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Abstract 
Identifying the proteome variation in different parts of the body provides fundamental 
molecular details, enabling further findings and mapping of tissue specific proteins. By 
combining quantitative transcriptomics with qualitative antibody based proteomics, the 
Human Protein Atlas (HPA) project aims to protein profile each human protein-coding 
gene. Genes with varying expression levels in the different tissue types are categorized 
as tissue elevated in one tissue compared to others, thus connecting genes to potential 
tissue specific functions. This thesis focuses on the most complex organ in the human 
body, the brain. With its billions of neurons specifically organized and interconnected, 
the ability of not only controlling the body but also responsible for higher cognitive 
functions, the brain is still not fully understood.  
 
In my search for brain important proteins, genes were classified at different stages 
based on expression levels. In Paper I and II the transcriptome of cerebral cortex was 
compared with peripheral organs to classify genes with elevated expression in the 
brain. Brain expression information was expanded by including external data (GTEx 
and FANTOM5) into the analysis, in Paper III. Thereafter, in Paper IV, the three 
datasets (HPA, GTEx and FANTOM5) were aligned and combined, enabling a 
consensus classification with an improved representation of the brain complexity. The 
most recent classification provided whole body gene expression profiles and out of the 
19,670 protein-coding genes, 2,501 were expressed at elevated levels in the brain 
compared to the other tissue types. Twelve individual regions represented the brain as 
an organ, and were further analyzed and compared for regional classification of gene 
expression. One thousand genes showed regional variation in expression level, thus 
classified as regionally elevated within the brain. Interestingly, less than 500 of the 
genes classified as brain elevated on the whole body level, and were also regionally 
elevated in the brain. Many genes with regionally variable expression within the brain 
showed higher expression in a peripheral organ than in the brain when comparing 
whole body expression. Based on elevated expression in the brain or brain regions, 
more than 3,000 genes were suggested to be of high importance to the brain.  
 
In addition, this high-throughput approach to combine transcriptomics and protein 
profiles in tissues and cells further generated new knowledge in several different other 
aspects: better understanding of uncharacterized and “missing proteins” (Paper III), 
validation of an antibody improving classification of pituitary adenoma (Paper V) and 
in Paper VI the possibility to explore cancer specific expression in relation to clinical 
data and normal tissue expression.  
 
There are multiple diseases of the brain that are poorly understood on both a cellular 
and molecular level. While my work mainly focused on identifying and understanding 
the molecular organization of the normal brain, the ultimate goal of mapping and 
studying the normal expression baseline is to understand the molecular aspects of 
disease and identify ways to prevent, treat and cure diseases. 
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Populärvetenskaplig 
sammanfattning 
 
Hjärnan, vårt mest komplicerade organ, består av ett nät av uppskattningsvis 85 
miljarder kommunicerande nervceller. Förutom nervceller ryms här lika många 
hjälpande gliaceller, som skapar de förutsättningar som krävs för att nervcellerna ska 
kunna utföra sin funktion. Hjärnan kan delas in i olika delar och regioner, var och en 
med sin specifika roll. I hjärnbarken (cerebral cortex) finns exempelvis områden som 
ansvarar för motorisk rörelse, känselupplevelsen, språk och synintryck. Även om vi i 
dag har viss grundläggande kunskap om hjärnan, finns det mycket som vi ännu inte 
förstår. Vi har begränsad kunskap om många av hjärnans sjukdomar och vet inte varför 
de uppstår och hur man på bästa sätt kan behandla eller förebygga dem.  
 
För att öka kunskapen och förståelsen om detta komplexa organ har vi undersökt dess 
genuttryck. På ett systematiskt sätt har vi försökt kartlägga vilka gener, och därmed 
proteiner, som är viktiga för hjärnan och dess funktioner. Proteiner som är en av 
cellernas viktigaste byggstenar är ofta den aktiva enheten i kroppens funktioner, som 
t.ex. syreupptagning, hormoner och annan viktig signalering. Anvisningar för hur 
proteinerna ska se ut finns i cellens cirka 20 000 gener. Genernas information på DNA-
nivå kopieras över till mRNA och används av cellen som mall vid tillverkningen av 
proteiner. Förekomsten av mRNA, som är en aktiv kopia av DNA sekvensen, indikerar 
att motsvarande DNA är aktiv d.v.s. den specifika genen är uttryckt. Eftersom mRNA 
är proteiners mall vid tillverkningen är förekomsten av just specifika mRNA en 
indikation att proteinet med stor sannolikhet finns i samma prov. För att lära sig mer 
om ett protein kan man antingen studera det enskilda proteinet direkt, eller indirekt 
genom att undersöka var och hur mycket mRNA det finns för ett visst protein. Då 
proteiner är väldigt många, mycket varierande och därmed svåra att studera har vi 
börjat med att kartlägga mRNA i hjärnan samt kroppens övriga organ och därefter valt 
ut potentiellt viktiga proteiner för att studera i närmare detalj. 
 
Efter att ha analyserat prover från alla kroppens organ kan vi se att väldigt få gener är 
uttrycka (aktiverade) i bara ett organ. Därför har vi fördjupat oss närmare i relativa 
mängder och huruvida mängden mRNA för olika gener skiljer sig åt mellan organen. 
För över 2 500 gener hittades mer mRNA i hjärnan jämfört med andra organ. 
Majoriteten av de mRNA som finns i förhöjda mängder i hjärna uttrycktes i de flesta av 
hjärnans olika regioner, utan någon större variation. För 1 004 gener varierade 
mängden mRNA inom hjärnan, men när hjärnan jämfördes med andra organ var det 
455 av dessa gener som hade högst mängd mRNA i ett annat organ än just hjärnan. 
Detta innebär sannolikt att proteiner som har en viktig funktion i andra organ än just i 
hjärnan ändå kan vara minst lika viktiga för hjärnan, men för enskilda regioner i 
hjärnan och förmodligen kopplat till specialiserade funktioner i hjärnan. Totalt 
indikerades 3 000 gener som extra intressanta för just hjärnan. För att bättre förstå 
hjärnans biologi bör proteinerna motsvarande dessa gener undersökas ytterligare. 
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Introduction 
The brain is the most complex organ in the human body and there is still much 
we do not know or understand about its physiology. The human brain is 
estimated to include over 170 billion cells [1] with well organized cell-cell 
interactions and distinct regional distribution. The brain controls body 
movements, interprets sensory input and regulates homeostasis, as well as is 
responsible for higher cognitive functions like thoughts, dreams, memory and 
behavior. This thesis aims to present a unique view on the human brain biology 
by providing an overview of the molecular architecture of the brain. Systematic 
classification of gene expression in the brain and other organs reveal the basic 
distribution of gene expression in the human body and indicates genes associated 
with brain specific functions. Mapping and connecting proteins to brain regions, 
neuronal and non-neuronal cell types and subcellular compartments provides the 
level of information necessary to link genes to cells, cellular processes and 
neurophysiology. These insights generate a deeper understanding of the unique 
molecular and physiological aspects of this organ. Cellular phenotypes are 
determined by genes, expression of mRNA and distribution of proteins. Whereas 
DNA sequence of genes and expression of mRNA are predictive for the shape 
and presence of proteins in tissue and cells, proteins are the main functional units 
in cells and tissues. Quantitative analysis of gene expression is combined with a 
more qualitative analysis of protein distribution to achieve a deeper 
understanding of normal brain physiology, and can hopefully also be used to 
identify pathological processes in cancer or neurological disorders.  
 
As an introduction, basic regional and cellular information is summarized in the 
first chapter. The second chapter introduces ongoing research in the field of 
mapping, followed by chapter three, where more details about the different 
methods both used and discussed in this thesis are presented. Chapter four 
summarizes brain-associated diseases, with focus on pituitary adenoma and 
glioma. Present investigations are summarized in chapter five together with the 
introduction to the HPA Brain Atlas, a new brain-centric portal with integrated 
transcriptomics and protein data for both human and mouse. In Appendix 1 a 
supplementary overview of brain regions is found.  
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1. Introducing the brain 

The organization of the brain is often referred to as the anatomy of the brain 
(originating from the Greek word anatomē meaning dissection), and includes the 
regional structures, cellular distribution and connectivity map. The activity and 
function of the brain is referred to as the physiology of the brain (the Greek 
words physis and logia, meaning study of nature/origin), which includes signal 
transduction and functional tasks of the different regions and cells. The activity 
and organization of the brain are linked together but are traditionally separated in 
fields of research. The aim is however the same for all who perform research 
within the neuroscience field: to better understand the brain and how it works.  
 
The brain and the spinal cord, originating from the neural tube, form the Central 
Nervous System (CNS). The Peripheral Nervous System (PNS) referrers to the 
nervous tissue and cells that originate from the neural crest, which controls 
various autonomous bodily functions and sends sensory information to the CNS. 
The brain communicates to the peripheral tissue and organs either through 
somatic motor nerves, sympathetic and parasympathetic outflow or through 
endocrine systems (hormone secretion).  
 

