-
ture responsible for inter-neuronal transmission. There are two types of synapses:
electrical and chemical. Most of the synapses in vertebrates are chemical synapses.
Chemical transmission is mediated by neurotransmitters, which are a group of
chemical molecules. Action potential arriving at the end of the axon causes neur-
otransmitters to be released from axon terminal. These molecules then bind to the

receptors on the target cells and thus transmit the message.



Glia

Glial cells were previously thought to act as a glue holding the nervous system
together without any functional role. However, we now know that they have many
other functions. The number of glia in the human brain is much more than neurons.

There are several types of glia, each with different functions.

1. Oligodendrocytes, in the white matter, wrap around axons and produce a
protein called myelin. As a result, tight multi-layered myelin sheaths are
formed. Myelination increases the axonal conduction dramatically. In the

grey matter, they have role in the metabolic interactions among neurons.

2. Astrocytes contribute to the blood-brain barrier, which is the structure re-
sponsible for protecting brain from toxic materials in the blood. Also, be-
cause of the presence of strong filaments in the cytoplasm, astrocytes confer
tensile strength to nervous tissue. Astrocytes can secrete neurotransmitters,
which act as growth factors in developing brain. Furthermore, by the secre-
tion of cholesterol and apolipoprotein E into intercellular space, astrocytes

play role in synapse formation and maintenance.

3. Microglia originate from bone marrow stem cells and function in the brain
immune defence and ionic environment maintenance.
Neuron Organisation in Brain

There are two types of substances in human brain:

1. White matter which includes many nerve fibres. It appears white due to the

presence of myelin sheats surrounding the neurons.

2. Grey matter which includes dendrites and cell body of the neurons and
many glial cells. Since these components are not myelinated, it appears grey.

Unique Features of the Human Brain

When compared to the closest relatives, the human brain bears differences in phen-
otypic, anatomical and histological features. Phenotypic differences include in-
creased cognitive abilities such as social intelligence, cooperative behaviour, and

language (Somel, Rohlfs & Liu, 2014). Increased brain volume / body ratio is the
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most prominent anatomical change, which is suggested to be a reflection of in-
creased number of neurons. Regarding the histological changes, we observe a high
proportion of glial cells (Rowitch & Kriegstein, 2010), increased intercellular con-
nectivity and increased astrocyte diversity and complexity (Oberheim et al., 2009).
Although these phenotypic, anatomical and histological differences are defined, the
causal relationship among these differences is still not clear and needs more stud-
ies at the molecular level. Nevertheless, there are several suggested explanations
linking these unique features to the human brain developmental process (Jiang &
Nardelli, 2015).

1.2.2 Embryonic Period

Human brain development is a complex process necessary for centralized beha-
viour control, perception and cognitive abilities. This process involves the emer-
gence of new cell types in the right place, right time and with correct numbers, as
well as the establishment of connections between these neural and non-neural cell
types. Brain development starts by the end of third week after gastrulation. After
this stage, stem cell lines are produced, including the neuroectodermal stem cells.
These stem cells can produce all cell types that forms the CNS and can be referred
to as neural stem cells or neural progenitor cells. At 372-4t" weeks of gestation the
neural tube forms. By the end of the 8" week of gestation, the 5 major subdivisions
of the brain are formed (telencephalon, diencephalon, mesencephalon, metenceph-
alon, myelencephalon), and these make up the overall structural organization of the
CNS (Stiles & Jernigan, 2010). By the end of the embryonic period, general struc-
ture of neocortex sensorimotor regions, diencephalic and midbrain regions, spinal
column and hindbrain segmental organization are established (Stiles & Jernigan,
2010). Although the general architecture is said to be formed, it is important to
note that the basic structure and function of the brain is still open to changes as a
result of input and experience, even during early postnatal development (Johnson,
2001).
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1.2.3 Fetal Period

Most of the neurons are produced during mid-gestation. Until the 7t* week after
conception, neural progenitors undergo symmetrical cell division, which increases
the progenitor cell pool. After this stage, cell division becomes asymmetrical,
which results in one neural progenitor and one neuron production (Jiang & Nar-
delli, 2015). The new progenitor continues to divide asymmetrically, whereas the
post-mitotic neuron migrates to the developing cortex. Human cortical neurogen-
esis 1s almost complete at the day 108 after conception (Clancy, Darlington & Fin-
lay, 2001). However, it is suggested that neurogenesis in the macaque neocortex
continues even in the adulthood (Gould, 1999).

Neurons that migrate to different layers of cortex are different types of neurons,
but all of them can be produced by the same type of neural progenitor cell (Desai
& McConnell, 2000). However, the exact mechanism which controls the timing
of production of different neuronal types is not well-defined (Molyneaux, Arlotta,
Menezes & Macklis, 2007).

The next step is the formation of axons and dendrites, which are necessary for
the establishment of neuronal networks. At the end of axons, a structure called
"growth cone" is present and it is responsible for axon elongation and extension
(Stiles & Jernigan, 2010). After reaching to the target cell, synaptic connections

are formed.

Physiological events in the brain are not only restricted to progressive develop-
mental processes. Instead, cell death and synaptic connection loss is also seen.
Most of the neuronal cell death occurs during fetal period, whereas glia death and
connection loss are mostly postnatal processes. There are two types of cell death:
necrosis and apoptosis. The second one is triggered by cell intrinsic signals and is
common in all neuronal cell types (Rakic & Zecevic, 2000). One of the established
protection mechanisms against the apoptotic cascade is uptake of neurotrophic mo-
lecules, which are basically growth factors. Neurotrophic factors are produced
by target neurons and if a neuron has more effective connections, the available
neurotrophic factor amount is accordingly large, so that it can survive (Huang &

Reichardt, 2001). In the brain, apoptotic cell death may serve for (1) effective and
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functional neural network formation; (2) correcting errors in neuron production
and migration; (3) elimination of neurons having transient function in development
(Stiles & Jernigan, 2010). Apoptotic cell death is also suggested for the neural pro-
genitor cells, but since these cells do not form synaptic connections, the mechanism

to ensure their survival should be different from those of mature neurons.

1.2.4 Postnatal Period

Neurogenesis and the general brain region architecture is almost complete at birth.
Postnatal neurogenesis is generally associated with hippocampal and neocortical
areas and is suggested to be important for memory and learning (de Graaf-Peters
& Hadders-Algra, 2006; Gould, 1999). Postnatal brain growth also involves fur-
ther steps in neuronal maturation, and also proliferation of glial progenitors with
important roles in functional organization (Bhardwaj et al., 2006). Synaptogenesis,
axonogenesis, gliogenesis and myelination are the main processes during the post-
natal brain growth (Huttenlocher & Dabholkar, 1997).

Postnatal proliferation in brain is mainly due to glial progenitors. These are present
in the brain for the whole lifetime, which enables them to differentiate upon injury.
They can proliferate as they migrate. Different glial cells have different destina-
tions and functions. Once an oligodendrocyte progenitor cell (OPC) migrates and
reaches its destination, it starts to differentiate, causing the production of myelin
protein. As a result, tight multi-layered myelin sheaths are formed by oligodendro-
cytes. However, the functional result of these interactions is not limited to myelin-
ation, but involves maintenance of axonal integrity, neuronal survival and determ-
ination of neuronal size and axon diameter (Stiles & Jernigan, 2010). Astrocytes,
the other principle macroglial cell type originating from the common multipotent

progenitors, are also important in postnatal brain growth (Jiang & Nardelli, 2015).

Similar to fetal growth, postnatal period also involves regressive events such as
glial apoptosis and synaptic pruning. During the initial myelination process, there
is an excess amount of oligodendrocytes. However, receiving signals from axons,
some oligodendrocytes survive, while others undergo apoptosis (McTigue & Tri-
pathi, 2008).
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Neuronal circuitry at birth is also rich in terms of synaptic connections and to-
pography (Innocenti & Price, 2005). In contrast, towards adulthood the number
of synaptic connections starts to decrease through a process called “synaptic elim-
ination” (de Graaf-Peters & Hadders-Algra, 2006), and reaches almost the half of
the number at birth. Competition for neurotrophic factors and afferent input are
suggested as important contributors of modulation and stabilization of neuronal
networks (Stiles & Jernigan, 2010).

1.2.5 Ageing

Postnatal changes in human brain is not limited to the age of 20. Instead, struc-
tural and histological changes continue until death (Peters, Sethares & Luebke,
2008). While some of these changes are the continuation of developmental pro-
cesses, some might be direct outcomes of instability and damage. Between the
ages of 20 and 50, myelination continues in some brain regions, whereas between
the ages of 20 and 80, we observe a general decline in the total length of the myelin-
ated fibres without a prominent change in the neuronal density (Sowell, Thompson
& Toga, 2004). Starting from the 50’s, brain weight starts to decline, which is a res-
ult of neuronal shrinkage. Reported differences during ageing also include change
in grey and white matter volumes. Grey matter volume declines with age starting
from the age of 7. The loss of grey matter volume between the ages of 7 and 20 is
suggested to be associated with a combination of synaptic pruning and increased
myelination, while changes after age of 20 until late adulthood is linked to neuronal
shrinkage and continuation of myelination. Decrease in the late adulthood when the
myelination is complete, can be the result of continuing degenerative effects (Sow-
ell et al., 2004).. Unlike grey matter, white matter change is not linear in adulthood.
It increases until 50’s, consistent with the continuation of myelination, and declines
afterwards. All these changes are accompanied by the phenotypic characteristics of
human brain ageing; such as cognitive decline, memory loss, inclined occurrence

of neurological disorders (Salthouse, 2009).

1.3 Transcriptome Change in Brain with Age

By definition, a phenotype is determined by the genotype and the expression pro-
file -which can be influenced by environmental factors- of the genes within an

organism. Several studies have showed that development and function of the brain
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requires a well-orchestrated gene expression and changes in the regulation of this
precise profile can result in neurodevelopmental disorders. Consistent with the
physiological changes in the developing brain, genes important in neuronal differ-
entiation, cell proliferation, and migration show high expression in the early stages
of development, whereas in the later years of development, genes important for
synaptic functions start to increase. In the mouse brain, it was shown that regional
specialization of the transcriptome occurs in postnatal years, but the associated
changes in the expression profile during thalamus and cortex specialization are dif-
ferent in human and mouse (Liscovitch & Chechik, 2013).

Although the physiological and phenotypic changes after the age of 20 years is
well-studied, the molecular mechanisms behind these changes are not well-defined.
During the last 15 years, there has been a significant number of studies focusing on
the gene expression changes during human brain ageing, thanks to improvement in

the high-throughput technologies.

The first global-scale transcriptome study in ageing brain was on mice and ana-
lysed ~6000 genes in neocortex and cerebellum (Lee et al., 2000). The authors
found gene expression signatures consistent with increased inflammatory response,
oxidative stress and reduced neurotrophic support. The authors also showed that
ageing mice brain shows changes in expression of lysosomal proteases, chaperons,
and proteins associated with oxidative stress and inflammation. This result is in
accordance with the changes observed in human neurodegenerative diseases. Fur-
thermore, inflammatory and stress response genes that show age-related increase

were shown to be repressed upon caloric restriction.

Another study on gene expression profile of ageing rat hippocampus also showed
that inflammation, oxidative stress, protein processing, and decreased mitochon-
drial function are age-related pathways (Blalock et al., 2003). These authors also
suggested a couple of novel pathways including decrease in early response sig-
nalling, emergence and maintenance of synapses, and increased myelin turnover,
cholesterol synthesis, lipid and mono-amine metabolism, iron-related pathways,

structural reorganization, and Ca** release pathways.
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In 2004, another study was published investigating ageing-related changes in the
human prefrontal cortex (Lu et al., 2004). Consistent with the previous studies, the
authors showed decreased expression of genes related to synaptic plasticity, vesi-
cular transport, and mitochondrial function, in contrast to increased expression of
stress response and antioxidant genes. They argued that DNA repair genes show
increased expression as a response to damage caused by high oxidative stress. The
authors further claimed that cis-regulatory elements (DNA sequences controlling
the expression of nearby genes) of the genes functional in learning, memory and
neuronal survival are selectively vulnerable to DNA damage, and thus show de-

creased expression with age.

Another study on human prefrontal cortex showed that most of the genes do not
show age-related change with age (Erraji-Benchekroun et al., 2005). Genes that
increase in expression with age are mostly of glial origin, whereas decreasing ones
are neuronal transcripts. The authors argued that most of the expression change oc-
curs in early adult ages, and then show continuous expression throughout lifespan,
which suggests detrimental age-related brain functions have the origins in these
years. Another study showed that the rate of gene expression change is the highest
before the age of 20 and it starts to decrease after maturation (Naumova et al.,
2012).

In a study in 2007, the authors argue that different studies (Lu et al., 2004; Lund et
al., 2002; Pletcher et al., 2002) find different genes as differentially expressed with
age but if these are studied at the network level, these might be genes in the same
modules (Xue et al., 2007). Integrating protein-protein interaction network, they
showed that fruitfly and human brain ageing show similar pattern that cellular pro-
liferation module shows decrease whereas differentiation module shows increase
with age. The number of modules showing change with age is low and some of

these changes are reversible.
Another work on rat hippocampal ageing suggested that defects in neuroenergetic

pathways during ageing cause disruptions in neuronal and increased glial activity,

which then result in cognitive dysfunction (Rowe et al., 2007).
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Studying brain ageing focusing from an evolutionary perspective, another study
showed that humans and rhesus macaques are different from mice in the repres-
sion of neuronal genes -especially the ones with synaptic function- during ageing
(Loerch et al., 2008). They, however, could not find an overall neuronal or syn-
aptic loss, despite gene expression down-regulation. The reason for the discrep-
ancy between this result and the reported trend of synaptic loss in macaques during
ageing remains unclear. In another study, the age-related changes in development

is suggested to be more conserved than that in ageing (Somel et al., 2010).