 Despite the fact that the brain only 
represents about 2% of the total body mass, 
it uses 20% of the energy and oxygen [2]. 
The brain consists of a complex 
interconnected net of neurons organized in 
regions, sub regions, nuclei and layers. The 
primary anatomical organization of the 
brain is into white and gray matter, which is 
macroscopically distinguishable in a slice of 
brain tissue (Figure 1). White matter 
contains more lipids due to lipid rich myelin 
sheets, which are created by 

oligodendrocytes to insulate the neuronal axons to allow fast action potential 
propagation, and contains less neuronal cell bodies than the gray matter. Almost 
60% of the human brain is lipids, it is the fattiest organ in the human body [3]. 
Gray matter contains fewer myelinated axons and a higher number of neuronal 
cell bodies and synapses. Neurons in the brain are organized in layers (e.g. 
cerebral cortex and cerebellar cortex) or in nuclei, as a cluster of neurons. Many 
nuclei can be divided into sub nuclei based on cellular composition, connectivity 
or special functions.  

Figure 1. Basic organization of the 
brain.  A slice of fresh pig brain shows 
the macroscopically distinguishable white 
and gray matter.  Photo: Jan Mulder 
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Part I- Regional organization 
 
The developmental and evolutionary origin of the regions in the brain defines the 
basic organization of vertebrate brains, since the spatial separation of the regions 
is predetermined [4]. The first stage in development is identical in all 
vertebrates, dividing the early brain into forebrain, midbrain and hindbrain 
(Figure 2), which further develop into functional brain regions. The hindbrain 
contains the myencephalon that later becomes medulla oblangata, and 
metencephalon that develops into pons and cerebellum. The midbrain, also 
called mesencephalon, is together with the pons and the medulla oblangata 
referred to as the brainstem. The brainstem is located at the basis of the brain and 
elongates to the spinal cord. It is also the evolutionary most basic group of 
regions, responsible for primal drives and sometimes referred to as the reptile 
brain [5]. The forebrain is divided into telencephalon (also known as cerebrum, 
including cerebral cortex, hippocampus and sub cortical nuclei such as basal 
ganglia and amygdala) and diencephalon (thalamus and hypothalamus).  
 

Figure 2. Schematic overview of the basic organization of the human brain based on main 
developmental events. The initial separation of the brain is into forebrain, midbrain and hindbrain, 
which later becomes the individual regions. The different regions are marked with colors, not all the 
brain regions are visual in the midsagittal overview (front-to-back oriented section), see Figure 3 
for the overview including more regions.  
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Telencephalon includes cerebral cortex and subcortical regions (hippocampus 
formation, amygdala, olfactory and basal ganglia). Cerebral cortex is the largest 
region of the human brain, and it is further divided into different sub regions 
(lobes and gyri) based on function and anatomical location, further described in 
in appendix 1 (page 63). The cerebral cortex consists of gray matter with 6 
neuronal layers and a large area of white matter containing myelinated afferent 
and efferent axons. The cortical gray matter together with the white matter 
represents 80% of the total brain weight [1]. The olfactory bulb is receiving 
input from the olfactory neurons in the nasal olfactory epithelium. Hippocampal 
formation (including the corpus ammonis (CA1-4) of the hippocampus, the 
dentate gyrus as well as connected cortical structures, such as subiculum and the 
entorhinal cortex) belongs to the limbic system and forms the circuitry 
responsible for the formation of memories. The amygdala is also part of the 
limbic system and is involved in processing of emotions and emotional learning. 
Basal ganglia include a collection of subcortical nuclei; globus pallidus, caudate 

Figure 3. The different regions of the human brain. Sagittal overview (oriented front-to-back) 
of the different brain areas with markings for the approximate position of coronal sections (side-
to-side orientation) 1-3, showing one hemisphere and colored indication of the different regions.  
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nucleus, nucleus accumbens and putamen, which are all separated nuclei of gray 
matter surrounded by white matter in the basal forebrain.  
 
Diencephalon includes the thalamus and the hypothalamus that is located 
central in the brain. The thalamus acts as a relay connecting subcortical regions 
and the cerebral cortex. The hypothalamus is among the most heterogeneous 
brain structures and harbors many neuroendocrine systems involved in stress 
response, control of apatite and sexual behavior.  
 
Mesecephalon (midbrain) has three larger sub regions and includes several 
smaller nuclei. Substantia nigra and ventral tegmental area are two nuclei 
important for dopaminergic neurons, located in the midbrain with connections to 
basal ganglia.  
 
Metencephalon includes both the pons and the cerebellum. Pons consists of 
several large connections to cerebellum and medulla from other brain regions, 
and is providing thalamus with sensory input. Cerebellum includes cortex (outer 
layer) as well as white matter underneath with several nuclei´s therein. The 
cerebellar cortex consists of three distinct layers; the molecular layer, the 
Purkinje cell layer and the granular layer. All three layers are rich in neurons, 
some remarkably large (the Purkinje cells) and others much smaller (granular 
cells).  
 
Myencephalon (medulla oblangata) is the link between the brainstem and the 
spinal cord and there is no distinct border between the two, they merge into each 
other. Medulla oblongata includes several autonomic centers, for example 
related to respiration and blood pressure.  
 
Spinal cord is an elongation of the brain, with the composition of white and 
gray matter. The dorsal part is involved in processing of sensory information 
received by sensory neurons located in the dorsal root ganglia. The ventral part 
contains motor neurons. The spinal cord is organized in cervical (C1-C7), 
thoracic (T1-T12) and lumbar (L1-L5) segments. Each segment receives sensory 
information from and generates motor output to its corresponding body segment.  
 
Pituitary gland is a small gland below the hypothalamus. The pituitary gland is 
developmentally interesting since it is a mixture of endocrine and neuronal 
origin. During early gestation, a “loop” of ectoderm from the roof of the mouth 
is created (called Rathke´s pouch) and grows together with a “loop” from the 
diencephalon of the developing brain. The function of the two parts stays 
separated, one part is endocrine (the anterior lob) and the is neuronal (the 
posterior lobe). Intermediate lobe is the third lob of pituitary, which is very small 
in human.   
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Retina is considered as a part of the CNS since the origin of retina (and the 
pigment epithelium in the eye) is an out pocketing of the diencephalon, and the 
retina consists of specialized neurons with complex connections. The retina is 
organized into distinct layers of different cell bodies and processes and the 
communication between the layers and cell types are well defined.  
 
The regions briefly described in this section, summarize the basic division of the 
human brain. There are however additional regions, such as pineal gland, several 
nuclei in the basal forebrain as well as well defined tracts of the brain, which are 
all part of the anatomical organization of the brain. Corpus callosum is for 
example a defined bridge of white matter between the two hemispheres. Other 
parts of the brain are the ventricles (cavities filled with cerebral spinal fluid 
(CSF)), the ventricle walls (the boarder lined with ciliated ependymal cells) and 
choroid plexus (which secrets the CSF). The information in this section is based 
on Purves et al. Neuroscience, 5th edition [6]. Additional images and information 
are available in appendix 1.  
 
 

 

 

Part II- Main cell types in the brain 
 
Apart from the division into white and gray matter, as mentioned earlier, the 
brain may look histologically homogenous since the different cell types are 
difficult to distinguish without staining or labeling. However, if specific proteins 
are tagged the cellular heterogeneity becomes clear and it is possible to see 
defined cells and structures. Examples of immunohistochemically stained 
proteins, expressed in different cells in the brain, are shown in Figure 4. The 
most basic separation of cells in the brain is into neuronal and non-neuronal 
cells. Non-neuronal cells include glial cells and endothelial cells. Both neurons 
(examples A-L in Figure 4) and glial cells (examples Q-Ö in Figure 4) are found 
in different shapes and sizes. The blood vessel lining endothelial cells are 
slightly different in the brain compared to the rest of the body due to the tightly 
regulated Blood-Brain-Barrier (BBB) [7], which is protecting the brain from 
hazardous chemicals and germs present in the blood.  
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Neurons 
The brain contains approximately 85 billion neuronal cells [1]. Neurons are the 
main signaling units, forming complex networks, communicating with each 
other via synapses and are grouped into specific circuits related to certain 
functions and information processing. Signals are transduced by depolarization 
and propagation of membrane potential along the neuronal processes (dendrites 
and axons). Neurons can be grouped based on morphological, physiological and 
molecular characteristics. Classifying the different types of neurons in detail is 
regarded as an important stepping-stone to understand the brain [8, 9]. One 
fundamental division, based on function, is into interneurons and projection 
neurons. Interneurons are local interconnections between neurons while 
projection neurons are either local interconnections but also includes sensory 
neurons receiving input and motor neurons sending instructions to other cells. In 

Figure 4. Immunohistochemical staining of the brain, targeting 28 different proteins 
showing various cell types and structures. A-L show different proteins located in neuronal cell 
bodies, while M-P displays neuronal proteins related to other neuronal structures. Proteins in Q-
Y are detected in astrocytes, Z- Å show oligodendrocytes and Ä-Ö microglia. A- HPA048583 
targeting TMEM35A. B- HPA035813 targeting CLEF1. C- HPA031813 targeting REEP2. D- 
HPA035969 targeting PCDHA1. E- HPA024748 targeting CA8. F- HPA036677 targeting 
FAR5B. G- HPA012800 targeting PLD3. H- HPA036407 targeting RAB11FP5 I- HPA058412 
targeting GAD1. J- HPA076764 targeting RGS8. K- HPA065743 targeting TMEM88B. L- 
HPA066228 targeting WASF3. M- HPA060523 detecting CBFA2T2 in neuronal cell nuclei. N- 
HPA058511 targeting SIRPA, show synaptic positivity. O- HPA042434 targeting a neuronal 
membrane protein, KCNB1. P- HPA058659 targeting GRIA3 showing synaptic positivity and 
staining in neuronal processes. Q- HPA014784 targeting AQP4. R- HPA004010 targeting MT3. 
S- HPA040454 targeting ITPKA. T- HPA041351 targeting CACNG8. U- HPA061714 targeting 
NMNAT2. V- HPA045050 targeting CLEC2L. X- HPA040151 targeting GPC5. Y- HPA062278 
targeting KCNF1. Z- HPA023280 targeting CNP. Å- HPA038295 targeting ERMN. Ä- 
HPA014518 targeting P2RY12. Ö- HPA049234 targeting AIF1. 
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Figure 5 a schematic image of a multipolar neuron is shown. Motor neurons and 
interneurons are mainly multipolar neurons. Other morphological types of 
neurons are unipolar, bipolar and pseudounipolar, which most often are sensory 
neurons.  

 
Figure 5. Schematic drawing of a multipolar neuron. 

1. Dendrites, branches from the cell body where signals from other neurons are received and 
propagated along the cell membrane to be summarized at the axon hillock (4).  

2. Cell body, also called soma, the cytoplasm contains organelles, including the cell nuclei. 
3. Nucleus, cellular organelle containing the DNA. 
4. Axon hillock, the gateway to the axon and where the total input signal needs to reach certain 

amplitude to be transmitted as a signal via the axon.  
5. Axon, never more than one, but may be branched. The axon is often, but not always, insulated by 

myelin sheets that are formed by oligodendrocytes for faster and enhanced transmission of the 
electrical signal. A bundle of axons are in the PNS referred to as a nerve and in the CNS called a 
tract.  

6. Nerve end and synaptic terminal, presynaptic end is part of the transmitting neuron and the 
postsynaptic terminal is located on the dendrite on the receiving neuron. This is where the cell-to-
cell communication takes place by release of neurotransmitters.  

 
Across the non-permeable cell membrane of neurons there is an electrochemical 
gradient (resting potential), when the permeability of the neurons is affected by 
opening of cation channels the influx of sodium and calcium ions results in 
depolarization of the membrane potential. The efflux of potassium restores the 
membrane potential and ATP dependent ion-pumps restore the electrochemical 
gradient enabling new signaling events. These depolarization and repolarization 
event is called an action potential, which spreads along the cell membrane. 
Between cells, signals are transmitted via synapses, where the presynaptic end is 
approximately 10-20 nm from the postsynaptic site [10]. When an action 
potential reaches the pre-synaptic site it triggers the fusion of synaptic vesicles 
with the cell membrane releasing neurotransmitters into the synaptic cleft. 
Binding of neurotransmitters to post-synaptic receptors will result in excitation 
or inhibition of the postsynaptic neuron. At the synapse, release, signaling and 
re-uptake of the transmitting substance requires many specialized proteins. The 
transmitted signal may be inhibitory, and suppress the possibility for the 
postsynaptic neuron to transmit a signal, or excitatory and activates a signal in 
the recipient neuron. A frequently used molecular classification of neurons is 

1

4
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based on which neurotransmitter they utilize for communication. 
Neurotransmitters can be grouped into: amino acids (glutamate, GABA, 
aspartate, glycine), monoamines (dopamine, serotonin, histamine) peptides 
(somatostatin, NPY) and other (ATP, acetylcholine). Whether the 
neurotransmitter is excitatory (the monoamines, glutamate, ATP, and some 
peptides) or inhibitory (GABA, glycine and a few peptides) is also an 
informative way to classify neurons. This section briefly summarizes basic 
neuronal subtype classifications, however, there are also a few neuronal subtypes 
with particular names, for example Purkinje cells in cerebellum (E in Figure 4).   

Glial cells 
Although they are not part of information processing circuits, the functions of 
glial cells are nevertheless important. The non-neuronal/neuronal - ratio in the 
brain is overall estimated to 1:1, with a high variation, ranging from 15.5:1 in 
white matter of cerebral cortex to 0.2:1 in the neuronal rich cerebellum [1]. Glial 
cells can be divided into three different classes: astrocytes, oligodendrocytes and 
microglia (Figure 6). 
 
Astrocytes are star shaped glia cells found throughout the whole brain. The 
heterogeneity of astrocytes was noted already in 1893 [11] when astrocytes were 
subdivided into the protoplasmic (mainly in the gray matter) and the fibrillary 
astrocytes (not as branched and found in the white matter). Currently, the 
characterization of sub types based on location, function and molecular signature 
is still ongoing. It is suggested that human astrocytes are different from 
astrocytes in other mammalian species like rodents [12, 13]. Astrocytes are 
involved in both synaptic formation [14, 15] and function [16, 17]. Several 
neurotransmitters are recycled by astrocytes, for example glutamate which is 
taken up by astrocytes converted to glutamine, then released and taken up by 
neurons to be converted to glutamate [18]. Together with endothelial cells and 
pericytes, astrocytes, or specifically the astrocyte endfeet, are components of the 
tightly regulated Blood-Brain Barrier [7].  
 
Oligodendrocytes are, like Schwann cells in the periphery, insulating neuronal 
axons with myelin sheets. The cells are branched and able to myelinate up to 40 
different axons [19]. This myelination enables fast propagation of action 
potentials along the axons of projection neurons. The highest density of 
oligodendrocytes is found in the white matter containing bundles of axons 
connecting brain regions.  
 
Microglia are of hematopoietic origin and migrate into the brain during 
embryonic development. They are immune cells of the brain with macrophage-
like function [20]. In their resting stage they are branched (ramified) as 
astrocytes but often smaller and their processes look different from astrocytes.  
They play an important role in various neurological disorders and are the main 
contributors to the innate immune responses [21, 22]. 
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Figure 6. Schematic drawings of the three glial cell types, 1- Astrocyte, 2- Oligodendrocyte, 3- 
Microglia 

 

Part III- Models and sampling 
 
The use of human brain samples to study neuroscience is limited, due to ethical 
and practical reasons. Therefore, brain research is often based on other species as 
model animals. When studying the basic principles of physiology of neurons it 
can even be beneficial to use an animal with a less complex and a fully 
characterized connection network. The voltage clamp technique for studying 
electrophysiology was developed in the squid giant axon [23], where the size of 
the neuron is beneficial. Other models include the nematode C. elegans, fruit fly, 
zebra fish and mouse, which all have completed reference genomes [24-27]. The 
field of neuroscience relies a lot on the most common animal model, rodents 
[28], since they are mammals and of a practical size. The similarity between 
rodent and human brain has been studied [27, 29-32], however, in spite of the 
genetic homology, the similarity on the expression level is unclear, some 
researchers have found a good correlation [32] while others indicate differences 
[31]. Non-human primates are also important models, because of their 
evolutionary relation to humans and a brain almost as complex, and therefor a 
useful example for understanding the uniqueness of the human brain and the 
evolutionary changes [33]. 
 
The size of human brain is suggested to be a part of human evolutionary success 
[34, 35]. However, calculations regarding the relative size compared to other 
primates propose that human brain in fact is a scaled up version of the primate 
brain [1]. Nevertheless, the large size makes the brain difficult to analyze as a 
whole. Only a few projects are handling the full size brain, for example the Big 
Brain project with the aim to provide a full size anatomical atlas of the human 
brain [36]. Tissue microarray (TMA) is a strategy for downscaling the size as 
well as saving precious tissue material. Smaller pieces (cylinder punches) of 
individual samples are collected and embedded into one and the same block, 
sections for this block then includes material from several samples and enables 
efficient screening and potentially high-throughput profiling [37]. As learned 
earlier in this chapter, the brain is a complex organ comprising different regions 
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and sub fields. Therefore it is important to know what regions are homogenous 
and appropriate for TMA-based studies or not. For anatomical studies, the size 
of mouse brain is convenient since a series of sections fits on a single glass slide, 
thus acting like a super array including complete brain regional overview. 
Therefore rodents, in particular mice, are the most-used model system in 
neuroscience and used by several large-scale brain mapping projects, such as 
GENSAT and Allen brain atlas (both of which are described in the next chapter).  
 