Other studies have addressed the question of sex/gender differences in ageing. Ana-
lysing 4 different brain regions, a 2008 study showed that different brain regions
are associated with different age-related changes, and also that expression profiles
in males and females showed clear differences (Berchtold et al., 2008). Consider-
ing the different trajectory of neurodegenerative disorders in males and females, the
authors suggest that normal brain ageing should also be studied on different sexes,
separately. Later, the same data was tested for for differences in timing of ageing-
related expression changes between sexes; perhaps unexpectedly, this study found
accelerated ageing-related expression changes in females relative to males(Y. Yuan,
Chen, Boyd-Kirkup, Khaitovich & Somel, 2012).

A number of studies have undertaken meta-analyses of ageing-associated expres-
sion changes across different tissues, including the brain. One such study identified
common transcriptome patterns that accompany ageing in diverse tissues, including
up-regulation of inflammatory, immune response, and lysosome genes, and down-
regulation of collagen genes, energy metabolism, apoptosis, cell cycle and cellular
senescence biomarkers (de Magalhaes, Curado & Church, 2009).

A 2010 study, using gene, protein and miRNA expression profiles, showed that
trans-regulation (regulation of expression by distant elements such as miRNAs and
TFs) of gene expression is not only important in development but also has affect in
ageing period. The authors further showed that many of the ageing-related changes
are not unique to ageing but instead either continuation or reversal of the devel-
opmental process (Somel et al., 2010). That expression patterns observed in age-
ing can be continuation of developmental trends had been reported earlier (Erraji-

Benchekroun et al., 2005). Gene expression reversals will be explained in detail
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in the Section 1.4. The same phenomenon was observed in the same brain re-
gion -prefrontal cortex- by another group when they used much larger sample size
(Colantuoni et al., 2011).

Another 2011 study investigated 16 distinct brain regions’ transcriptomes across
lifespan starting from the embryonic period. The authors found that 90% of ana-
lysed genes are differentially regulated across brain regions and/or time (Kang et
al., 2011). Also, they showed that most of the age-dependent change occurs in
prenatal years.

Brain ageing has also been investigated through use of second-generation sequencing-
based RNA-sequencing (RNA-seq) technology in the recent years, and the results
are in accordance with the microarray results. Similar functional groups, as those
identified in microarray studies, are shown to be differentially expressed with age
in RNA-seq studies (Naumova et al., 2012). One particular advantage of using
RNA-seq is that it enables investigation of splicing patterns. Splicing changes with
age have been shown to affect a third of genes expressed in the postnatal brain and
15% of these show differences between prefrontal cortex and cerebellum (Mazin et
al., 2013).

Understanding ageing at the molecular scale also requires analyses of levels ad-
ditional to mRNA expression, such as DNA methylation and chromatin marks.
For example, there is a general observation indicating ageing-related global hy-
pomethylation and promoter-specific hypermethylation during ageing (Calvanese,
Lara, Kahn & Fraga, 2009). In addition, brain-specific analyses showed that nervous
system development, neuron differentiation and neurogenesis genes show differen-
tial methylation with age (Horvath et al., 2012). The latter study also claimed that
blood methylation patterns are in accordance with that of brain and blood can be

used for screening of age-related effects.

Heterogeneity in Ageing

In the studies described earlier, genes important for synaptic functions, energy
metabolism and inflammation have been reported to show significant mRNA ex-

pression changes during ageing. However, elucidating the regulation of these genes
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and the interplay between them is not straightforward, because one of the promin-
ent age-related gene expression changes is increased inter-individual heterogeneity
(de Magalhaes et al., 2009; Lu et al., 2004; Somel, Khaitovich, Bahn, Piibo &
Lachmann, 2006). Ageing, unlike development, is not thought of as a programmed
event but a result of stochastic evolutionary and cellular dynamics, and accord-
ingly, phenotypes have been observed to diverge among genetically identical indi-
viduals with age, in nematodes (Herndon et al., 2002) as well as in human twins
(Fraga et al., 2005). There are several proposed evolutionary explanations on “why
ageing cannot be a programmed process?” (Kirkwood, 2005), as well as molecu-
lar explanations. Analysing eight different expression datasets of rat and human,
gene expression was found to become more variable among individuals with age.
However, this result, the authors suggested, was not related with expression of
germline mutations or difference in ageing rates among individuals. Instead, the
heterogeneity is suggested to be a result of stochastic events such as accumulated
damages and mutations in the somatic cells (Somel et al., 2006). In another study
on mouse heart cells, age-related increase in heterogeneity due to stochastic effects
was further tested and confirmed at the cellular level (Bahar et al., 2006). Another
possible contributor to heterogeneity is environmental factors. Global hypomethyl-
ation and promoter-specific hypermethylation are suggested as age-related epigen-
etic changes (Calvanese et al., 2009). Showing the epigenetic changes in ageing is
particularly important as it has a dynamic nature. Thus, environmental factors can
be another contributor of the heterogeneous nature of the ageing through dynamic
changes in the epigenome. Previous studies (Y. Yuan et al., 2012) also suggested
gene expression changes in ageing can be influenced by psychological stress. All
these imply that ageing is not only accompanied by molecular changes and func-
tional impairments, but these changes and impairments appear to be driven by the
accumulation of stochastic events, and influence different individuals to different

extent.

Meta-analysis of Ageing Datasets

As described earlier, multiple experiments have been published that study ageing
in different tissues and organisms, including the human brain. As the number of
available datasets increase, meta-analysis of multiple datasets becomes possible.

This is particularly important, considering the high inter-individual heterogeneity
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observed in ageing, and the usually limited sample sizes used in ageing studies (due
to difficulties in keeping old laboratory animals and sampling human tissue). The
major advantages of meta-analyses are: 1) Because ageing is not a programmed
process, integration of multiple datasets can reveal underlying common signatures
in changes that are otherwise invisible; 2) Comparing profiles from different ex-
periments can increase signal / noise ratio; 3) By integrating multiple experiments,

confounding effects in individual datasets can be identified and removed.

Meta-analyses can help to confirm ageing-related patterns observed in primary
publications, as well as identify novel patterns and test new hypotheses on age-
ing. Some of such studies have been mentioned before. For instance, one 27-
dataset investigation confirmed age-related mRNA expression changes of energy
metabolism, inflammatory and immune-related genes. The authors further argued
that some of the age-related changes can be response to ageing rather than being the
underlying mechanism (de Magalhaes et al., 2009). Increased inter-individual het-
erogeneity was shown through meta-analyses, as described earlier. Along the same
line, a re-analysis of AGEMAP database (Zahn et al., 2007) based on co-expression
networks, showed decreased co-regulation among genes with age, also suggesting
a loss of transcriptome coordination during ageing (Southworth, Owen & Kim,
2009). More generally, all these examples show the importance of meta-analysis
and re-analysis of datasets using different approaches to improve our understanding

of the underlying processes.

1.4 Gene Expression Reversal

Most of the studies on ageing have focused only on changes observed in adulthood.
However, studying ageing with respect to the developmental processes can provide
better understanding of what happens during ageing. Following this idea, there
has been several studies profiling the transcriptome changes in brain throughout
the lifespan (Colantuoni et al., 2011; Erraji-Benchekroun et al., 2005; Kang et al.,
2011; Somel et al., 2010).

In one of these studies (Somel et al., 2010), it was suggested that ageing can be
seen as either a continuation or reversal of the developmental process. Considering

the age of 20 as a transition point from development to ageing, it was observed
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that 64% of these genes show reversal pattern (clusters 2, 5, 6, 8 in Figure 1.2 ).
Genes showing up-down pattern (clusters 2 and 5) were suggested to be important
in energy metabolism, which is consistent with the suggestion that oxygen con-
sumption increases until the age of 20, and then starts decreasing (Aanerud et al.,
2012). Another cluster showing up-down pattern (cluster 8) was associated with
neuronal and synaptic functions. This result is also in accordance with the studies
suggesting synaptic loss and cognitive decline during ageing (Peters et al., 2008).

Finally, genes showing down-up pattern (cluster 6) were found to be enriched in
DNA damage response.
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Figure 1.2: Major mRNA change patterns with age (Somel et al., 2010)

In another study, to relate the developmental functions with the reversal pattern,
expression profiles of prenatal and infant samples were compared with the later
postnatal years. 75% of the genes showing significant change with age were re-
ported to show the reversal pattern. Those genes showing up-down pattern were
enriched in neuronal development-related functions, whereas the down-up pattern
was associated with cell division (Colantuoni et al., 2011). The results were in
accordance with another study showing that genes enriched in differentiation and

proliferation could show reversal patterns at the age of 85 (Xue et al., 2007).
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If reversal is a common pattern, when does it initiate? So far, different studies
reported different “turning points” or “break points” where the gene expression
change direction changes. However the most common result indicates around 20

years of age (Colantuoni et al., 2011; Somel et al., 2010).

So far, two studies focusing on the same brain region (prefrontal cortex) suggested
a high proportion of genes showing reversal patterns during ageing. However, the
prevalence of such a pattern in other brain regions is an open question. Similarly,
the regulatory processes behind these gene expression changes, and the mechan-
istic nature of these changes are still waiting to be uncovered. Several suggestions
have been made, including potential miRNA and TFs as regulators and somatic
mutations; however, a systematic investigation is necessary to comment on the pre-

valence, functional outcomes and regulation.

1.5 Research Objectives

In this study, the aim is to characterise the age-related gene expression changes in
ageing in the context of development. The general hypothesis is that ageing is not
a distinct phenomenon but a consequence of disruptive changes in gene regulation

after adolescence.

Gene expression reversal, which is suggested for majority of the genes, is es-
pecially the focus of this study. One of the important changes during develop-
ment is the activation of the differentiation pathways. As the organism approaches
adulthood, activity of these pathways decreases. Considering that there are sev-
eral ageing-related pathologies, including cancer and Alzheimer’s disease, reported
to render cells inclined to a de-differentiated state, a relevant question is whether
gene-expression reversal causes cells to lose their cellular identity, which in turn
may cause a predisposed state to the malignancies and/or dysfunction. With this
motivation, I investigate the cellular pathways showing gene expression reversal

over-representations.
Using published microarray gene expression data, I investigate the expression changes

in ageing in the context of that in development, the possible functional associations

of these changes, and their regulation.
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The objectives are:

e To assess the nature of age-related gene expression changes in terms of het-
erogeneity and strength in development and ageing,

e To measure the prevalence of gene expression reversals among different brain

regions,

e To characterise the functional pathways associated with the gene expression

reversals,

e To elucidate possible drivers of the gene expression reversal by analysing

trans-regulators of the reversal genes.
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CHAPTER 2

MATERIAL AND METHOD

2.1 Datasets

In this study, gene expression data from 7 different published studies were ana-
lysed. All data are human microarray datasets. In total, gene expression profiles
of 1,015 samples spanning the ages O to 106 years were analysed. The exact dis-
tribution of ages is given in Figure 2.1. The datasets have been generated using 4
different Affymetrix platforms. In total, 22 different brain regions were analysed.
Among these, some are not mutually exclusive but are subregions of others (see

Chapter 4). Summary of the datasets is presented in Table 2.1.

Three of the datasets have samples representing the whole lifespan (Kang et al.,
2011; Somel et al., 2010, 2011), whereas the other four only consist of samples
spanning adulthood (Barnes et al., 2011; Berchtold et al., 2008; Lu et al., 2004;
Maycox et al., 2009). In human societies, including hunter-gatherer groups, 20
years of age roughly correspond to the age at first reproduction (R. Walker et al.,
2006); earlier analyses had also shown that 20 years of age correspond to a global
turning-point in brain gene expression trajectories (Colantuoni et al., 2011; Somel
et al., 2010). Notably, processes such as myelination are known to continue well
into early adulthood (see Chapter 1.2). Thus, in this study, 20 years of age was
used to separate postnatal development from the ageing period. Accordingly, data-

sets with samples spanning both postnatal development and ageing were divided

25



into two datasets: (1) development (<20 years of age) and (2) ageing (>20 years
of age). These datasets have comparable number of samples in development and

ageing periods.

Age Distribution of Datasets
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Figure 2.1: Distribution of ages across datasets

It is important to note that some of the samples in the Kang2011 dataset correspond
to samples from the same individual’s left and right hemispheres. These samples
are treated as biological replicates rather than technical replicates for the following

reasons:

1. A number of previous studies state that brain ageing might not be the same
in right and left hemispheres (Dolcos, Rice & Cabeza, 2002; T. Sun et al.,
2005).

2. Comparison of age-related gene expression change between the right and left
hemisphere of the same individuals did not show strong correlation (Hamit

Izgi, unpublished).
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3. Although reasons are not specified, the original study also treats them as

biological replicates (Kang et al., 2011).

4. There is no hemisphere information for the other datasets which are used to
make comparisons. This also prevents division of left and right hemispheres

into two separate datasets.

Table 2.1: Dataset summary. The “number of samples” column represents the
total number of samples in the study, whereas the numbers in parentheses show the
number of individuals.