When human brain material is available, it is most often post mortem (after 
death) and the tissue is obtained as soon as possible after death. If used for 
transcriptomic analysis and thereby extraction of RNA it is important to know 
that there is a decrease in RIN value (RNA integrity number, indicating the RNA 
sample quality) [38] and that the tissue loses its quality over time. It was 
however shown that transcripts in the brain are more stable than for example 
RNA in the intestinal tract [39]. The delay after death to fixation shows clear 
relation to the morphological tissue quality [40], which is critical for high quality 
imaging and detailed protein localization.   
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2. Mapping and atlas projects 

In 2001, the first draft of the human genome was published [41, 42] and three 
years later an updated version followed [43]. Since then, mapping projects in 
human have shifted from genes to gene expression and proteins. The 
Encyclopedia of DNA Elements (ENCODE) consortium is a branched project 
from the Human Genome Project (HGP) that aims to identify all functional 
elements in the human genome to gain insight in which genes are active [44]. 
Additionally, the Human Proteome Organization (HUPO) was initiated as a 
continuation of the HGP, with the aim to coordinate and facilitate 
communication regarding standards and guidelines in proteome research [45]. 
HUPO also established the Human Proteome Project (HPP), which coordinates 
the systematic exploration of the human proteome [46]. HPP and neXtProt [47] 
are supervising and summarizing the status of missing proteins (i.e. predicted 
proteins that are not experimentally detected on protein level) [48]. The 
PeptideAtlas project [49] and the Human Protein Atlas (HPA) project are both 
contributors to the HPP mapping efforts. The HPA recently published a draft of 
the human proteome based on transcriptomics data combined with affinity based 
protein profiles (Paper I). Drafts of the human proteome have also been 
published based on mass spectrometry analyses in the Human Proteome Map 
[50] and the Proteomics DB [51]. The neuroproteomic mapping and 
understanding have improved along with the progress of omics technologies 
[52]. The complexity of the brain involves different features and levels of detail 
that needs better understanding. Interesting proteomic aspects are to compare the 
brain to other tissues, but also different areas within the brain, as well as the 
different cell types and sub types of cells, and finally the subcellular location in 
relation to previous details. Mapping and atlas projects are important driving 
forces when it comes to both technical development and biological overview, 
which potentially is needed for questions related to neuroproteomics. There are 
today several major mapping efforts and atlas projects relevant for brain 
research; a selection of these are introduced in this chapter.   

Allen Brain Atlas 
The Allen Brain Atlas (ABA) is an open access database focusing on the brain, 
and includes both human and mouse expression data [53]. The ABA is a part of 
the Allen Institute for Brain Science, which is one of the three branches of the 
Allen Institute. The human adult brain data is based on microarray analysis [54] 
and the mouse adult brain data is based on in situ hybridization (ISH) [55]. High 
throughput analysis of sections from whole mouse brains enables a global 
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overview of the expression for every gene and spatial resolution of the different 
areas of the brain. Quantitative expression values are presented for each region 
of the mouse brain as well as images of the tissue section. There is also 
developmental data, from both mouse and human. The human developmental 
data is based on the BrainSpan Atlas project [56], which is partly funded by 
Allen Institute for Brain Science. ABA also provides reference atlases for 
pedagogical exploration of the different regions in the brain, both mouse and 
human. 

GENSAT 
The Gene Expression Nervous System Atlas (GENSAT) project at the 
Rockefeller University aims to map the expression of genes in mouse brain by 
ISH [57] and transgenic mice [58]. A reporter gene strategy, utilizing bacterial 
artificial chromosome (BAC) vectors and transgenetic mouse lines with 
enhanced green fluorescent protein (EGFP) is systematically used to indicate 
detailed expression maps in whole mouse brains. Genes of interest are replaced 
by EGFP reporter gene, thus providing information of the cellular and regional 
location of gene expression in mouse brain. The mice are available to the 
research community for further investigations [59]. The project is no longer 
active, the final version of the database includes 238 genes with expression 
profiles using transgenic mice models as well as ISH expression profiles based 
on more than 2400 unique probes. 

GTEx 
The Genotype Tissue Expression Project (GTEx) was initiated 2010 by the 
National Institute of Health (NIH) with the aim to facilitate researchers exploring 
gene sequences and expression in human tissues, with a special focus on 
expression quantitative trait locus [60]. Tissue donations assisted by several 
organizations in the United States provide the project with a large number of 
patient material which is analyzed and the data is publicly available [61]. The 
GTEx project is using post mortem tissue material and a large biobank is 
simultaneously built for further research. The use of post mortem tissue enables 
a good representation of brain regions, GTEx currently includes in total 1,671 
samples from the brain.  

FANTOM 
Functional Annotation of the Mouse/Mammalian Genome (FANTOM) was 
initiated in 2000 by the RIKEN research institute in Japan. There are currently 
six separate FANTOM projects with individual focuses [62]. The FANTOM5 
focuses on a complete landscape of human and mouse promoterome and 
includes CAGE data from mouse and human as well as other species, primary 
cells, cell lines and tissues [63]. The CAGE method provides transcriptomic data 
with a focus on start sites, resulting in a high resolution on different transcripts, 
and in their so called zenbu-tool it is possible to browse gene models and explore 
the starting sites [64]. The FANTOM5 covers several different brain regions 
with a limited number of samples, out of which some are pooled samples from 
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several donors. The Brain/MINDS project, initiated in 2014, with an extensive 
plan to map and explore the brain of Mamosat monkey [65] is also a part of 
RIKEN.  

The Human Protein Atlas  
The Human Protein Atlas (HPA) was initiated in 2003 and is aiming to map all 
proteins in human organ, tissues and cells. The data is available in an open 
access knowledge resource. The first version of the portal was released in 2005 
[66] and has since then been updated at least once a year. The main strategy is 
antibody-based protein profiling in situ, in tissues and cells. The current version 
(v18, launched December 2017) includes over 10 million images, based on more 
than 26,000 antibodies. Transcriptomics data is integrated to visualize the gene 
expression distribution in human tissues for all the protein-coding genes, which 
is based on RNA-seq data from Swedish biobank material. Serial sections from 
the sequenced samples are presented for morphological assessment. The HPA is 
divided into three separate sub atlases; the Tissue Atlas, the Cell Atlas and the 
Pathology Atlas, each with their specific perspective of the genome-wide 
analysis of the human proteins and transcripts. The protein profiles published on 
the HPA are mainly based on in-house polyclonal antibodies targeting 
specifically designed peptides which represented a short sequence of the protein 
product for each human protein-coding gene (protein production and more 
details about the strategy is described in chapter 3, under “Affinity based 
proteomics”). All the images on the HPA are manually scored, curated and 
published in the database. The antibody information is displayed on a specific 
page with validation overview. Commercial antibodies from various companies 
and submissions from research groups that wish to contribute are also used for 
protein profiling. The Tissue atlas (paper I) covers 44 major tissue types and 
manually evaluated annotations for 76 different cell types. The Cell atlas [67] 
classifies protein location in 32 different subcellular locations in cell lines, and 
provides the transcriptomic data for 56 different cell lines. The Pathology atlas 
focuses on the 20 most common cancers in human, and antibody based protein 
profiles are combined with transcriptomics data and metadata from The Cancer 
Genome Atlas (Paper VI).  

TCGA 
The Cancer Genome Atlas started in 2005 with the main focus on mapping 
genetic mutations related to cancer. It started with three cancer types and today it 
includes over 40 different types of cancer [68]. The National Cancer Institute 
(NCI) supervises the project and most patient samples are ambitiously mapped 
using multiple techniques to understand as much as possible about copy number 
variation, Single Nucleotide Polymorphism (SNPs), methylation dynamics, gene 
expression and exon sequencing. The patient information as well as experimental 
results is publicly available.  
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Other initiatives and projects 
There are a number of ongoing brain projects, each with their individual focus 
and strategy. Besides large-scale projects, there are multiple smaller efforts 
ongoing and as neatly put by Huang & Luo in 2015: “It takes the world to 
understand the brain” [69]. For this reason there are also numerous initiatives 
aiming to facilitate collaborations and communications between research 
projects, International Neuroinformatics Coordinating Facility (INCF) [70] and 
Human Brain Project (HBP) [71] are examples of such initiatives. Both INCF 
and HBP are important players in the foundation of the FAIR guiding principles, 
how to make research data Findable, Accessible, Interoperable and Reusable 
[72].  
 
The Brain Research through Advancing Innovative Neurotechnologies (BRAIN) 
initiative was started on the direction of the Obama administration and NIH [73] 
and they shortly came up with an action plan[74] that in 2016-2020 focus should 
be on developing and validating relevant techniques. Moving forward in 2020-
2025 by applying these techniques to discover the biology of the brain. A 
number of research groups are involved and their progress and the technical 
development were summarized and the next steps for improvement and further 
development was defined [75]. Most of these projects are focusing on single cell 
RNAseq of the brain, classifying cell types in mouse or human brain based on 
their expression phenotype [76, 77]. Lein et al at the Allen Brain Atlas are part 
of this initiative and are currently working on a multimodal atlas of human brain 
cell types with detailed mapping of single cells from human and mouse brain. In 
addition, the Human Cell Atlas is a global consortium, with an aim to integrate 
and collaborate for better understanding of basic biology, Teichmann et al at 
Wellcome Sanger institute are part of the consortium [78] which is partly funded 
by NIH, Chan-Zuckerberg and Wellcome. The Chan-Zuckerberg Initiative is 
also funding a separate cell atlas with big focus on technical development. One 
more recent additions of national neuroscientific initiatives is from China that is 
planning to start a new brain-science center [79].  
 