GEO Acc | Dataset Name Brain # Samples Platform
Regions
GSE21935 | Barnes2011 STC 19 HG-U133_Plus_2
GSE11882 | Berchtold2008 | EC, HIP, 173 (57) | HG-U133_Plus_2
PCG, SFG
GSE1572 Lu2004 FC 30 HG_U95AV2
GSE17612 | Maycox2009 APFC 23 HG-U133_Plus_2
GSE18069 Somel2010 PEFC 23 HuGene-1_0-st
GSE22569 Somel2011 CBC 22 HuGene-1_0-st
A1C,AMY,
CBC, DFC,
HIP, IPC,
GSE25219 Kang2011 ITC, MIC, | 741 (33) HuEx-1_0-st
MD, MFC,
OFC, S1C,
STC, STR,
V1C, VEC
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2.2 Gene Expression Data Preprocessing

All of the microarray datasets in this study have been generated using Affymetrix
microarray platforms. Microarray is an effective technology to estimate steady-
state expression levels of transcripts. This estimation is performed through de-
tection of light intensity, which is proportional to the abundance of fluorescent-
labelled RNA molecules, and which, in turn, represents mRNA expression from a
transcript. The pixel intensities are collected by the Affymetrix scanner and stored
in .DAT file format. This information is used to calculate the light intensity levels
for each probe. There are different Affymetrix programs that can perform this step.
The converted data is stored in .CEL file format. As a result, each sample has an
associated .CEL file containing a light intensity measurement for each probe on
the chip. All .CEL files contain information about the light intensity, standard de-
viation of the intensity, and the number of pixels used for calculation. The exact

content of the files depend on the version of .CEL format.

I started the analysis by downloading the .CEL files for each dataset, using the

corresponding accession number from GEO database (Edgar, 2002).

As previously stated, some of the datasets have samples from more than one brain
region. Since our interest is how expression changes with age within the region,
each of the brain regions was processed separately. As a result, there are: (1) One
ageing dataset for the Barnes2011; (2) Four ageing datasets for the Berchtold2008;
(3) One ageing dataset for the Lu2004; (4) One ageing dataset for the Maycox2009;
(5) One development and one ageing datasets for the Somel2010; (6) One develop-
ment and one ageing datasets for the Somel2011; and (7) 16 development and 16
ageing datasets for the Kang2011.

The analysis was done in the R programming environment. The preprocessing
involves mainly four steps: summarization of probe level data into probe-set level
using RMA convolution model, summarization of probe-sets to genes, log2 trans-

formation and quantile normalization.
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2.2.1 RMA correction

RMA (log scale robust multi-array analysis) convolution method is an algorithm
that is used for background normalization and probe to probe-set summarization.
The information stored in .CEL files is at the probe level. In custom Affymetrix
platforms, each transcript is represented by 11-20 probes. Summarization of probe
level intensity values is necessary, so that each transcript receives one intensity
value to represent its expression level. The probes corresponding to one transcript

are grouped into "probe-sets" defined by Affymetrix.

Apart from probe to probe-set summarization, the RMA convolution method in-
volves removal of technical artefacts so that the neighbouring measurements cor-

responding to different probes on the array do not affect each other (Irizarry, 2003).

For the RMA correction of "HG-U133_Plus_2” and “HG_U95Av2" platforms,
"affy" (Gautier, Cope, Bolstad & Irizarry, 2004) and for “HuGene-1_0-st” and
“HuEx-1_0-st”, "oligo" R libraries were used (Carvalho & Irizarry, 2010).

There are two pairs of technical replicates in the Somel2010 dataset. As the correl-
ation between replicates was high, they were represented by the mean value of the

probe-set level expression values in the rest of the analysis.

2.2.2 Summarization of probe-sets to genes

In order to enable cross-platform analysis, expression levels should be defined as
universal entities such as genes. Thus, probe-sets should be converted to corres-
ponding gene IDs. However, the relation between probe-sets and genes is rarely
one to one. There can be a probe-set associated with two genes, as well as two

probe-sets associated with one gene (Figure 2.2).

If a probe-set corresponds to multiple genes, it was removed from the data so that
the expression values were not duplicated based on a single observation. Genes
having more than one probe-set annotation were represented by taking the mean

expression level of the corresponding probe-sets.
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Figure 2.2: Summary of probe-set to gene summarization. The upper panel cor-
responds to a probe-set associated with multiple genes. This probe-set is removed
from data. The lower panel shows a gene associated with multiple probe-sets. Ex-
pression value of this gene is represented with the mean expression value of the
probe-sets.

An alternative approach would be to identify the probe-set, for each gene, with
the maximum (or minimum) expression value across individuals in a dataset. That
probe-set could then be used as representative for the gene. There are two specific
reasons for using the mean expression value across probe-sets, instead of choosing

one probe-set with the minimum/maximum expression values:

1. The expression level of different isoforms of a gene is known to change
with age (Mazin et al., 2013; Rodriguez et al., 2016). It is possible that
one isoform increases with age and the other one decreases. If so, choosing
the probe-set with the minimum/maximum expression level would be mis-
interpreted as a specific gene’s activity increasing or decreasing with age.
However, in reality one isoform is just replaced by another isoform. These
isoforms may function in the same manner or not, and studying changes in
isoform abundance can be important for understanding ageing process. How-
ever, this is outside the scope of this study. Also, isoform abundance patterns
are more conveniently studied using RNA-sequencing instead of microar-

rays.

2. We use data generated using different platforms, meaning that the same iso-
forms may not be targeted across different platforms. Probe-set definitions
are also different for each platform. Thus, taking the minimum/maximum
expression value among probe-sets per gene would complicate comparison

across datasets.

30



For each platform, the number of probe-sets and genes after this step is given in
Table 2.2. For “HG-U133_Plus_2”, “HG_U95Av2”, and “HuGene-1_0-st” En-
sembl version 84 (Yates et al., 2015) annotations were used, whereas for “HuEx-
1_0-st” original GPL file deposited in GEO database was used.

Table 2.2: Number of probe-sets and final number of genes for each platform after
summarization as described in the text. ENSG represents Ensembl Gene IDs.

#PS #PS
Platform #PS | with ENSG | >1 ENSG | Final # PS | # Genes
HG-U133_Plus_2 | 54675 42009 2970 39039 21323
HG_U95Av2 12625 11504 1024 10480 8258
HuGene-1_0-st | 33297 28985 4154 24831 22714
HuEx-1_0-st 22011 17392 2852 14540 14356

2.2.3 Log2 Transformation

Log?2 transformation is a standard procedure in gene expression data analysis in
order to make the gene expression level variance across genes more comparable,
and to make the distribution more symmetrical. Gene expression level distribu-
tions across the genome are usually highly right skewed, with many genes having
low levels of expression and a few genes having very high levels (Figure 2.4).
Moreover, the mean and the variance are positively correlated with each other.
Log?2 transformation enables better separation between lowly expressed genes and
makes the variance similar across genes. Thus, although I did not use any statistical

test assuming normality, I applied log2 transformation.

2.2.4 Quantile Normalization

Quantile normalization is a complete data method aimed at removing non-biological
variation across samples. The procedure makes the distribution of samples the same
(Figure 2.3), but preserves differential expression between samples (Bolstad, Ir-
izarry, Astrand & Speed, 2003). Quantile normalization applied in transcriptomics

assumes that only a minority of genes show expression level differences, while the
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overall expression level distributions are comparable. Thus, any major differences

between the centre or shape of the distributions are considered non-biological and

removed. The assumption that only a minority of genes are differentially expressed

may not hold when divergent samples (e.g. samples of different tissues or organ-

isms) are compared. But the assumption is expected to hold when the samples

originate from the same tissue (brain) and have been collected under similar condi-

tions (postnatal ages and healthy state).

Distribution of Gene Expression Levels

Before Quantile Normalization

After Quantile Normalization
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Figure 2.3: Example boxplot for the Somel2010 dataset before and after quantile

normalization. Each boxplot shows the distribution of a sample.

The resulting distribution of probe-set/gene expression levels after each step is

given in Figure 2.4.
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Figure 2.4: Example histogram for the Somel2010 dataset after each step.

2.3 Sample Quality Check

Principle components analysis (PCA) is a statistical approach that is widely used
in gene expression studies to check variation among samples. It uses an ortho-
gonal transformation approach to summarize correlated variables into uncorrel-
ated ones, called principle components (PCs). Using this method, one can study

transcriptome-wide clustering among samples in two or more dimensions.

Here I visually inspected PCA plots for each dataset, and depending on the dis-

tribution of the samples across the first and second components and a sample’s
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distance from the majority of other samples, I could pinpoint certain putative out-
lier samples. These are samples that show divergence from other samples, not due
to age, but due to unknown variables (e.g. disease, diet, technical problems). Such
outliers, influenced by unknown sources of variation, are expected to introduce

noise in the data analysis aimed at identifying the effect of age on gene expression.

For the PCA calculations, R function "prcomp" was used with scaling option. Ana-
lysis was done on log2 transformed and quantile normalized probe-set expression

levels. An example PCA is given in Figure 2.5.
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Figure 2.5: Example PCA for the Kang2011 dataset, Hippocampus brain region.
Each number on plot shows the age of an individual. The x-axis corresponds to
the first principle component and the y-axis corresponds to the second principle
component. Percentages in parentheses represent the variance explained by each
component.

Through visual inspection, the following putative outlier samples are discarded

(numbers in the parenthesis represents the age of the sample):

1. Berchtold2008 HIP: GSM300168 (98), GSM300169 (82), GSM300170 (84),
GSM300171 (87), GSM300172 (82), GSM300185 (91), GSM300227 (91)

2. Berchtold2008 PCG: GSM300212 (74)
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3. Berchtold2008 SFG: GSM300250 (85)
4. Kang2011 A1C: GSM705108 (3)
5. Kang2011 CBC: GSM705202 (42), GSM704438 (37)

6. Kang2011 HIP: GSM704567 (0), GSM704226 (70), GSM704227 (70),
GSM704627 (40)

Because outlier samples can influence the result of quantile-normalization, the cor-
responding datasets were preprocessed again after removal of these putative outlier

samples.

2.4 Cell Type-Specific Expression Analysis

Cell type-specific expression analysis can be used to understand the relative contri-
bution of different cell types to the transcriptome. Using a published mouse brain
cell type-specific transcriptome dataset (Cahoy et al., 2008), I analysed the cell
type-specific expression levels in the transcriptome of each sample in the datasets

described in Section 2.1.

This mouse brain transcriptome dataset contains expression profiles for different
cell types purified by using fluorescent-activated cell sorting (FACS). The expres-
sion values of 9,293 genes were measured for each cell type using microarrays (data
provided by Mehmet Somel). First, for each gene, the mean expression level across
the replicates of each main cell type was calculated: astrocytes (A), newly dif-
ferentiated oligodendrocytes (OL), myelinating oligodendrocytes (M_OL), oligo-
dendrocyte progenitor cells (OPC) and neurons (N). These mean expression levels
for each cell type were then used to calculate that cell type’s relative contribution
to the transcriptome profile of each sample, according to the following linear re-

gression model:

E=oa+4 BaEs+ BorEor + By o Ev o1 + BorcEorc + BNEn + € (2.1)
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Where;

Mean Expression Level
Intercept

Regression Coefficients

a ™ o

CIror

The regression coefficients were used to represent the relative contribution of the
corresponding cell type in a given sample. For more information about the inter-

pretation of the results see Section 3.1.

2.5 Age Test

To express the association between gene expression level and age, I used the non-
parametric Spearman’s rank correlation test. Since age is not expected to be nor-
mally distributed, and to remove the influence of possible outliers, non-parametric
test was preferred. In this way, a correlation coefficient (p) was assigned to each
gene. The sign of the correlation coefficient shows the direction of association. If
the expression level tends to increase as age increases, the sign is positive. Con-
versely, if expression level decreases as the age increases, the sign is negative. The
magnitude of correlation coefficient indicates the strength of the association. p can
only change between -1 and 1. A value closer to 1 means there is strong positive
monotonic association whereas a value closer to -1 means the association is mono-

tonic and strong but in negative direction.

Spearman’s rank correlation can only describe the monotonic association. How-
ever, postnatal gene expression trajectories in the brain can frequently attain non-
linear forms, where the direction of gene expression change reverses between de-
velopment and ageing (see Section 1.4). To account for this, I analysed devel-
opment and ageing periods separately. To calculate the Spearman correlation, the
"cor.test" function in R was used by specifying the method as "spearman". The

function also calculates a p-value showing the significance of association.
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2.5.1 Multiple Testing Correction

Analysis of high-throughput data generally requires application of a statistical test
repeatedly, which causes the p-values to be unreliable (explained below). In the

literature, this situation is referred to as "multiple testing problem".

The problem arises from the fact that p-values are themselves random variables
and increasing the number of applied tests causes Type I error, which is the rejec-
tion of a true null hypothesis. That means, although a statistical test is applied,

some of the reported results are not correct.

There are several approaches to control the error rates of a testing procedure. Us-
ing "p.adjust" function in R, I used the "Benjamini-Hochberg" approach, which
keeps the false discovery rate (FDR) under a certain level «.. 1 used FDR cutoff as
a = 0.1, because decreasing this value too much can increase Type II error rate,

which is the failure to reject a false null hypothesis.

2.6 Comparison of Age-Related Gene Expression Change across Datasets

In order to compare the age-related gene expression changes in development and

ageing, | compared datasets using correlation measure and hierarchical clustering.

2.6.1 Correlation across Datasets

Here, I used p-values calculated from the age test for each gene. To assess similar-
ities in age-related gene expression change across datasets, I compared each pair of
datasets with respect to these p-values, across expressed genes. For these pairwise
comparisons, I used the Spearman’s rank correlation test. The correlation across
a pair of datasets was calculated by taking the pairwise complete set of genes. To

visualize the correlations, "corrplot" R library was used (Wei, 2013).
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2.6.2 Hierarchical Clustering of Datasets

To cluster the datasets according to age-related gene expression change, I used an
agglomerative hierarchical clustering method. To decide on the hierarchy (combin-
ation of the clusters), I used the Euclidean distance measure and complete-linkage
criteria, which finds similar clusters. This is implemented using the "hclust" func-

tion in R.

2.7 Gene Reversal Index

For the quantification and comparison of gene expression reversals between de-
velopment and ageing (see Introduction) across datasets, I calculated a "reversal

index" for each gene. The calculation is as follows:

RI = —PdevPage (22)
Where;

RI: Reversal Index
Pdev - Gene expression - age Spearman’s rank corr. coef. in development

Page © Gene expression - age Spearman’s rank corr. coef. in ageing

According to this calculation, if a gene shows reversal, it has a positive; and if
it shows a monotonic change with age throughout the lifespan, it has a negative
reversal index. The genes that have positive RI are referred as "reversal genes"

throughout the text.

2.8 Analysis of Gene Function and Regulation

In order to understand if the gene expression reversals are associated with any spe-
cific biological function or regulatory element, GO Biological Process categories
(GO BP), micro RNAs (miRNAs), and transcription factors (TFs) were analysed.
The analysis of all the categories was done using the same procedure. For simpli-
city, I will refer each GO BP, miRNA, and TF as a "category".
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I tested functional/regulatory enrichment of an ageing-pattern (reversal or no re-
versal), while keeping the developmental pattern fixed. For example, I compared
genes increasing with age in development and decreasing with age in ageing (‘“up-
down” genes) with the ones monotonically increasing throughout the lifespan. Like-
wise, | compared genes decreasing with age in development and increasing with
age in ageing (“‘down-up” genes) with the ones monotonically decreasing through-
out the lifespan. Thus, only the ageing pattern was tested. In this way, I aimed
to prevent the developmental expression changes from dominating the enrichment
test results. As a result, for each category, 2 odds ratios (O R) were calculated; one

for up-down pattern and the other for down-up pattern.

Table 2.3: Contingency Table for Up-Down pattern

Up-Down | Monotonic Increase
Category X A B
Other Categories C D

Table 2.4: Contingency Table for Down-Up pattern

Down-Up | Monotonic Decrease

Category X X Y
Other Categories Z AV
A/B XY
u = — m = — 2.3
ORua C/D ORq Z]W (23)

OR,q > 1 shows that up-down reversal genes are over-represented in Category X;
whereas OR,,; < 1 shows under-representation. The same applies to down-up as

well.

There are specific tests for identification of statistically significant over- and under-
representation. However, in this study, I was interested in categories behaving
the same across datasets, to overcome challenges raised by heterogeneity of age-
ing. For that reason, my goal was to identify categories that have consistent over-

representation of reversal genes, independent of statistical significance of enrich-
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ment in any of one dataset. The measure of consistency I choose was having
OR > 1 or OR < 1 in all of the datasets. The statistical significance for con-

sistent behaviour, in turn, was tested using a permutation scheme (see Section 2.9).

2.8.1 GO Biological Process Functional Analysis

The Gene Ontology (GO) database (Ashburner et al., 2000) was used for func-
tional analysis. GO is a hierarchical functional annotation database that has three
categories: biological process, molecular function and cellular component. I used
the biological process category, which groups genes based on biological activit-
ies such as developmental process, macromolecule metabolic process, localization.
GO database and the associated gene annotation accession were performed using
“G0O.db” (Carlson, n.d.-a), “AnnotationDbi” (Pages, Carlson, Falcon & Li, n.d.)
and “org.Hs.eg.db” (Carlson, n.d.-b) libraries in R environment. Only categories
having more than 10 genes in each dataset were analysed. In total, 5,371 GO Bio-

logical Process categories with a total of 15,273 genes were analysed.

Summarization of GO BP Analysis Results

As a result of GO BP functional analysis, a list of GO categories that show similar
behaviour across datasets was obtained. A possible problem with using GO for
functional analysis is that the outcome can be a long and redundant list that is
hard to biologically interpret. The problem mainly arises from the fact that there
is a hierarchical relationship between GO categories and many genes are found in
more than one GO category. I used REVIGO (Supek, Bo3njak, Skunca & Smuc,
2011) to summarize the GO categories of interest, using a clustering algorithm
based on the semantic similarity measure. Semantic similarity in this context means
the overlapping genes in categories. Using this pairwise measure, clustering was
performed. REVIGO also calculates "uniqueness" and "dispensability" values for
each category, which is used for the determination of cluster representatives. For
the visualization of clusters, I used the "treemap" R package (Tennekes, 2015).
Each square generated by “treemap” corresponds to a representative, where these
are further joined into superclusters which are shown with distinct colours. The

size of the rectangles represents the uniqueness of categories.
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2.8.2 miRNA Regulation Analysis

The “biomaRt” (Durinck et al., 2005; Durinck, Spellman, Birney & Huber, 2009)
library in R was used to access Ensembl (Yates et al., 2015) and TarBase (Vlachos
et al., 2015) databases, to retrieve miRNA-target gene associations. Only miRNAs
having more than 10 gene targets in each dataset were analysed. In total, 1,081

miRNA with 12,857 target genes were analysed.

2.8.3 Transcription Factor Regulation Analysis

For the transcription factor binding site (TFBS) determination:

1. +/- 2000 basepairs of transcription start site for each gene was extracted using

Ensembl gene annotations

2. Within these sequences, transcription factor binding sites were predicted us-
ing TRANSFAC database and Match algorithm (Kel, 2003)

3. For each TFBS, phastCon scores were calculated using UCSC Genome Browser

17-way vertebrate Conserved Element table (Siepel et al., 2005)

4. Conserved TFBS were defined if 80% or more nucleotides had defined phast-

Con score and if the average score was 0.6 or more.

Only TFBS having at least 10 gene association were analysed. In total 202 TFBS

with 16,217 associated genes were analysed (data courtesy of Xiling Liu).

2.8.4 miRNA and TF Network Construction

The "igraph" package in R was used for the network representation (Csardi &
Nepusz, 2006). Interaction information was extracted from the same databases
used for functional and regulatory analysis. Only miRNA and TFs having consist-
ent over-representation of reversal genes were represented in the networks. Among
their targets, only the ones showing the fixed developmental expression pattern in
all datasets are present in the network. For example, if the network was construc-

ted for miRNAs that have consistent over-representation of up-down genes, only
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the genes increasing with age in all development datasets are present in the net-
work. The colour of the target genes shows the proportion of datasets in which that
gene shows reversal. Having a dark red colour means that the gene shows reversal

in all datasets, whereas white means it does not show reversal in any.

2.9 Permutation Test

To test the significance of finding categories (GO BP categories, miRNAs, and
TFs) behaving in the same manner across datasets, based on the procedure defined
in Section 2.8, I used a permutation scheme. The aim of this test is to assess the
probability of finding the same or higher number of categories having consistent
over-representation as the observed number, and to estimate the false discovery
rate.

For each dataset, the ages of the samples were randomly mixed using the R “sample”
function, age test was applied, and the reversal index for each gene was calculated.
This was only applied to the ageing parts (post 20 years) of the datasets; for the
age-related gene expression change in development, the original values were used.
The reason is that the aim of study is to analyse changes in ageing, in the context of
development. Thus, the pattern in development was accepted as fixed and only the
pattern in ageing was randomized. I can thus find the categories that have under-

or over-representation of reversal genes independent of ageing, i.e. by chance.

After calculating 1000 such permuted reversal indices for each gene in each data-
set, I followed the procedure described above by calculating the odds ratio for
categories, as I did for the real data. Based on the permutation scheme, for each
permutation, the number of categories showing OR > 1 or OR < 1 was recorded.
The average (median) number of observations gives the false discovery rate and
the number of cases having the same or higher number of observations divided by
the total number of permutations gives the p-value showing the significance of the

result.
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CHAPTER 3

RESULTS

3.1 Cell Type-Specific Expression

The datasets used in this study includes whole tissue samples, i.e. not cell type-
specific. Since brain is a heterogeneous tissue with different cell types, it is import-
ant to know if the samples have comparable proportions of cell types. To analyse
the relative contribution of different cell types to the transcriptome of the samples,
I applied a deconvolution approach using published cell type-specific gene expres-
sion data (Cahoy et al., 2008). Figure 3.1 shows the proportion of transcriptome
that can be explained by each cell type. In all datasets, the expression profile of
the all samples mostly reflects the neuronal expression. Moreover, neuron-specific
expression decreases with age in all datasets, but the expression profile continues
to be dominated by neuron-specific expression even in old ages. Oligodendrocyte
progenitor cell-specific expression is seen only at the beginning of the life and then
disappears. Myelinating oligodendrocyte-specific expression increases with age.
Similarly, astrocyte-specific expression, although is stable until late ages, starts to

increase after 60s.
Having a cell type-specific expression profile that is comparable across datasets

imply that technical issues (e.g. different proportions of grey vs. white matter

sampled in different datasets), do not direct the expression profile.
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Figure 3.1: Cell Type-Specific Expression Profile Change with Age
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It is important to note that, the only information used for this analysis is the gene
expression levels. Although the change in coefficients of cell type profiles might
be a consequence of the change in the cell type proportions, it may also reflect
changes in gene expression within a cell type. For example, decrease in neuronal
expression that we see in late ages might be an indicator of neuronal loss, as well

as loss of expression regulation resulting in loss of cellular identity.

3.2 Age-Related Gene Expression Change across Datasets

As the next step, age-related gene expression changes were compared across data-
sets to provide a direct estimate of consistency of the changes among datasets. I
used the p value calculated for each gene through the Age Test (see Section 2.5),
to compare the gene expression changes. The p value gives information about the
strength and the direction of age-related expression change. Since p is a measure
of monotonic change and one may expect differences between development (<20
years of age) and ageing (>20 years of age), | investigated these periods separately.

To compare the datasets, Spearman’s rank correlation test was used (Figure 3.2).

One prominent result from this comparison is that correlation among datasets in
the developmental period is stronger than that in ageing (Medianpge, = 0.52,
Medianpgge = 0.30, Mann Whitney U Test p < 0.001).

Furthermore, ageing datasets cluster in two distinct groups, not reflecting brain
regions (an expected source of biological variation), but the laboratory of origin;
i.e. the Kang2011 brain regions appear all similar to each other with respect to
ageing-related expression changes, whereas the others resemble each other. Such a
stark pattern is not observed for developmental expression changes, which tend to
group according to source brain region (although data from only two laboratories

were compared in this case).

Hierarchical clustering of brain regions based on p values representing age-related
gene expression change (Figure 3.3) shows that gene expression change can differ-
entiate ageing and development periods. Moreover, in development, similar brain

regions tend to be clustered together (note the colour code).
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Figure 3.2: Correlation plot for age-related gene expression changes between all
brain regions in development and ageing. The size and the colour of the squares
change with the magnitude of the correlation coefficient between different regions
as the large blue squares show strong positive correlation, and the large red squares
show strong negative correlation. Row and column labels show the type of samples
- green: development and red: ageing. Brain regions are ordered by hierarchical
clustering of correlation coefficients between datasets.
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Hierarchical Clustering of Gene Expression Change with Age
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Figure 3.3: Hierarchical clustering of brain regions in development and ageing
based on age-related gene expression change

The cell type-specific expression analysis (Section 3.1) and the hierarchical clus-
tering of expression changes in development (Figure 3.3), both suggest that there is
no prominent technical bias among datasets (such as some datasets behaving very
differently from others with respect to age-related changes).

At the same time, the grouping of ageing datasets in the correlation plot based on
laboratory of origin, and showing no clustering according to brain region might
have multiple explanations. First, this might be a further indication that unlike
development, ageing is not a programmed process. Specifically, age-related ex-
pression changes in ageing may tend to be more random than development, with
more inter-individual heterogeneity. This would decrease similarity among data-
sets. Second, expression changes in ageing are also expected to be weaker in
magnitude than those in development (see Introduction), so that technical noise
becomes more prominent when measuring ageing-related expression changes, than
developmental changes.
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3.3 Strength of Age-Related Gene Expression Change in Development and
in Ageing

Seeing that gene expression change in development is more homogeneous and re-
producible, an interesting question is whether expression change in development is
more pronounced than that in ageing. Using only the datasets which have samples
representing both postnatal development and ageing (Kang et al., 2011; Somel et
al.,2010,2011), I investigated if the gene expression change in development, meas-
ured by the Spearman correlation coefficient, is stronger than in ageing (i.e. how

much of the variance in expression is explained by age).

Difference in Strength of Gene Expression Change
Development vs. Ageing
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Figure 3.4: Magnitude of age-related gene expression change in development vs.
ageing. Each boxplot shows the distribution of |pge,| — |page| for genes in a given
dataset. Red line shows 0 which means no difference. Datasets are ordered accord-
ing to their median |pge,| — |page| differences.
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In order to get an overview of age-related gene expression change, I compared the
the gene expression change strength (absolute value of Spearman’s rank correlation
coefficients) in development and ageing. Figure 3.4 shows the distribution of the
differences between expression change in development and ageing for each gene.
Since the calculation was done as |pge,| — |Page|- @ positive value shows that change
in development is stronger than in ageing, whereas a negative value shows weaker
change in development. For most of the datasets, the median difference is posit-
ive indicating that the gene expression change in development is more prominent
than in ageing. Indeed, paired Wilcoxon signed rank test showed that 14 out of 18
datasets show more prominent changes in development (Benjamini-Hochberg FDR
q < 0.05 for each dataset). Furthermore, assuming that the datasets are independ-
ent, observing this in 14 out of 18 datasets is not very likely to be due to chance
(Binomial Test, p = 0.03).