Browsing different databases 
When exploring publicly available data to investigate a protein of interest there 
are several different webpages to choose from. For example, to learn more about 
the expression in the brain compared to other organs in the body, FANTOM5, 
GTEx and HPA are all providing quantitative transcriptomic data covering most 
tissue types. Both FANTOM5 and GTEx cover a number of regions within the 
brain for comparison of the gene expression. Additionally, the HPA shows 
protein location in tissues and cells, including at least 4 brain regions. For 
detailed information and better resolution, ABA and GENSAT offers ISH 
images for identification of the spatial expression location in mouse brain. The 
protein location in mouse brain is presented in the HPA for a number of proteins.  
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 Figure 7. Exploring selected databases for brain expression profiles. 
Example of how it may look in the different databases when a protein of 
interest is investigated, in this case, SLC17A7. GTEx, FANTOM5 and 
HPA provide RNA expression data in whole human body, including a 
selection of brain regions. ABA and GENSAT show spatial RNA 
expression in mouse brain, using ISH. Protein profiles in human brain (in 
at least 4 regions) and complete mouse brain are available in the HPA.  
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3. Methods 

Before introducing the relevant methods (either used or discussed in this thesis) 
the central dogma will briefly be described.  

The central dogma 
The genome is the blueprint with all 
necessary information needed to 
create any cell type in the body 
[80]. The genetic information is 
stored in a specific order of 
nucleotides (A, T, C, G) in the 
deoxyribonucleic acid (DNA) chain 
[81, 82]. Alterations in the genetic 
material may occur on individual 
and cellular level, in the form of 
mutations. These alterations may be 
harmless but can potentially result 
in cancer development if the repair-
systems of the cell are evaded [83]. 
Most DNA is stored in the cell 
nucleus, wrapped around histones, 
packed into chromatin and forming 
chromosomes. Selected sections of 

the chromatin are unfolded and accessible for transcription factors, i.e. regulating 
gene expression and contributes to the phenotype of the individual cell [84, 85]. 
Transcription into RNA is regulated by transcription factors, co-factors and 
epigenetics, all these aspects contributes to a personalization of the gene 
expression on cellular level, providing the cell with a subsequent unique 
composition of RNA molecules [86-88].  
 
RNA is ribonucleic acid with nucleotides, similar to DNA except that U is used 
instead of T and the sugar backbone in RNA includes one more hydroxyl group. 
DNA is transcribed into RNA which is processed into mRNA inside the nucleus; 
splicing occurs (introns are removed), a cap is added to the 5´end and a Poly-A 
tail is added to the 3´end [89]. The mRNA is the intermediator, more accessible 
than DNA and cheaper to produce than protein [82]. The amount of protein is 
related to the amount of mRNA in the cell, although halftime of mRNA and 

Figure 8. The central dogma. DNA is transcribed 
into RNA, referred to as mRNA after processing. 
mRNA is translated into protein by the ribosomes 
and tRNA.   
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protein is varying [90], i.e. the ratio between mRNA and protein depends on the 
specific regulation and is individual for each gene/protein [91]. 
 
The mRNA molecules are translated into protein by large ribosomal complexes 
and smaller tRNA molecules, and this process most often take place in the 
cytosol of the cell (Figure 8). Combination of three nucleotides in the mRNA is 
translated by individual tRNAs into a specific amino acid, the mRNA sequence 
is deciding the order of amino acids in the synthesized protein. The selection of 
amino acids (out of the 20 possible) and their specific order constitute the protein 
[92]. In certain neurons, mRNA is transported out to the dendrites before 
translation [93, 94].  
 

Part I- DNA 
 
Methods for sequencing DNA was developed for more than 40 years ago, Sanger 
et al based their method on chain termination [95] and Maxam and Gilbert used 
fragmentation [96]. The later was also based on radioactive labels and although 
it is still used, it did not become as popular as Sanger sequencing. Both efforts 
sequencing the human genome were based on a shotgun version of the Sanger 
sequencing [41, 42], where the DNA was fragmented before sequencing since 
the length capacity is limited for the Sanger sequencing method. During the ten 
years that followed the human sequencing project there was a determent focus to 
decrease the cost of sequencing as well as improving the quality and length 
capacity [97, 98]. This resulted in the era of next generation sequencing (NGS) 
[99, 100]. High throughput analysis at a lower prize and reasonable time became 
reality thanks to sequencing techniques such as pyro sequencing [101], 
sequencing by reversible terminators [102] (Illumina) and sequencing by ligation 
[103] (SOLiD). RNA sequencing was developed based on NGS [104].  

Part II- RNA  
 
As mentioned, mRNA represents the phenotype of cells and tissues, indicating 
what genes are actively transcribed and have the possibility to result in protein. 
A crucial finding for the methodological possibilities related to RNA analysis 
and quantification was the discovery of reverse transcriptase, enabling 
transcription of RNA into complementary DNA (cDNA), which is the desirable 
structure for further analysis [105]. One of the early whole-body maps based on 
transcriptomics was achieved by microarray, publicly available BioGPS [106]. 
Microarray, was developed to measure the relative quantity of mRNA between 
control and treated samples [107], and was for a long time dominating the field 
of mRNA quantification. About ten years ago, RNA sequencing (RNAseq) was 
developed, to both sequence and quantify individual transcripts of a sample 
[104]. One of the early tissue maps based on RNAseq was the RNA Seq Atlas 
[108], which include 11 normal tissue types based on purchased pooled patients 
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samples. Today, GTEx is one of the largest RNAseq projects and includes over 
9,000 patient samples representing 26 tissue types [60]. FANTOM is also one of 
the large mapping projects, and they are using Cap Analysis Gene Expression 
(CAGE), an alternative method to obtain quantitative transcriptomics data with a 
focus on the initiation sites of the transcripts [62]. Lastly, spatial and semi-
quantitative detection of RNA may be combined by in situ hybridization (ISH) 
[109]. Hybridization methods such as microarray and ISH are however not as 
quantitative compared to the count based methods such as RNAseq and CAGE 
[110, 111] due to probe hybridization and detection parameters which leads to 
lower dynamic range and batch variation [112].  

Microarray 
The term microarray (MA) refers to the organization of multiple analytes 
arranged as an array for simultaneous screening. It is applicable for DNA, RNA 
as well as protein analysis. The first microarray was used for classifying cells 
based on cell surface antigens and binding to antibodies immobilized on a glass 
surface [113]. But the most common usage of microarray is quantitative gene 
expression analysis, which is possible for small amounts of sample [107]. To 
analyze gene expression, probes of single stranded nucleic acid are immobilized 
onto a surface and labeled samples are added which hybridize to the 
complementary sequence. Long single stranded cDNA as well as short oligos are 
used for different types of MA.  

RNAseq 
Since the introduction in 2008 [104], the RNAseq technique that sequences and 
quantifies the transcripts in samples has more or less taken over the field of 
mRNA quantification. The advantage of RNAseq is that it is quantitative, and 
possible to compare between both samples and genes, with very good 
correlations between replicates [114, 115]. The technical procedure of RNAseq 
involves; mRNA extraction from a sample, library prep, sequencing, mapping 
and data analysis. As part of the mRNA extraction, either poly-A tail enrichment 
or rRNA depletion is normally used to exclude RNA molecules that are not part 
of the gene expression profile, such as the abundant ribosomal RNA and tRNA 
which both are non-coding. However, this means that also coding mRNA 
molecules without poly-A tail will be neglected. There are for example histones 
and Zink finger proteins where the mRNA lacks the poly-A tail [116, 117]. The 
output analysis involves large files of information and a variety of software. 
There are several different pipelines for the analysis, but the crucial part is 
thoughtful experimental design with replicates and enough reads [118].  
 
The procedure for RNAseq is shown in Figure 9, based on the HPA tissue 
protocol. The first step is sectioning of fresh frozen tissue; one 4µm section is 
used for H&E staining (Hematoxylin and Eosin stained section enables 
morphological assessment) and 3 sections (10µm) are collected for RNA 
extraction. The tissue sample is homogenized mechanically, the cells are lysed 
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and RNA extracted using RNAeasy Mini Kit (Qiagen). Only samples with 
approved RNA Integrity Number (RIN) are used for further analysis. After 
reverse transcription into cDNA the sample is prepared for sequencing by 
fragmentation, adapter ligation and amplification. The output data is aligned to a 
reference genome and summarized into quantitative numbers after mapping 
reads to genes and transcripts.  

CAGE  
Cap Analysis Gene Expression (CAGE) is a technique developed to identify and 
quantify start sites at the 5´ends of mRNA [119] based on cap-trapping [120]. 
CAGE provides transcription information about start sites and transcript 
abundance variation independent of the Poly-A tail. Additionally, recent 
development of CAGE by single-molecule sequencing (HeliScope) removed 
potential amplification bias [121]. The method has been further developed and is 

Figure 9. Protocol overview of human tissue RNAseq analysis in the HPA and data output for 
RNAseq and CAGE. (A) The different steps are shown in a simplified schematic overview. (B) 
The output analysis consists of aligning reads to reference genome and calculating the number of 
reads for each transcript, resulting in a quantitative number for each individual gene and sample. 
(C) The output from CAGE analysis is different and based on the start sites. 
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systematically used by FANTOM5 [62] aiming to better understand enhancers 
and transcription factors across tissues and cells. Limiting factors of CAGE are 
however the gene modeling and mapping of peaks to the corresponding gene, 
since an undecided sequence position requires manual examination. To decrease 
the amount of false positive a rage of +/-500bp from start site is commonly used 
when summarizing the peaks, but this may also lead to false negative or loss of 
data points.  