3.4 Direction of Age-Related Gene Expression Change

Here, whether the gene expression change favours one specific direction (up or
down) was tested in development and ageing datasets. For each dataset, the pro-
portion of genes showing significant age-related change after multiple test correc-
tion (FDR g<0.1) was calculated (Figure 3.5). In development, all datasets show
at least some degree of significant change. However, ageing is more heterogen-
eous, with a much lower degree of significant change. There are some datasets
having only a few genes showing significant change and some having substantial
number of genes showing significant change in ageing. By comparing the number
of genes that show significant age-related change in either direction, I tested for
general trends in development and ageing. I found that the direction of age-related
gene expression change in development is generally in the positive direction (paired
Wilcoxon signed rank test, p = 0.054), whereas in ageing expression change dir-

ection favours the negative direction (paired Wilcoxon signed rank test, p = 0.001).

Given the difference between the direction of gene expression change in devel-
opment and ageing, a possible question to ask is whether these are linked to gene
expression reversals previously mentioned in a limited number of ageing studies,

and if yes, whether these bear any functional properties.
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Genes Showing Significant (q<0.1) Expression Change with Age
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3.5 Gene Expression Reversals

For the analysis of gene expression reversals, only three datasets (Kang et al., 2011;
Somel et al., 2010, 2011), consisting in total of 17 brain regions were analysed,
since these are the only datasets having samples representing both postnatal devel-

opment and ageing periods.
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Figure 3.6: Proportion of reversal genes
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Here the only criteria I used to consider a gene as a "reversal gene" is that it has a
positive reversal index (see Section 2.7). The proportion of reversal genes varies
between 37% (S1C - Kang2011) and 56% (VFC — Kang2011), with a median of
51%. Among all brain regions, SIC and OFC seem to have smaller reversal pro-

portions (Figure 3.6).

For the rest of the analysis, genes are classified according to their expression pat-
terns in development and ageing, i.e. decreasing or increasing. According to this,
all reversal genes are either “down-up” or “up-down” genes, where the first direc-
tion indicates the direction in development and the second one shows the direction
in ageing. In general, all of the brain regions show comparable amount of down-up
and up-down genes. The non-reversal genes are accordingly named as monotonic-

ally increasing or monotonically decreasing genes.

The number of common reversal genes across all 18 datasets is only 72 in 13,686
commonly expressed genes. This overlap is found to be statistically significant
assuming independence of datasets (Permutation test p<0.001, nc;peciea=0), but is
admittedly minute. One interpretation could be that expression reversal in the brain
is not a biologically reproducible and relevant phenomenon. An alternative inter-
pretation could be related to the highly stochastic nature of ageing, in accordance
with previous discussion in the literature (Kirkwood, 2005) and as suggested by
the earlier results of this study. Specifically, if the reasons of the gene expression
reversals are partly stochastic somatic mutations, epimutations, or random environ-
mental effects, if there is high inter-individual heterogeneity in expression changes
(and on top of these, in the face of technical noise), not seeing exactly the same

reversal pattern for the same genes across all 18 datasets may not be surprising.

Under this second interpretation, one may still, assume that reversal genes iden-
tified in each dataset can be functionally important for the ageing process, and
investigation of their functional roles and regulation could provide a new perspect-
ive for brain ageing. If so, we may expect that not necessarily the same genes,
but the same functional processes could show reversal patterns consistent across 18

datasets.
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3.6 Functional Analysis of Gene Expression Reversals

In order to analyse the biological relevance of gene expression reversals, I per-
formed functional analysis through the analysis of biological processes and trans-
regulators (miRNAs and TFs).

3.6.1 GO Biological Process Enrichment Analysis

To study the biological functions that are associated with the reversal pattern, I
used the Biological Process category of GO Database. I compared the functions of
the reversal genes with the functions of the genes showing monotonic change with
age, with the developmental pattern kept fixed. That means the up-down genes
were compared with the genes showing monotonic increase and down-up genes
were compared with the genes showing monotonic decrease. Thus, the results are
not dominated by the functional properties of developmental expression change.
Using this approach, I assigned to each functional process a measure of propensity

for being enriched in reversal genes.

Instead of searching for particular functional processes within each dataset, the
processes associated with reversal pattern consistently across all 18 datasets were
investigated. In this way, technical noise and the noise due to stochastic nature of
ageing was overcome. The results were tested using a permutation scheme (see
Section 2.9).

Down-Up Pattern vs. Monotonic Decrease

There are 16 GO Biological Process categories having consistent over-representation
of down-up genes when compared to the monotonically decreasing ones (Negpected=
0, permutation test p < 0.001). Figure 3.7 shows the result summarized by REV-
IGO (see Section 2.8.1). The full list of GO groups is given in the Appendix A.
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GO BP Enrichment Result for Down-Up Genes
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Figure 3.7: GO Biological Process enrichment result for down-up genes, summar-
ized by REVIGO

REVIGO grouped all categories under 5 superclusters:

e Group 1: This category includes deoxyribonucleotide metabolism and his-
tone acetylation. Expression change in deoxyribonucleotide metabolism genes
can be a sign of change in DNA stability as well as change in cellular ener-
getics, as ANTP metabolism-related genes are also in this category. Although
the treemap (Figure 3.7) only shows one type of histone acetylation (H4K8),
the full list of categories include H4KS acetylation. The reason why only

one of them is shown is that most of the genes are common between the
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two categories. So, the result should not be interpreted as down-up pattern
of H4K8 acetylation particularly, but histone acetylation in general. His-
tone acetylation is generally associated with open chromatin and increases
in gene expression (Eberharter & Becker, 2002). It is possible that genes in
other categories showing the down-up pattern are regulated by this epigenetic

process.

Group 2: Notably, in this group there are several development and differen-
tiation-related categories. Some of these categories does not seem to be re-
lated to the brain cells. However, it is possible that the regulators of these
differentiation pathways are the same. As a result of the presence of these
common genes, these categories might be found to show consistent over-
representation in the brain expression profile. Assuming that the up-regulation
of diverse differentiation-related genes is related to loss of cellular identity,
these results might indicate a possible link between gene expression reversal

and loss of differentiation.

Group 3: Pinocytosis -or "cell drinking"- also shows consistent over-rep-
resentation of down-up genes. It may have functions in intercellular commu-
nication, growth factor and neurotransmitter uptake. Protein import into nuc-
leus category contains the transporters which carry proteins into the nucleus.
Regulation of this group is especially important for the signal transduction

events which generally alter gene expression.

Group 4: The only category in this group is the regulation of necrotic cell
death. Necrotic cell death is characterised by increase in cell volume, or-
ganelle swelling, membrane rupture and loss of intracellular contents. Many
of the genes under this category are cytokines, which may also have role in

senescence associated secretory phenotype.

Group 5: Response to testosterone category includes all genes that have role
in change in state of cell upon testosterone stimulus. Among the genes in this
category, there are protein modifiers including kinases and acetylases as well
as transcription factors. These proteins are all involved in pathways induced
by testosterone. Testosterone level is known to decrease in ageing (Rajfer,
2003), and the increase in expression of response genes might be related to

complex feedback loops in signalling pathways.
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While studying these GO groups having more than expected amount of reversal
genes is interesting, GO groups that are depleted in reversal genes in all datasets
can also provide valuable information. In total there are 52 such GO Biological
Process categories listed in Appendix B (n.;pccteq= 0, permutation test p < 0.001).
The summary is given in Figure 3.8.

GO BP Enrichment Result for Monotonically Decreasing Genes
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Figure 3.8: GO Biological Process enrichment result for monotonically decreasing
genes, summarized by REVIGO

The summary gives 11 main clusters including nervous system development, in-
tercellular communication, macromolecule modification, cellular signalling, neur-
onal functions, cell projection, transport, microglia cell activation categories. Since
these show monotonic change throughout the lifespan and they decrease continu-
ously, these are continuation of changes in early postnatal years. However, this
does not necessarily mean that these are continuation of development. Instead it
might be possible that for some of these groups, ageing-related disruptive changes

has started in early years.

Up-Down Pattern vs. Monotonic Increase

Figure 3.9 shows the summarized list of functional categories which have consist-

ent over-representation of up-down genes in comparison to monotonically increas-
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ing genes. The full list contains 114 GO BP categories and is given in Appendix

C (negpecteq= 0, permutation test p < 0.001).

REVIGO grouped all 114 categories under 9 superclusters:

Group 1: This group is mostly related to CNS functions and development.
It includes startle response, which is related to sudden movement upon un-
expected stimulus. The categories dendrite extension, neuron recognition,
cellular component morphogenesis, and cell development are related to cel-
lular differentiation and development, crucial for neuronal function. Simil-
arly, cerebellar cortex development, which involves the cell differentiation,
formation of a mature structure with layers of different neuronal cells, shows
up-down pattern. Cerebellar cortex is important for cognition, memory and

motor function, which are also enriched in up-down genes.

Group 2: The only category in this group is locomotory behaviour, which

includes motor functions such as walking in multicellular organisms.

Group 3: This group includes cellular localization/transport functions. The
up-down pattern in these functions, including protein, macromolecule and
ionic transport, might be further indication of loss of cellular homoeostasis.
Endocytic recycling, which is important for membrane composition, also

shows up-down pattern.

Group 4: Membrane docking, which is an ancestor term of synaptic vesicle
docking, is an important category for cellular functions as well as synaptic

transmission. It is also involved in intercellular communication.

Group 5: Neuron cell-cell adhesion involves many proteins important for

synapse formation and synaptic transmission.

Group 6: This group is mainly composed of cellular signalling pathways and
synaptic transmission-related functions. Since these are grouped together,
the signalling pathways are also most probably induced by synaptic trans-
mission. The fact that we see increase in development and decrease in ageing

could be the reflection of decreased synaptic activity in ageing.

Group 7: Phosphatidylinositol metabolism, which is important for mem-

brane trafficking and lipid signalling, shows up-down pattern. Sphingolipids,
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which have role in maintaining integrity of cellular components, show a sim-

ilar trend.

Group 8: This supercluster contains macromolecule modification-related
functions including protein ubiquitination and dephosphorylation. One of the
hallmarks of ageing is loss of proteostasis (see Section 1.1.2), and change in
genes important for protein function can be important for this phenomenon.
The same supercluster also contains maturation of small subunit rRNA, which
might be an indication of decreased translation in ageing, reported earlier
(Hands, Proud & Wyttenbach, 2009). Synapse organization, which is also
found in this supercluster, is important for development, maturation and
maintenance of synapses. Similarly, cell projection organization, which in-

volves axonogenesis, also shows enrichment in up-down genes.

Group 9: This group mainly involves response pathways including response
to ions, glucagon, FGF stimulus and unfolded proteins. Ageing-related de-
crease in the activity of ionic response (lead and ammonium) and cocaine
response might be linked to decrease in toxic defence. Similarly, unfolded
protein response, which can again be an indicator of loss of proteostasis, is
related with how cell compensates the accumulation of non-functional pro-
teins, which are toxic to cell. Another group involved in FGF stimulus is

important in cell proliferation.
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Number of groups depleted in up-down genes and showing mostly monotonic in-

crease i 35 (Negpectea= = 0, permutation test p < 0.001). These groups are sum-
marized by REVIGO in Figure 3.10 and the full list is given in Appendix D.

GO BP Enrichment Result for Monotonically Increasing Genes
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Figure 3.10: GO Biological Process enrichment result for monotonically increasing
genes, summarized by REVIGO

The summary yielded 6 main clusters including metabolic processes -mostly cata-

bolic functions, cell cycle and cell death, development, transport, drug metabolism

and hydrogen peroxide metabolism.

3.7 Regulation of Gene Expression Reversals

The above analysis showed that gene expression reversals are consistently associ-

ated with several biological functions. This brings into question the regulation of

these expression changes. Here I analysed trans-regulators of these genes, as the

investigation of cis-regulation would require extra data such as DNA sequence and

chromatin structure of the same samples, which is not available.
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3.7.1 miRNA Enrichment Analysis

Genes Increasing with Age in Development
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Figure 3.11: Network representation of up-down gene regulation by miRNAs

It is known that miRNAs have important role in development (Rajfer, 2003). How-
ever, whether there are miRNAs targeting reversal genes is an open question. In
order to find this, for each miRNA, I asked whether its putative target genes have
more than expected amount of reversal genes, compared to putative targets of all
other miRNAs. As in the GO Enrichment Analysis, reversal genes are compared
with the genes with monotonic expression change, keeping the developmental pat-

tern fixed.
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None of the miRNAs show consistent over-representation of down-up pattern. This

suggests that this pattern is not mainly regulated by miRNA activity.

Up-down genes on the other hand, show consistent over-representation in 5 miRNA
targets (Negpectea= 0, permutation test p < 0.001). These are summarized in Fig-
ure 3.11. miRNAs are represented by larger nodes. Smaller nodes are the target
genes. The network only shows the genes which show increase in all development
datasets. Colour of the targets change between white and dark red, according to the
number of datasets in which that gene shows reversal. The darker the colour, the

more consistent the reversal pattern.

If we look at the miRNAs more closely:

1. hsa-miR-15b-5p: This miRNA has 1391 putative target genes overlapping
with the analysed datasets. On average, 731 of them (~53%) increase with
age in development and 416 of these (~57%) decrease with age in ageing.
Circulating hsa-miR-15b-5p is suggested as biomarker for Alzheimer’s dis-
ease (Kumar et al., 2013), bipolar disorder (R. M. Walker et al., 2015), and
several cancer types, including glioma (Pang et al., 2015; G. Sun et al., 2014).
Having been linked to glioma and Alzheimer’s, hsa-miR-15b-5p might be
important for the age-related changes in brain. This miRNA also has the
largest number of targets among the other miRNAs having consistently over-

represented reversal genes.

2. hsa-miR-455-3p: This miRNA has 270 putative target genes overlapping
with the analysed datasets. On average 133 of them (~49%) increase with
age in development and 76 of these (~57%) decrease with age in ageing.
Hypoxia signalling, some cancer and differentiation pathways are associated
with this miRNA (Lalevée, Lapaire & Biihler, 2014; Ujifuku et al., 2010).
Some of the targets are in common with hsa-miR-15b-5p and most of the

targets show reversal consistently.

3. hsa-miR-744-3p: This miRNA has 257 putative target genes overlapping
with the analysed datasets. On average 133 of them (~52%) increase with
age in development and 79 of these (~59%) decrease with age in ageing. This
miRNA is suggested to inhibit DNA repair mechanisms and have role in pro-

state cancer(Hatano et al., 2015). Also, by controlling the post-translational
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modifiers of TGF-/31, have role in inflammation, cancer and fibrosis (J. Mar-
tin et al., 2011). This miRNA has common targets with both hsa-miR-15b-5p
and hsa-miR-455-3p.

4. hsa-miR-1295a: This miRNA has 72 putative target genes overlapping with
the analysed datasets. On average 36 of them (~51%) increase with age in
development and 22 of these (~61%) decrease with age in ageing. There is
not much study on this miRNA, thus there is no specific function associated
with it.

5. hsa-miR-4518: This miRNA has 24 putative target genes overlapping with
the analysed datasets. On average 13 of them (~53%) increase with age in
development and 9 of these (~72%) decrease with age in ageing. Similar to
hsa-miR-1295-a there is not much study on this miRNA.

There are 3 consistently under-represented miRNAs for up-down genes, meaning
these miRNAs are associated with monotonically increasing genes more than ex-
pected. The number of miRNAs showing consistent under-representation for down-
up genes is 2. One of the miRNAs associated with the monotonically decreasing
genes is hsa-miR-455-3p, which also shows consistent over-representation of up-

down genes.

3.7.2 Transcription Factor Enrichment Analysis

Similar to miRNA analysis, the aim here is to find if any transcription factor is
related with the reversal pattern. However, transcription factor-target gene interac-
tions are generally not as well defined as for miRNAs. Hence, I used a transcrip-
tion factor binding site (TFBS) prediction approach, and further find transcription
factors associated with TFBSs from MSigDB (Subramanian et al., 2005).

Similar to miRNA analysis result, there is no TFBS that shows consistent over-
representation of down-up pattern genes. However, 9 TFBS show consistent over-
representation among up-down genes. These are summarized in Figure 3.12. Sim-
ilar to the miRNA network, larger nodes represent the TFBS and smaller ones rep-
resent the target genes. The colour gets darker as the number of datasets showing

reversal increases.
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Figure 3.12: Network representation of up-down gene regulation by TFs

The list of transcription factors (TFs) associated with these 9 TFBSs are given
below. Unless specified, the functional annotations for the TFsare retrieved from
the UniProt Database (The UniProt Consortium, 2014).

1. ¢-ETS-1/p54: This TF is associated with two enriched TFBS. One of them
also requires core binding protein (CBP) to bind. The TFBS is found in
the promoter regions of 1134 genes overlapping with the analysed datasets,
and 445 of them (~39%) increase with age in development and 237 of these
(~53%) decrease with age in ageing. The binding site that does not require
CBP binding has 4028 target genes and 1620 of them (~40%) increase with
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age in development and 847 of these (~52%) decrease with age in ageing.
c-ETS-1 can act as both activator and repressor of gene expression. It con-
trols cytokine and chemokine genes. This TF has been linked to stem cell
development, cell senescence and tumorigenesis. Also, it was found that it
controls migration and invasion in endothelial cells, which is related with

angiogenesis (Yordy et al., 2004).

. CHOP / DDIT3: The TFBS is found in the promoter regions of 1185 genes
overlapping with the analysed datasets and 466 of them (~39%) increase
with age in development and 253 of these (~54%) decrease with age in age-
ing. CHOP is activated upon ER stress and induces cell cycle arrest and
apoptosis. Also, activation of several caspases by CHOP also has effect on

inflammatory response.

. LEF1/TCF1:The TFBS is found in the promoter regions of 991 genes over-
lapping with the analysed datasets and 365 of them (~37%) increase with age
in development and 196 of these (~54%) decrease with age in ageing. LEF1
is an activator. It is associated with GPCR signalling and cancer pathways. It
is important in Wnt signalling pathway. There are alternatively spliced forms
of this TF. One of these isoforms regulates e-cadherin expression and causes

cell migration. Also, it causes cell proliferation in pancreatic tumours.

. POU2F1/ OCT1:The TFBS is found in the promoter regions of 1830 genes
overlapping with the analysed datasets and 697 of them (~38%) increase
with age in development and 372 of these (~53%) decrease with age in age-
ing. It is the first identified TF in POU family. It is linked to primary amebic
meningoencephalitis and herpes simplex. It regulates expression of several

snRNAs, histone H2B, and immunoglobulins.

. PAX3:The TFBS is found in the promoter regions of 1988 genes overlapping
with the analysed datasets and 764 of them (~38%) increase with age in
development and 411 of these (~54%) decrease with age in ageing. This TF
is important in neural crest differentiation and chromatin organization. It is
associated with cell proliferation, migration and apoptosis. It functions in

neural development and myogenesis.

. ZNF143 / STAF:The TFBS is found in the promoter regions of 211 genes

overlapping with the analysed datasets and 87 of them (~41%) increase with
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age in development and 49 of these (~57%) decrease with age in ageing. It
is a transcriptional activator. It activates selenocysteine tRNAs. Also has role

in snRNA activation.

7. NFE2L1/TCF11:The TFBS is found in the promoter regions of 900 genes
overlapping with the analysed datasets and 353 of them (~39%) increase
with age in development and 193 of these (~55%) decrease with age in age-
ing. It is linked to globin gene expression in erythrocytes. It is suggested
to regulate Alzheimer’s disease genes (Acquaah-Mensah & Taylor, 2016).
There are several articles suggesting that it affects proteasome function, ox-
idative stress and ER stress response, differentiation and inflammation (Kim,
Han & Chan, 2016).

8. TFBS: ZID_01:The TFBS is found in the promoter regions of 53 genes over-
lapping with the analysed datasets and 21 of them (~40%) increase with age
in development and 14 of these (~65%) decrease with age in ageing. There

is no TF associated with this binding matrix.

There is only 1 consistently under-represented TFBS for up-down genes, meaning
it contains more than expected amount monotonically increasing genes across all
datasets. The number of TFBS consistently under-represented among down-up
genes is 8. One of the TFBS associated with the monotonically decreasing genes
is LEFITCF1_Q4, which is bound by LEF1. This TF has also a consistent over-

representation of up-down genes.
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CHAPTER 4

DISCUSSION

In this study, I investigated the age-related gene expression changes in 1,015 samples
across 22 different brain regions. In total, seven different datasets were used. By
incorporating different datasets, I aimed to overcome the issues raised by the het-

erogeneous and stochastic nature of ageing.

Three of the analysed datasets (Kang et al., 2011; Somel et al., 2010, 2011) have
samples representing the whole lifespan, and four of them (Barnes et al., 2011;
Berchtold et al., 2008; Lu et al., 2004; Maycox et al., 2009) have samples only for
the ageing period. In human societies, age of 20 is considered as the beginning
of adulthood. Similarly, previous studies have found that age of 20 represents the
turning point for expression of many genes in the brain (see Section 2.1). Thus, I
used 20 years of age to separate datasets as development and ageing periods. How-
ever, as | will mention later (see Section 4.1), this aspect corresponds to one of the

limitations of this study.

In total, the datasets consist of 22 different brain regions, 17 of which can be
analysed throughout the whole lifespan. As part of the workflow of this study, I
searched for consistent patterns across these brain regions. It is possible that the
brain regions, which are functionally and histologically different, undergo differ-
ent age-related changes. However, by searching for common patterns across brain
regions, | focused only on the shared age-related changes, and ignored possible

region-specific patterns. Moreover, requiring consistency across different brain re-
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gions and datasets from different laboratories is useful for the study of ageing-
related changes, as focusing on only one dataset might allow technical noise to

dominate the identified patterns.

The data corresponds to whole tissue samples, which means it is not cell type-
specific. A possible problem when one works with whole tissue samples is that
the interpretation can be complicated by the heterogeneous structure of the tissue.
Thus, as the first step, I analysed the relative contribution of different cell types
in the brain to the transcriptome of the samples. The results showed that neuron-
specific expression dominates the expression profile. Given that neurons represent
only a small fraction of brain cells in number, this result might be surprising. How-
ever, if one considers the size of the neuron cell body in comparison to that of glia,

it is natural that the expression profile mostly reflects the neuronal expression.

Moreover, I found that the neuron-specific expression decreases in old ages. The
analysis also showed that the astrocyte- and myelinating oligodendrocyte-specific
expression also increases in elderly. This analysis is important as it suggests that
all datasets had similar cell type-specific expression profiles, which even showed
similarity in ageing-related changes; thus, they appear comparable at least with re-

spect to histology.

As the next step, I showed that the consistency in age-related expression change
patterns among datasets is higher in development than that in ageing. Ageing data-
sets clustered into two separate groups, which do not reflect the similarity of brain
regions but reflects the laboratory of origin. One of the most likely reasons is
the presence of technical issues. However, the age-related changes in development
datasets, which share the same experimental setup, show clustering somewhat more
according to the brain regions, notice clustering of frontal cortex or parietal cortex

regions in Figure 3.3.

Why do the ageing datasets cluster according to the laboratory of origin, but not
according to the brain regions and why do they show lower correlation among each
other relative to correlation among development datasets? Cell type-specific ex-
pression analysis suggests that the datasets are histologically comparable. Thus,

it is plausible that there is no prominent technical bias among datasets. There can
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be several other possible answers to the question. The first, the gene expression
change in ageing might be more random than development, considering the in-
creased heterogeneity among individuals at advanced age. The second, the gene
expression change in development might be stronger than that in ageing. Both can
result in technical noise to become prominent in the measured expression levels.
In turn, ageing-related changes become harder to detect than it is for the develop-

mental changes.

In order to test the idea that stronger age-related gene expression change accom-
panies the developmental period, I compared age-related gene expression change
strengths in development and ageing for each dataset that includes samples repres-
enting the whole lifespan. The results showed that ageing is associated with weaker

age-related expression changes.

Considering that the strength of the age-related gene expression change differs
between development and ageing, an important question is whether the direction
differs too. Analysis showed that gene expression tend to increase more in de-
velopment, whereas in ageing, gene expression change is mostly in the negative
direction (Figure 3.5). One possible explanation for the difference in the direction
of gene expression change in development and ageing is that genes having oppos-
ing trends in development and ageing are different genes: While developmental
period involves up-regulation of many genes, ageing involves down-regulation of
others. The second explanation, on the other hand, is that individual genes having
increasing expression in development start to decrease in expression in ageing, or
vice versa. This explanation, raises the question that whether what we see as op-
posing expression change trends in development and ageing, is linked to the gene

expression reversals reported previously in the literature (see Section 1.4).

In order to understand if the gene expression change trajectory of the individual
genes shows opposing trends in development and ageing, I calculated the preval-
ence of this pattern across different brain regions, using a statistic I developed for
this purpose. Results showed that, on average, half of the genes expressed in each

brain region show expression reversal, thus gene expression reversal is not rare.
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There can be two different explanations for this pattern. The first one is that in
developmental period, one cell type is prominent and in the ageing period another
cell type dominates the tissue. As a result, for a given gene, developmental period
reflects the expression pattern of the first cell type, whereas the expression level of
the second cell type becomes more prevalent in the ageing period. So, the reversal

pattern actually reflects the change in cell type proportions.

The second explanation, on the other hand, suggests that the reversal pattern is
due to the gene expression change within a cell type. The expression profile of a
single gene shows opposing trends in development and in ageing. The cell type-
specific expression analysis (see Section 3.1) can give a crude idea about whether
the first explanation is relevant. The relative contribution of specific cell types to
the transcriptome of a sample can be discovered by using this analysis. My results
showed that, although there is a slight decrease in neuron-specific gene expression
in late ages, the magnitude of that decrease most likely reflects the change in the
expression profile of the sample rather than the change in cell type proportions
(Figure 3.1). Another possible approach to analyse cell type proportions is; in-
stead of using the whole expression profile, using certain "marker" genes for each
cell-type (van de Leemput et al., 2014). In this way the result can be interpreted

more easily. In future I may adopt such approach, which might confirm this results.

Having shown that gene expression reversals most probably reflect intracellular
expression changes, rather than showing the change in cell types, it is tempting to
ask which genes show expression reversal. Among 13,686 commonly expressed
genes, only 72 show reversal in 18 datasets. Although this overlap is statistically
significant, the number is quite low. It is possible to interpret this result as gene
expression reversal not being a biologically reproducible phenomenon, at least in
the ageing human brain. However, given the stochastic nature of ageing, not see-
ing the reversal pattern for exactly the same genes is not unexpected. Considering
the heterogeneity in ageing and that stochastic somatic mutations, DNA damage,
epimutations or environmental factors might have influence over gene expression
reversals, it is even more logical not to expect the reversal pattern for the same
genes. A relevant question then is, if the reversal genes are over-represented in
any of the GO Biological Process categories. To answer this question, I determ-

ined the categories having consistent over-representation of reversal genes across
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18 datasets. The results are promising as most of the ageing-related known pheno-
types were found to be associated with the reversal pattern, even though the genes
are not the same across all datasets. The categories include neuronal functions
and macromolecule modification pathways. As synaptic loss, decrease in cognitive
abilities and loss of proteostasis are known ageing-related phenotypes (see Section

1), gene expression reversals might have important role in brain ageing.