ISH 
In situ hybridization (ISH) is, as the name implies a hybridization-based method, 
used for localizing a DNA or RNA sequence in a sample. The sample is 
normally immobilized on a surface and probes are added, finding and 
hybridizing to their antisense, the detection will indicate presence and location of 
the targeted sequence in the sample [109]. The detection system has several 
options; it can be fluorescent, chromogenic or other. ISH is often semi-
quantitative and the major advantage is the possibility to get spatial information. 
If ISH is done systematically, as in the Allen brain Atlas project, high 
throughput RNA profiles are obtained with spatial information in the brain [55]. 
ISH may also be used as quantitative measurements with sub cellular resolution 
[122].  

Comparing RNA methods 
All four methods mentioned above (MA, RNAseq, CAGE and ISH) are used for 
detecting and quantifying mRNA. Both MA and ISH are hybridization-based 
techniques while RNAseq and CAGE are count based quantitative methods. The 
biggest advantage of ISH is the spatial resolution, pin pointing the location of the 
mRNA molecule. The probe signal can for example be detected in neuronal 
dendrites, and support the findings that certain mRNA are located in dendrites 
and are translated locally [93, 94]. The benefits of RNAseq over MA are 
improved differentiation between isoforms and genetic variation as well as 
detection of low abundance transcripts and a higher dynamic range. By using 
RNAseq instead of MA, technical issues caused by cross-hybridization, limited 
detection range of certain probes and non-specific hybridization is avoided 
[110]. Recent comparison of CAGE and RNAseq [123] indicated a good overall 
correlation of the two datasets and the discrepancies could be explained by 
differences in the mapped gene model or minor technical artifacts. The 
quantitative output of CAGE HeliScope was comparable to RNAseq, whereas 
Illumina based CAGE showed limitations [111]. Comparison of RNAseq data 
from two separate sources (GTEx and HPA) has also been performed [124], 
indicating good overlap; the inconsistencies could be explained either by 
sampling method or the fact that GTEx included more brain samples in that 
specific comparison. 

Single cell RNAseq  
As mentioned briefly in chapter 2, there are several efforts mapping the brain 
one cell at a time [75, 78]. The technical improvement of cell separations and 
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optimized protocols for smaller amounts of samples provided the possibility to 
perform RNAseq on single cells [125]. And due to the cellular complexity of the 
brain, this is of cause highly interesting [126, 127]. Single cell nuclei extraction 
from human brain has been investigated and indicated high neuronal cell 
diversity based on clustering of neurons from the cerebral cortex [77]. A slightly 
different angle to the scRNAseq method is to affinity sort the cells and then 
sequence as single cell type RNAseq, which has been done for cell suspensions 
from both human and mouse brain [128, 129].  
 

Part III- Protein 
 
Proteins can be mapped and characterized in different ways. Extremely 
simplified, the mapping could be divided into either chemical properties or 
biological context. Chemical characterization can for example be solving the 3-D 
structure by NMR or X-ray crystallography [130] or characterizing the 
enzymatic activity [131]. The biological perspective is often more related to the 
in situ information, where in a tissue or cell is the protein spatially located, thus 
providing a biological framework for the protein. For example, locating the 
protein in cells [67], tissues [66] or even in a whole brain [132] can provide 
important functional clues, but these examples are  affinity based and limited by 
the detection system and identification of the protein in question by antibodies.  
 
Affinity based proteomics 
Affinity based proteomics refers to proteomic research using affinity reagents to 
detect proteins in a samples [133]. Antibodies are commonly used for affinity-
based techniques but affibodies [134] and aptamers [135] are examples of other 
affinity reagents. Western blot (WB) [136] and Enzyme-linked immunosorbent 
assay (ELISA) [137] are both techniques widely used in hospitals and research, 
based on antibodies for detection of protein in a sample. Both WB and ELISA 
have been used since the 70´s for detecting individual proteins, but large-scale 
project based on affinity reagents was for a long time missing, mainly due to 
lack of binders [138, 139]. Thanks to large-scale initiatives the number of 
available antibodies increased [140, 141] and as a result several large-scale 
affinity based projects emerged. 

Antibodies 
Antibodies are immunoglobulins, Y-shaped glycoproteins, normally produced by 
immune cells as protection from foreign substances [142]. The Y-shape includes 
two heavy and two light chains, bound together by disulfide bonds [143]. The 
antibody can also be divided into Fragment antibody binding (Fab) region and 
Fragment crystallizable (Fc) region [144].  
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The antigen-binding sites are located in 
the N-terminal of each chain, also called 
variable region due to the high variation in 
amino acid sequence compared to the 
remaining peptide-chains that are constant 
and highly preserved between different 
antibodies of the same class. The variable 
region of antibodies is generated by 
recombination of different genes coding 
for the immunoglobulin [145], thus 
providing a vast diversity of antibodies 
used by the immune system. The constant 
region of the heavy chain defines what 
type of immunoglobulin it is (IgG, IgM, 
IgE, IgA or IgD) [146]. IgG is the most 
used tool for protein research, with an 
antigen binding site and the constant Fc 
region as shown in Figure 10. The Fc 
region is species specific, i.e. antibodies 
generated by a specific animal can be 

separated from an antibody produced in a different species, based on the Fc 
region, thus enabling multiplex possibilities with different detection systems in a 
species-specific manner.  

Antibody production in the HPA project 
As already described (in chapter 2) HPA is a gene-centric mapping project 
producing antibodies toward all human protein-coding genes with the aim to 
generate a proteomic spatial atlas in tissues and cells [66]. Polyclonal antibodies 
are generated in rabbits, purified using the antigen as affinity ligand, analyzed by 
protein array and Western blot before stained and validated in tissues and cells, 
respectively. The first step in the antibody production pipeline is the antigen 
production, initiated by designing a so-called protein epitope signature tag 
(PrEST) based on certain criteria. The PrEST size should be between 20 to 150 
amino acids (aa) long, representing a sequence as unique as possible (less than 
60% similarity of a 50 aa sequence window, and 80% as limit for a 10 aa 
sequence window when blasting to other gene sequences) for each protein-
coding gene. The PrEST should also be overlapping with as many 
isoforms/transcripts as possible and not be overlapping with aa sequences that 
are predicted as transmembrane regions [147]. The PrEST is fused with an N-
terminal hexa-histidine and albumin binding protein tag (His6ABP) in the 
pAff8c expression vector [148], which is transformed into Escherichia coli 
(Rosetta(DE3)). Cells are cultured at 37°C and after induction, incubation 
continues at 25°C overnight. The cells are harvested and lysed before protein 
purification [149]. Purification is performed using an automated immobilized 
metal affinity chromatography (IMAC) setup [150]. The molecular weight and 

Figure 10. Schematic drawing of an 
antibody. The antibody includes two 
heavy chains and two light chains. The 
antigen binding site is at the end of the 
variable region. The antibody can also 
be divided into Fab and Fc regions, 
where the Fc region is species specific. 
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purity are verified by SDS-PAGE and mass spectrometry before the antigen is 
used for immunization of rabbits. The immunization is performed by four 
injections in total; one 200 µg initial, followed by three booster injections of 100 
µg, all four in Freund´s complete adjuvant for increased immune response [151]. 
Rabbit serum is then purified on the ÄKTAxpress platform (GE Healthcare) in a 
two-step affinity based purification protocol, depleting ABP specific antibodies 
and selection for PrEST-specific antibodies using a column packed with the 
PrEST (antigen) used for immunization [152].  

 

Figure 11. The antibody production pipeline in the HPA project. A high throughput workflow 
enables production and analysis of in-house polyclonal antibodies. Antigen design, cloning and 
transformation, validation by sequencing, expression and purification, followed by peptide 
verification and then immunization in rabbits. After affinity purification of the rabbit serum, 
antibody specificity is tested in PrEST array and western blot. Subsequently, are the antibodies used 
for in situ protein profiling in three different branches; cell lines, human tissues and mouse brain.  
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The antibody validation pipeline is initiated by protein array where, based on 
PrEST peptides, 349 random antigens are blotted on an array, including the 
target PrEST specific for the individual antibody [152]. The PrEST array is the 
first specificity test, and only antibodies showing single peaks corresponding to 
interaction only with its own antigen or binding to 1-2 PrESTs >15% and <40% 
of the signal from the correct PrEST are used for further analysis. The 
representation of 349 protein fragments has been verified as good coverage and 
reliable specificity test since an increase of the number of antigens to cover the 
whole genome resulted in comparable antibody specificity profiles [153]. Next, 
the antibodies are used for western blot on a standardized set of two tissue 
lysates (liver and tonsil), plasma sample and two cell line lysates (U-251 MG 
and RT-4), as first test of antibody binding to samples. The antibody validation 
then continues in three separate branches and the staining protocols are 
optimized specifically for the application; i) sections of formalin fixed paraffin 
embedded (FFPE) human tissues, ii) sections of fixed frozen mouse brains iii) 
monolayer of formaldehyde fixed cell lines. Each antibody staining profile is 
interpreted, evaluated and the protein signal is correlated to RNAseq data for 
corresponding gene as well as compared to previously published data, if 
available. The RNA expression data is a useful guidance when outlining positive 
and negative controls for the antibody dilution optimization and validation. 
Protein location summary, images and reliability are all information available for 
each of the separate branches, based on consistency with published data as well 
as the internal antibody validation strategy.  