Another interesting observation is that some of the GO BP categories showing
consistent representation of up-down genes are in common with the GO BP cat-
egories with over-representation of monotonic decrease. One possible explanation
is that gene expression reversal for some of the genes in these categories start in
very early ages, e.g. around birth. As already discussed in the literature (Colan-
tuoni et al., 2011), some genes have a turning point at the age of 20, whereas,
some have turning points just after birth. As we do not include any prenatal ex-
pression data in this study, we may not detect such an early turning point. But
it is possible that development of these functions is completed at prenatal period,
and after birth, these functions start to be suppressed, perhaps in a disruptive way.
The list of the functions that are in common between up-down and monotonic de-
crease GO BP categories is given in Appendix E. All of these functions are related
to nervous system functions such as neuronal development, morphogenesis, and
synaptic transmission. Further analysis of these groups can enable better interpret-
ation of these changes. Some of the possible improvements to the analysis are: 1)
instead of taking 20 years of age as a global turning point, several different ages
can be defined as turning points based on the expression profiles of the genes; 2)
Gene expression patterns within these GO categories can be further analysed so
that presence of multiple turning points can be detected and further functional ana-

lysis can be applied.

A further notable outcome of the functional analysis is that there are several func-
tional groups that are development/differentiation-related and have consistent over-
representation of down-up genes. The down pattern in development is expected
for these functional pathways, as they are mostly active during the early postnatal
years and starts to decrease. However, the reason why expression of these genes
start to increase in ageing is not so easy to interpret. An intriguing question is

whether cells undergo expression changes such that they reverse back to their un-
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differentiated state. Considering that the neuronal and synaptic functions also show
reversal, it is possible that cells tend to lose their differentiated state towards eld-
erly. Some of the age-related diseases such as cancer (Hanahan & Weinberg, 2011)
and Alzheimer’s disease (Arendt et al., 2000; Vincent, Rosado & Davies, 1996)
have previously been linked to de-differentiation. So, a relevant question would
be whether ageing itself gives cells a predisposed state to the malignancies. The
investigation of a direct link between gene expression reversals and loss of differ-

entiation needs further analysis.

Gene expression reversals are shown here to be widespread and functionally rel-
evant phenomenon in the human brain. Moreover, some of the biological functions
are in accordance with the characteristics of brain ageing. This raises a critical
question: what are the possible drivers of the reversal pattern? There are several
possible explanations but the most reasonable two are: 1) accumulation of ran-
dom somatic damage; 2) cellular response to the accumulation of damages such as
mutations and reactive oxygen species (ROS). Regulatory analysis of the reversal
genes can give an idea about whether this phenomenon is a regulated response or

due to random damage.

Accumulation of random somatic damage mostly concerns the cis-regulatory ele-
ments of the genes. These elements are the DNA sequences controlling the expres-
sion of the proximal genes. Unfortunately, without additional data from different
layers such as genomic sequence or epigenomic signatures, it is not possible to
confirm the effect of cis-regulatory elements. A possible way to interpret the data
could be analysis of mutational load of the cis-regulatory elements to understand if
the ones associated with the reversal genes are more prone to mutations (Lu et al.,
2004). However, tissue specificity of the reversal genes should also be considered
in this analysis, as most of the genome data is not brain-specific. So, either one
should first confirm that gene expression reversals are widespread among different
tissues and use genome information, or the analysis should be done using genome

sequence of the brain tissue.
In this study, I focused on the trans-regulators and asked if there are miRNA or

TFs associated with reversal genes. At the end of this analysis, if one can find

significant association, two possible explanations are possible: 1) Gene expres-
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sion reversals are controlled by trans-regulators that are activated/repressed upon a
cellular signal (e.g. damage accumulation, cellular stress, environmental signals);
2) Stochastic changes affect the expression/function of the trans-regulator which

causes expression change in the target genes.

I found that none of the miRNAs/TFs are associated with the down-up genes con-
sistently in all of the datasets. However, up-down genes were found to be asso-
ciated with five miRNAs, three of which have been linked to differentiation, cell
signalling, cancer and neurodegenerative diseases. Two of the miRNAs are not
widely studied. Further study on these miRNAs can provide additional informa-

tion about the ageing.

Similarly, the TFs associated with up-down genes are related to development, cell
cycle, inflammation and cell death functions. Some are also associated with phen-
otypes such as cell senescence and cancer. The TFBS identified as related to up-
down genes is not yet mapped to any particular TF, and studying that TFBS to

elucidate the TF bears potential to understand ageing.

Overall, the regulatory analysis suggests that there are miRNAs and TFs show-
ing consistent over-representation of reversal genes. However, considering that the
reversal genes are not the same across datasets, an important question is whether
these associated trans-regulators actually regulate the reversal genes. It is important
to note that the analysis only shows an association but not direct functional relation-
ship. A possible way to further check the association is analysing the expression
patterns of the regulators. For example, if a miRNA that is associated with up-down
genes, shows age-related expression decrease in ageing, the functional relationship
might actually be missing. When considering the expression patterns of the regu-
lators, another important aspect is the post-transcriptional/translational regulation
of the regulators. For example, it is important to find out if there is age-related al-
ternative splicing of the regulator. The mature form favoured by the cell can show
differences with age. Analysis of these alternative forms can also provide under-

standing on how/if gene expression reversal is regulated.

Although some of the reversal patterns are associated with trans-regulators, there

can be reversal genes that are not trans-regulated. These genes might have pro-
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moters that are more vulnerable to damages, resulting in expression change in later
ages. For example, if these genes are expressed at high levels throughout the life-
time, that means the chromatin structure of the promoter regions is different. The
more active the gene, generally the more open the chromatin structure. That, in
turn, causes DNA to be more prone to mutations (Schwer et al., 2016); conversely,
transcription-coupled repair might also limit some types of mutation accumulation
(Yadav, DeGregori & De, 2016). Another valuable information would be the chro-
mosomal location of the reversal genes. If these genes are generally close to each
other, or close to a mutational hotspot, this can also imply a possible reason why

gene expression reversals are observed.

4.1 Limitations and Possible Improvements

1. In this study, I accepted 20 years of age as a global turning point for the
gene expression change. However, the results imply that some genes might
show an early reversal. A possible improvement would be grouping genes

according to the turning points and then classifying them accordingly.

2. The Kang2011 dataset contains 16 brain regions, in total 741 samples from
33 individuals. Throughout the study, I treated different brain regions as they
are independent from each other. However, since some of the samples for
different regions are taken from the same individuals, to test the categories
with consistent over-representation of reversal genes, I can use an improved

version of permutation scheme that takes controls for individual identity.

3. For the cell type analysis, I used the whole transcriptome of each cell type.
This in turn can give information on whether the cell type proportion changes
in the tissue. However, the result can also be interpreted as a change in
cell type-specific expression, thus loss of cellular identity. Without further
single-cell transcriptome data generated, a possible improvement would be

confirming the results using just the “marker” genes for each cell type.

4. After dividing datasets into brain regions and development/ageing periods,
there are in total 43 datasets analysed. However, not all of them have com-
parable number of samples. This would affect the significance measure of the
age-expression correlations (also for this reason, significance cut-offs were

not used in this study except for in Figure 3.5). A possible improvement
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would be repeating the analysis by taking random N samples from each data-

set, N being the number of samples in the smallest dataset.

. The regulatory analysis only gives an idea about the possible association
between reversal genes and trans-regulators. However, for the correct in-
terpretation, the expression profiles of the trans-regulators should also be

considered.

. Genomic features of the reversal genes are not analysed in this study. In-
vestigation of features such as chromatin structure or chromosomal location
of these genes can provide information about the possible causes of gene

expression reversal pattern.
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CHAPTER 5

CONCLUSION

Although it is still disputed whether ageing is itself a disease or not, it is widely
accepted that ageing is the major risk factor for many diseases. One of the other
major consequences of ageing is decline in cognitive abilities and memory. This
does not only affect the individual’s health but also affects the social life. For these

reasons, brain ageing is a particular interest to this study.

To obtain insight into the underlying molecular nature of human brain ageing, I
used published microarray data from 7 different studies, containing 1,015 samples
from 22 brain regions. Age-related gene expression has been widely studied; how-
ever, this study provides a new approach by combining different studies together
and studying ageing in the context of development. The major outcomes of this

study are:

e Age-related gene expression change in ageing shows more variability among
datasets, which can possibly be attributed to higher inter-individual variab-
ility; thus, expression change in ageing is more heterogeneous than that in

development.

e Age-related gene expression change is stronger in development than that in

ageing.

e In development, the proportion of genes showing age-related expression de-

crease is higher than that of genes with age-related expression increase. In
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contrast, ageing is mostly accompanied by genes showing age-related gene

expression decrease.

e Gene expression reversal is observed in all brain regions and have consistent
functional associations. These functional associations include many ageing-
related phenotypic changes, including decrease in neuronal activity, loss of

proteostasis and decline in cognitive abilities.

e Apart from decrease in neuronal activity, functional processes related to cell
differentiation / development also tend to reverse back to the early years of
life. This may suggest that cells are inclined to lose their differentiated state

/ cellular identity.

e Up-down genes are associated with several miRNA and TFs, which suggests

that at least some of the reversal genes might be regulated.

e Down-up genes do not have a consistent association with any miRNA and
TFs.

Overall, the results showed that meta-analysis is a useful approach for transcrip-
tome studies of ageing due to the stochastic nature of ageing, and that studying
ageing-related gene expression changes in the context of development is a prom-
ising approach to discover the molecular mechanisms of ageing. Further work
including analysis of reversals in the context of diseases and the regulatory mech-
anisms can provide better understanding into the process, and may also provide

some potential targets to alleviate the consequences of ageing.
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APPENDIX A

LIST OF GO BIOLOGICAL PROCESS CATEGORIES WITH
CONSISTENT OVER-REPRESENTATION OF DOWN-UP
GENES

Table A.1: List of GO BP Categories having OR > 1 for Down-Up vs. Monotonic
Decrease Comparison in all datasets. "1" in the column names means increase in
gene expression.

GO ID GO Term Tin Dev 1in Age
GO:0000060 | protein import into nucleus, transl 0.38 % 0.63 %
GO0:0006907 | pinocytosis 0.57 % 0.64 %
GO0:0009262 | deoxyribonucleotide metabolic proce 0.51 % 0.6 %
G0O:0010939 | regulation of necrotic cell death 0.44 % 0.71 %
GO0:0030238 | male sex determination 0.53 % 0.6 %
GO0:0030279 | negative regulation of ossification 0.41 % 0.54 %
GO0:0032480 | negative regulation of type I inter 0.58 % 0.56 %
GO:0033574 | response to testosterone 0.44 % 0.6 %
GO:0043981 | histone H4-KS5 acetylation 0.61 % 0.55 %
GO:0043982 | histone H4-K8 acetylation 0.61 % 0.55 %
GO0:0045601 | regulation of endothelial cell diff 0.27 % 0.68 %
GO0:0048339 | paraxial mesoderm development 0.26 % 0.63 %
GO0:0072273 | metanephric nephron morphogenesis  0.35 % 0.64 %
GO:2000826 | regulation of heart morphogenesis 0.33 % 0.64 %
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APPENDIX B

LIST OF GO BIOLOGICAL PROCESS CATEGORIES WITH
CONSISTENT OVER-REPRESENTATION OF
MONOTONICALLY DECREASING GENES

Table B.1: List of GO BP Categories having OR < 1 for Down-Up vs. Monotonic
Decrease Comparison in all datasets. "1" in the column names means increase in
gene expression.

GO ID GO Term TinDev 1in Age
GO:0000904 | cell morphogenesis involved in diff ~ 0.42 % 0.45 %
GO:0001505 | regulation of neurotransmitter leve 0.5 % 0.43 %
GO:0001508 | action potential 0.49 % 0.39 %
GO:0001774 | microglial cell activation 0.49 % 0.4 %
G0O:0002429 | immune response-activating cell sur ~ 0.51 % 0.45 %
GO:0006622 | protein targeting to lysosome 0.67 % 0.41 %
GO:0006887 | exocytosis 0.52 % 0.43 %
GO:0006904 | vesicle docking involved in exocyto  0.65 % 0.32 %
GO:0006935 | chemotaxis 0.43 % 0.46 %
GO:0007156 | homophilic cell adhesion via plasma 0.4 % 0.35 %
GO:0007157 | heterophilic cell-cell adhesion via 0.31 % 0.35 %
GO:0007158 | neuron cell-cell adhesion 0.29 % 0.14 %
GO:0007215 | glutamate receptor signaling pathwa  0.36 % 0.26 %
GO:0007269 | neurotransmitter secretion 0.5 % 0.4 %
GO:0007409 | axonogenesis 0.42 % 0.42 %
GO0:0007411 | axon guidance 0.41 % 0.42 %
GO:0007413 | axonal fasciculation 0.29 % 0.18 %
GO:0008038 | neuron recognition 0.27 % 0.19 %
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GO0:0008344
GO0:0010923
GO0:0017157
GO:0017158
GO0:0018198
GO0:0021756
GO0:0021952
GO0:0021955
G0:0022029
G0:0030030
GO0O:0030316
GO:0031175
GO0:0035235
GO:0035305
GO0O:0035308
GO0O:0035336
GO:0035418
G0:0042330
GO0:0048013
GO0O:0048666
G0O:0048667
GO:0048812
GO0:0048857
GO0O:0050805
GO:0051648
GO0:0051650
GO:0051953
GO0:0060996
GO0:0061462
GO:0061564
GO:0070588
GO0O:0097485
GO0:0098609
GO0:0098742
G0O:1900449

adult locomotory behavior

negative regulation of phosphatase
regulation of exocytosis

regulation of calcium ion-dependent
peptidyl-cysteine modification
striatum development

central nervous system projection n
central nervous system neuron axono
telencephalon cell migration

cell projection organization
osteoclast differentiation

neuron projection development
ionotropic glutamate receptor signa
negative regulation of dephosphoryl
negative regulation of protein deph
long-chain fatty-acyl-CoA metabolic
protein localization to synapse

taxis

ephrin receptor signaling pathway
neuron development

cell morphogenesis involved in neur
neuron projection morphogenesis
neural nucleus development
negative regulation of synaptic tra
vesicle localization

establishment of vesicle localizati
negative regulation of amine transp
dendritic spine development

protein localization to lysosome
axon development

calcium ion transmembrane transport
neuron projection guidance

cell-cell adhesion

cell-cell adhesion via plasma-membr
regulation of glutamate receptor si
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0.55 %
0.53 %
0.56 %
0.5 %

0.51 %
0.53 %
0.28 %
0.37 %
0.36 %
0.45 %
0.49 %
0.44 %
0.37 %
0.56 %
0.55 %
0.39 %
0.27 %
0.43 %
0.39 %
0.44 %
0.42 %
0.43 %
0.49 %
0.47 %
0.55 %
0.55 %
0.41 %
0.36 %
0.68 %
0.42 %
0.51 %
0.41 %
0.44 %
0.37 %
0.37 %

0.39 %
0.38 %
0.36 %
0.31 %
0.46 %
0.28 %
0.29 %
0.37 %
0.34 %
0.45 %
0.46 %
0.42 %
0.23 %
0.38 %
0.37 %
0.38 %
0.24 %
0.46 %
0.38 %
0.43 %
0.42 %
0.42 %
0.43 %
0.29 %
0.37 %
0.37 %
0.33 %
0.3 %

0.4 %

0.42 %
0.42 %
0.42 %
0.46 %
0.38 %
0.29 %



APPENDIX C

LIST OF GO BIOLOGICAL PROCESS CATEGORIES WITH
CONSISTENT OVER-REPRESENTATION OF UP-DOWN
GENES

Table C.1: List of GO BP Categories having OR > 1 for Up-Down vs. Monotonic
Increase Comparison in all datasets. "1" in the column names means increase in
gene expression.