Off target, reliability, validation  
The antibodies are independently optimized within each application by testing 
different incubation times or concentrations. Since the reliability of an antibody 
does not necessary translate between different applications, the antibody is 
provided with an application specific reliability score. A strategy for good 
antibody validation was recently suggested [154], where it was divided into five 
main approaches; 1) genetic strategy validating expression with knock out or 
knock down methods (CRISPR-Cas9 or RNAi), 2) orthogonal strategy 
validating the protein location by comparing to other methods such as MS or 
RNAseq, 3) independent antibodies to show the same protein profile by two 
separate antibodies targeting the same protein, 4) expression of tagged proteins 
to validate signal overlap of the antibody binding and tagged protein expression, 
5) immunocapture, to isolate the protein and then verifying the identity by MS. 
All methods are applicable in cell lines, but the usage of these strategies is 
limited in tissue samples, especially human tissue. Currently, orthogonal 
validation method and independent antibodies are systematically used in the 
Tissue Atlas of HPA for the validation of antibody staining in human tissue 
samples. 
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When evaluating immunohistochemical staining it is important to include 
negative and positive controls to verify if the protocol is working properly [155]. 
It is also important to be aware of other details affecting the staining besides 
antibody specificity, such as tissue fixation, choice of protocol and detection 
system [156]. By comparing the antibody staining pattern to previously 
published data, if available, as well as RNA expression profiles in corresponding 
samples it is possible to evaluate the reliability of the staining pattern. This is 
defined as orthogonal strategy of validation of antibodies, and it is especially 
valuable for uncharacterized targets with limited published data.  

Immunohistochemistry 
Immunohistochemistry (IHC) is routinely used in diagnostic pathology to 

identify cancer markers in biopsies 
and tissues samples from the 
hospital [157, 158]. IHC refers to 
the usage of antibody binding on 
tissue samples, where the antibody 
locates its antigen in situ. 
Depending on the fixation and 
storage of the tissue sample antigen 
retrieval could be needed to remove 
aldehyde bonds formed during 
formalin fixation, which is 
commonly used for sample 
preservation [159]. The need of 
antigen retrieval is depending on 
the specific epitope of the antigen 
and whether it is accessible or not 
for the antibody. Fixation is 
preserving the tissue by stopping all 
biological processes. Formalin 
(37% formaldehyde) or alcohol are 
common fixatives used to stop 
decomposition, protein degradation 
and loss of morphology. Freezing is 
an alternative that preserves 
proteins and the biological 
composition but may result in 
collapsed morphology. A 
combination can be used, for 
example perfusing and instantly 
stopping of the biological process, 
followed by shorter fixation and 
then freezing to achieve good 
morphology but without the risk of 

Figure 12. Example of an indirect and 
amplified detection strategy for 
immunohistochemistry. Primary antibody 
recognizes and binds to the antigen in a sample. 
A secondary antibody, detecting the Fc region of 
the primary antibody is used for indirect detection 
of the antigen location in the sample. The 
secondary antibody also includes a polymer 
backbone and horseradish peroxidase for 
amplified signal. A number of detection systems 
are possible utilizing the oxidative property of the 
peroxidase.  
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over fixation thus limiting the need for antigen retrieval [160]. The need for 
antigen retrieval is usually related to the amount of fixation. Shorter fixation 
time often results in fewer aldehyde bonds and less need for antigen retrieval 
before staining. Standard at the pathology department is fixation in 10% 
formalin (4% formaldehyde) immediately after surgical removal [161]. The most 
common retrieval method is heat induced epitope retrieval (HEIR), where the 
samples are heated in buffer. The temperature, time and properties of the buffer 
vary [162]. Immunohistochemical staining protocols are variable and can be 
performed manually or in autostaining machines, the basic principle is however 
the same; the tissue section is pretreated, if needed, followed by incubation of 
primary antibody (incubation time can vary from 20 minutes to 72h), which is 
followed by washing and removal of low affinity unspecifically bound 
antibodies, after which the secondary antibody is added (selected to recognize 
the primary antibody, i.e. species dependent) and after washing steps the 
detection method of choice is initiated. After antibody staining and detection, 
counterstain is normally added as contrast and better visualization of the tissue. 
An unstained tissue section does normally not include any color (except for 
certain pigments) and visualization of an unstained sample is difficult without 
counterstaining.  
 
In the HPA Tissue Atlas, the IHC protocols are highly standardized and only the 
concentration of primary antibody is adjusted. For staining in human tissues, 
which are all FFPE, the antigen retrieval of choice is HEIR in citric buffer pH 6 
at high temperature. The detection system of choice is based on amplification 
steps with horseradish peroxidase bound to a polymer backbone on the 
secondary (anti-rabbit) antibody. This system provides amplified signal and only 
30 minutes incubation is used as standard. Chromogenic detection system is 
applied with insoluble precipitating brown 3,3'-Diaminobenzidine (DAB) 
representing the protein location.  
 
The staining strategy for mouse brain in the HPA is different from the human 
tissue. Fluorescent detection system was selected to enable future combinations 
with reporter mice strains and multiplexing staining protocols investigating co-
localization. Availability of fresh brain tissues also enables gentler fixation 
protocols, keeping the proteins as native as possible. The mouse brains are less 
fixated, after perfusion with paraformaldehyde, and post fixation for 90 min at 
4°C the brains are stored in phosphate buffer containing 10% sucrose and 
sodium azide for 48h and then frozen using CO2. The thaw-mounted sections are 
only rinsed in phosphatate-buffered saline as pretreatment before incubation of 
the primary antibody, which is done 16-24h in 4°C. The primary antibody is 
visualized using tyramide signal amplification system; horseradish peroxidase- 
conjugated secondary antibody is used followed by biotinyl tyramine-fluorescein 
for detection. The mouse brain profiles are thus using a fluorophore based 
detection system providing a high contrast and whole brain overview.  
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4. Disease in the brain 

To understand disease we need to first understand the normal starting point, how 
can we know if something is not working if the normal baseline is unknown? 
Mapping disease specific hallmarks is necessary to better diagnose, treat and 
hopefully cure a disease.  
 
Besides brain injury and infections there are several diseases caused by different 
dysfunctional aspects of the brain. Epilepsy, migraine, psychosis, addiction and 
depression are all results of problems in the brain. There are also several well 
studies diseases associated with specific neurological disorders. Multiple 
sclerosis (MS) is the most common autoimmune disease in the CNS, causing 
demyelination of neuronal axons [163] and affecting various functions in the 
CNS and manifests as attacks [164]. The details and reason for immunological 
attack on the myelin are not understood but a degree of re-myelination is 
occurring in the early stages of the disease [165]. The myelination and state of 
oligodendrocytes are suggested to play important parts also in diseases like 
schizophrenia, bipolar disorder and Alzheimer’s disease (AD) [166]. AD is the 
most common form of dementia, characterized by memory loss and decline of 
cognitive functions, as well as associated to two AD specific hallmarks; 
neurofibrillary tangles and amyloid plaques [167, 168]. Other frequent types of 
dementia, besides AD, are frontal lobe dementia [169] and Lewy body dementia 
[170], which are separated from AD, but are all related to high age. High age is 
the only defined risk factor associated to Parkinson´s disease (PD) and the 
pathological hallmarks of PD is loss of dopaminergic neurons of the Substantia 
nigra [171]. PD result in loss of motor function, common symptoms are tremor 
and rigidity [172].  
 
The brain is unfortunately no exception from cancer development and 
progression. There are cancer subtypes originating from almost all cell types in 
the brain and metastases in brain are not uncommon [173]. Brain metastasis is 
associated with severe cancer progression and poor prognosis. Common primary 
sites for brain metastases are lung, breast and skin cancers [174-176]. Of 
intracranial primary tumors, the benign meningioma from the meninges accounts 
for about 20% [177]. Non-meningiothelial mesenchymal and neuronal tumors 
are deriving from different cell types in the brain and are examples of rare 
primary intracranial tumors only accounting for a few percentages of incidents 
[178-180]. Glioma are tumors with an estimated origin from glial cells, with an 
incidence rate between 4,76 and 5,73 per 100 000 people [181]. Glioma accounts 
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for 77% of the primary intracranial tumors and includes astrocytoma, 
oligodendrocytoma and ependymoma. The most malignant type is glioblastoma  
(GB) [182]. The different cancer types are primary classified based on three 
aspects, histological feature indicating the estimated cell type of origin, 
molecular genetic characteristics and the grade indicating level of anaplasia. 
Recent improvements of the molecular understanding have enhanced the 
stratification based on various mutations, for this reason the WHO 2016 update 
of classification of tumors of the central nervous system included molecular 
attributes, and not just the traditional focus on histological based classifications 
[183].  
 