GO ID GO Term TinDev 1in Age
G0O:0000209 | protein polyubiquitination 0.51 % 0.44 %
GO0:0000266 | mitochondrial fission 0.67 % 0.32 %
GO:0000462 | maturation of SSU-rRNA from tricist  0.59 % 0.32 %
GO:0001964 | startle response 0.44 % 0.26 %
GO:0006464 | cellular protein modification proce 0.49 % 0.48 %
GO:0006470 | protein dephosphorylation 0.51 % 0.46 %
GO0:0006511 | ubiquitin-dependent protein catabol 0.54 % 0.46 %
GO:0006665 | sphingolipid metabolic process 0.55 % 0.45 %
GO:0006672 | ceramide metabolic process 0.53 % 0.46 %
GO:0006688 | glycosphingolipid biosynthetic proc 0.47 % 0.39 %
GO0:0006810 | transport 0.5 % 0.48 %
GO:0006887 | exocytosis 0.52 % 0.43 %
GO:0006900 | membrane budding 0.51 % 0.41 %
GO:0006901 | vesicle coating 0.55 % 0.4 %
GO:0006904 | vesicle docking involved in exocyto 0.65 % 0.32 %
GO0:0006986 | response to unfolded protein 0.52 % 0.47 %
GO:0007006 | mitochondrial membrane organization 0.53 % 0.45 %
GO:0007158 | neuron cell-cell adhesion 0.29 % 0.14 %
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GO0:0007169
GO0O:0007173
GO0:0007270
GO:0007409
GO:0007411
GO0:0007613
GO0O:0007616
GO:0007626
GO:0008038
GO0:0008104
GO0:0008286
GO:0008543
G0:0010288
GO0:0015012
GO0O:0015693
GO0:0016241
GO0:0016242
GO:0017157
GO0O:0019941
GO0:0021695
G0:0022008
GO0:0022406
GO0:0030030
GO0:0030111
GO0:0030148
G0:0030201
GO0:0030534
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GO0:0031400
G0:0031669
GO0:0032456
GO0:0032989
G0:0032990
GO0:0033036
G0:0034199
GO0:0034613
GO0:0035249
GO0:0035964
GO0:0036211

transmembrane receptor protein tyro
epidermal growth factor receptor si
neuron-neuron synaptic transmission
axonogenesis

axon guidance

memory

long-term memory

locomotory behavior

neuron recognition

protein localization

insulin receptor signaling pathway
fibroblast growth factor receptor s
response to lead ion

heparan sulfate proteoglycan biosyn
magnesium ion transport

regulation of macroautophagy
negative regulation of macroautopha
regulation of exocytosis
modification-dependent protein cata
cerebellar cortex development
neurogenesis

membrane docking

cell projection organization
regulation of Wnt signaling pathway
sphingolipid biosynthetic process
heparan sulfate proteoglycan metabo
adult behavior

neuron projection development
negative regulation of protein modi
cellular response to nutrient level
endocytic recycling

cellular component morphogenesis
cell part morphogenesis
macromolecule localization
activation of protein kinase A acti
cellular protein localization

synaptic transmission, glutamatergi
COPI-coated vesicle budding
protein modification process
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0.46 %
0.49 %
0.48 %
0.42 %
0.41 %
0.47 %
0.51 %
0.49 %
0.27 %
0.51 %
0.51 %
0.48 %
0.48 %
0.43 %
0.71 %
0.58 %
0.63 %
0.56 %
0.54 %
0.47 %
0.43 %
0.59 %
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0.37 %
0.48 %
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0.54 %
0.55 %
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0.5 %

0.4 %

0.62 %
0.49 %

0.47 %
0.45 %
0.34 %
0.42 %
0.42 %
0.37 %
0.23 %
0.39 %
0.19 %
0.48 %
0.47 %
0.45 %
0.36 %
0.28 %
0.36 %
0.43 %
0.29 %
0.36 %
0.46 %
0.46 %
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0.35 %
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0.42 %
0.32 %
0.38 %
0.42 %
0.48 %
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0.32 %
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0.49 %
0.3 %

0.48 %
0.35 %
0.27 %
0.48 %



GO:0038093
GO:0038095
GO:0038127
GO0:0038179
GO0:0042220
GO0O:0043161
GO0:0043266
GO:0043412
GO:0043632
GO0:0044070
GO0:0044344
G0O:0044765
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Fc receptor signaling pathway
Fc-epsilon receptor signaling pathw
ERBB signaling pathway
neurotrophin signaling pathway
response to cocaine
proteasome-mediated ubiquitin-depen
regulation of potassium ion transpo
macromolecule modification
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regulation of anion transport
cellular response to fibroblast gro
single-organism transport

positive regulation of exocytosis
membrane lipid biosynthetic process
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negative regulation of hormone secr
intracellular transport

neurotrophin TRK receptor signaling
Golgi vesicle budding
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COPI coating of Golgi vesicle
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cell development

neuron development

cell morphogenesis involved in neur
generation of neurons

neuron projection morphogenesis
cell projection morphogenesis
negative regulation of synaptic tra
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cellular localization
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establishment of vesicle localizati
synaptic transmission, GABAergic
response to ammonium ion
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0.51 %
0.5 %

0.48 %
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0.48 %
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0.4 %

0.49 %
0.46 %
0.41 %
0.45 %
0.48 %
0.37 %
0.43 %
0.42 %
0.42 %
0.44 %
0.48 %
0.45 %
0.31 %
0.27 %
0.27 %
0.34 %
0.46 %
0.43 %
0.42 %
0.45 %
0.42 %
0.45 %
0.29 %
0.36 %
0.38 %
0.48 %
0.48 %
0.37 %
0.48 %
0.37 %
0.3 %

0.37 %



G0:0060627
GO:0061564
GO0:0070727
GO:0071377
GO0:0071702
GO:0071774
GO0O:0072657
GO0:0090140
GO:0097484
GO:0097485
GO0O:1901379
GO:1901881
GO:1902578
G0:1902580
G0:1902591
GO0O:1903859
GO:1903861
GO:2000785

regulation of vesicle-mediated tran
axon development

cellular macromolecule localization
cellular response to glucagon stimu
organic substance transport
response to fibroblast growth facto
protein localization to membrane
regulation of mitochondrial fission
dendrite extension

neuron projection guidance
regulation of potassium ion transme
positive regulation of protein depo
single-organism localization
single-organism cellular localizati
single-organism membrane budding
regulation of dendrite extension
positive regulation of dendrite ext
regulation of autophagosome assembl
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0.52 %
0.42 %
0.5 %

0.4 %

0.51 %
0.48 %
0.46 %
0.79 %
0.59 %
0.41 %
0.55 %
0.33 %
0.5 %

0.49 %
0.53 %
0.57 %
0.57 %
0.59 %

0.44 %
0.42 %
0.48 %
0.35 %
0.49 %
0.45 %
0.48 %
0.28 %
0.22 %
0.42 %
0.41 %
0.41 %
0.48 %
0.48 %
0.39 %
0.2 %

0.2 %

0.35 %



APPENDIX D

LIST OF GO BIOLOGICAL PROCESS CATEGORIES WITH
CONSISTENT OVER-REPRESENTATION OF
MONOTONICALLY INCREASING GENES

Table D.1: List of GO BP Categories having OR < 1 for Up-Down vs. Monotonic
Increase Comparison in all datasets. "1" in the column names means increase in
gene expression.

GO ID GO Term TinDev 1in Age
GO:0000272 | polysaccharide catabolic process 0.46 % 0.66 %
GO0:0001523 | retinoid metabolic process 0.41 % 0.55 %
GO:0001580 | detection of chemical stimulus invo 0.48 % 0.7 %
GO:0001937 | negative regulation of endothelial 0.37 % 0.56 %
GO:0005980 | glycogen catabolic process 0.45 % 0.65 %
GO0:0006026 | aminoglycan catabolic process 0.32 % 0.6 %
GO0:0006027 | glycosaminoglycan catabolic process  0.31 % 0.59 %
GO:0006721 | terpenoid metabolic process 0.42 % 0.54 %
GO:0006801 | superoxide metabolic process 0.52 % 0.63 %
GO:0006956 | complement activation 0.45 % 0.69 %
G0:0009251 | glucan catabolic process 0.45 % 0.65 %
GO0:0010664 | negative regulation of striated mus 0.53 % 0.63 %
GO:0010939 | regulation of necrotic cell death 0.44 % 0.71 %
GO:0017144 | drug metabolic process 0.49 % 0.66 %
GO0:0021511 | spinal cord patterning 0.39 % 0.69 %
GO0:0021513 | spinal cord dorsal/ventral patterni 0.41 % 0.7 %
GO:0021871 | forebrain regionalization 0.27 % 0.61 %
GO:0042743 | hydrogen peroxide metabolic process  0.46 % 0.63 %
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GO0:0042994
GO0:0044247
GO:0044724
GO:0045669
GO:0045765
GO:0045778
GO0:0046031
G0O:0046939
GO:0048562
GO0O:0050912
GO0:0072348
GO:0072376
GO0:0072529
GO:1901342
GO0:1901605
GO0:1904037
GO:2000696

cytoplasmic sequestering of transcr
cellular polysaccharide catabolic p
single-organism carbohydrate catabo
positive regulation of osteoblast d
regulation of angiogenesis

positive regulation of ossification
ADP metabolic process

nucleotide phosphorylation
embryonic organ morphogenesis
detection of chemical stimulus invo
sulfur compound transport

protein activation cascade

pyrimidine-containing compound cata

regulation of vasculature developme
alpha-amino acid metabolic process
positive regulation of epithelial c
regulation of epithelial cell diffe
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0.48 %
0.47 %
0.58 %
0.32 %
0.44 %
0.35 %
0.65 %
0.61 %
0.38 %
0.47 %
0.41 %
0.45 %
0.49 %
0.45 %
0.55 %
0.41 %
0.28 %

0.65 %
0.66 %
0.59 %
0.56 %
0.57 %
0.56 %
0.58 %
0.58 %
0.57 %
0.68 %
0.63 %
0.65 %
0.68 %
0.57 %
0.57 %
0.64 %
0.6 %



APPENDIX E

LIST OF GO BIOLOGICAL PROCESS CATEGORIES WITH
CONSISTENT OVER-REPRESENTATION OF UP-DOWN
AND MONOTONICALLY DECREASING GENES

Table E.1: List of GO BP Categories having OR > 1 for Up-Down vs. Monotonic
Increase Comparison and OR < 1 for Down-Up vs. Monotonic Decrease Compar-
ison in all datasets. "1" in the column names means increase in gene expression.

GO ID GO Term TinDev 1in Age
GO:0006887 | exocytosis 0.52 % 0.43 %
GO0:0006904 | vesicle docking involved in exocyto  0.65 % 0.32 %
GO:0007158 | neuron cell-cell adhesion 0.29 % 0.14 %
GO:0007409 | axonogenesis 0.42 % 0.42 %
GO:0007411 | axon guidance 0.41 % 0.42 %
GO:0008038 | neuron recognition 0.27 % 0.19 %
GO0:0017157 | regulation of exocytosis 0.56 % 0.36 %
GO:0030030 | cell projection organization 0.45 % 0.45 %
GO:0031175 | neuron projection development 0.44 % 0.42 %
G0O:0048666 | neuron development 0.44 % 0.43 %
GO0:0048667 | cell morphogenesis involved in neur 0.42 % 0.42 %
GO0:0048812 | neuron projection morphogenesis 0.43 % 0.42 %
GO:0050805 | negative regulation of synaptic tra 0.47 % 0.29 %
GO:0051648 | vesicle localization 0.55 % 0.37 %
GO:0051650 | establishment of vesicle localizati 0.55 % 0.37 %
GO0:0061564 | axon development 0.42 % 0.42 %
GO:009748S | neuron projection guidance 0.41 % 0.42 %
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