Tumors of the anterior lobe of the pituitary gland, traditionally designated 
pituitary adenomas, represent about 15-20% of the intracranial primary tumors. 
They mainly differentiate towards the endocrine cells of the anterior lobe, thus 
classified as neuroendocrine tumors [184]. The classification of neuroendocrine 
tumors of the pituitary gland is based on the expression of pituitary hormones 
and pituitary-specific transcription factors, indicating the cell lineage origin of 
the tumor [185]. Tumors of the posterior pituitary lobe occur, but are much less 
frequent [185-187].  

Pituitary adenomas (Pituitary neuroendocrine tumors) 
The prevalence of pituitary adenoma ranges from 1 in 854 to 1 in 2688 [188], 
where the estimated prevalence in western part of Sweden is 1 in 2688 [189]. 
Adenomas are defined as histologically benign tumors of glandular tissue, such 
as anterior pituitary lobe. Pituitary adenoma may vary from small non-
symptomatic tumors localized to the pituitary gland to non-invasive tumors 
causing severe metabolic disorders caused by hormone hypersecretion or 
pituitary deficiency as well as locally invasive tumors with high risk of 
recurrence. In order to reflect this variation in biological behaviors, a 
terminology change from pituitary adenomas to pituitary neuroendocrine 
tumors/PitNET was recently proposed [184]. Pituitary carcinoma is defined as 
pituitary neuroendocrine tumors metastasizing within or outside the CNS [185],  
representing an exceptional event. There are two mayor critical aspects of 
PitNET; the growth causing mass effect as well as the endocrinological and 
metabolic dysfunction caused by hormone hypersecretion from the tumor or 
hormone deficiency caused by dysfunction of normal pituitary gland. Pituitary 
hormone deficiency can be caused by compression of the normal gland due to 
the tumor growth or a result of the destruction of the normal gland as a 
complication of radiotherapy or surgery. According to their size, PitNETs are 
classified into microadenomas (<1cm), macroadenomas (>1cm) and giant 
adenomas (>4cm). PitNETs can be hormone producing or silent (clinically non-
functioning). The current WHO classification of pituitary tumors is based on 
pituitary cell lineage as defined by hormone content of the tumor cells and 
expression of the pituitary specific transcription factors in the tumor cells. 
Tumors negative for both anterior pituitary hormones and pituitary transcription 
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factors are designated as null-cell adenomas [185]. They are rare, representing 
<3% of all PitNETs, and the knowledge of their biological behavior, as they are 
currently defined, is sparse.  
 
Cell differentiation in anterior pituitary depends on transcription factors and co 
factors: T-Pit regulates the proopiomelanocortin (POMC) or chorticotroph 
lineage, Pit-1 together with co-factors such as GATA-2 and Estrogen receptor 
(ER)-alpha determines the fate of thyrotroph, lactotroph and somatotroph cells, 
and SF-1 (steroidogenic factor 1), together with ER regulates gonadotroph cells 
producing folliculostimulating and luteinizing hormone (FSH and LH) [190, 
191]. The different types of PitNET show large variation in symptoms, 
depending on the endocrinological effects caused by overproduction of the 
individual hormone. The most common subtype is prolactinoma (lactotroph cell 
origin), primary diagnosed based on clinical symptoms, increased levels of 
serum prolactin and imaging (MRI). Prolactinoma is however, not the most 
frequent tumor in the surgical series as it is primarily treated pharmacologically, 
and only patients resistant to medical therapy undergo surgery. The second most 
common subtype of PitNET is clinically silent or non-functioning pituitary 
tumors. Although any type of PitNET may be clinically silent, more than 80% of 
the tumors in this category belong to the gonadotroph cell lineage, demonstrating 
expression of SF1, and in majority of cases even FSH and LH, which is 
identified by immunohistochemistry. Growth-hormone secreting tumors that 
cause acromegaly and ACTH secreting tumors that cause Cushing disease are 
usually treated with surgery, followed by pharmacological therapy when 
necessary to control endocrine disorders, and even radiotherapy in some cases 
[188, 192].  

Glioma  
Gliomas constitutes tumors estimated to originate from glial cells and are the 
most common intracranial primary tumor [181]. The different types of glioma 
are astrocytoma, oligodendroglioma and ependymoma. Astrocytic glioma 
includes astrocytoma grade I and II, anaplastic astrocytoma (grade III) and GB 
(grade IV) [182, 183]. GB was the first cancer type systematically studied in 
TCGA and the initial data was published in 2008 as proof-of-concept [193]. 
Since then, several follow up studies have emerged and the TCGA increased the 
molecular knowledge and sub classification of GB [194]. Molecular separation 
of cancer types has, as mentioned above, resulted into inclusion of molecular 
genetic characteristics in the new WHO classification [183]. Classification that 
was previously only based on the histological characterization, is now 
multilayers and includes also molecular criteria, such as the IDH-mutation for 
sub classification of glioma, which has an independent prognostic value [195, 
196]. 
 
GBM is the most common malignant brain tumor in adults with a mean survival 
of one year [197]. Despite all efforts, regarding characterization, sub 
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classifications, molecular mapping and different therapeutic protocols, the 
survival rate has not significantly changed. Though, several prognostic and 
predictive factors have emerged. IDH1 or, less frequently, IDH2 mutations 
characterize low-grade astrocytoma in adults and are linked to the longer 
survival and prolonged time to malignant progression [195, 196]. Patients older 
than 60 years with methylated promotor of the MGMT gene show better 
response to the temozolomide treatment [198, 199]. GBM almost never spread 
outside the brain, but it is highly invasive and infiltrating within the brain, which 
is partly the reason for treatment difficulties. Therapy is based on a combination 
of surgery, chemotherapy and radiotherapy, however, not all patients are in 
physical condition to go through this. There is research suggesting that cancer 
stem cells could be a key element to better understand cancer. The cancer stem 
cells are often related to treatment resistance since they may survive both chemo 
and radiotherapy and cause regrowth of tumor [200]. Glioma was in fact one of 
the first solid tumors where cancer stem cells were identified [201]. A lot is 
known about glioma and GBM but unfortunately little of that information has 
significantly improved the patient survival so far.  
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Present investigations 

What proteins are important for brain specific functions?  
Are brain important proteins only expressed in the brain, or can we also find 
them in other organs? Are these proteins localized in one region of the brain or 
expressed throughout the whole brain?  
 
In theory, genes expressed in a single organ, cell type or by a limited number of 
cells are most likely contributing to certain cellular properties that drive 
particular physiological functions. The exact function, however, can be different 
in different cells and organs. By comparing the expression landscape of the brain 
with other organs, we are able to identify brain enriched protein expression, 
which suggests an involvement in brain specific functions. By combining 
quantitative transcriptomics (RNAseq) with qualitative antibody based 
proteomics (IHC) it is possible to place genes in a cellular context providing 
novel insights in the molecular organization of the brain. This is investigated in 
Paper I-IV with different approaches.  
 
During my PhD studies we continuously evaluated different strategies of gene 
classification based on transcriptomics, summarized in three different steps: 
 

-‐ First, in Paper I the tissue specific proteome was defined by classification 
of HPA-generated RNAseq data from the major tissue types in the human 
body. Brain was represented by frontal cerebral cortex. Genes that were 
expressed at a higher level in brain than other organs and classified as 
brain enriched were investigated in Paper II.  
 

-‐ Second, to extend the brain representation, external data was utilized and 
previously established classification rules was applied on expression data 
from GTEx (RNAseq) and FANTOM5 (CAGE) in Paper III. Additional 
brain regions were included in the analysis and the classifications were 
compared, but not combined.  

 
-‐ Finally, in Paper IV, to achieve a more conclusive overview, the three 

datasets (HPA, GTEx and FANTOM5) were combined and the 
classification rules were slightly adjusted, resulting in a re-classification 
of all of the protein-coding genes with respect to the tissue expression in 
the human body. The upgraded brain coverage also enabled a regional 
classification within the brain, grouped into 12 different regions.   
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Identifying novel proteins linked to cell types, functions or disease is possible by 
this genome wide systematic approach. Data collected during decades of 
neuroscience research provide an excellent platform to validate novel approaches 
and data analysis strategies developed to create a more complete and in-depth 
view on the genes that shape the brain. During our efforts, we were able to 
identify several proteins linked to distinct cell types, Paper II-IV. Paper III 
focuses on how to find missing proteins by integrating external expression data.  
 
A novel antibody was validated in Paper V as a diagnostic tool needed for 
classification of chorticotroph pituitary tumors. The antibody targets T-Pit 
(TBX19), a transcription factor specific for the chorticotroph cell lineage of 
anterior pituitary gland. The T-Pit antibody is especially needed for the diagnosis 
of ACTH negative chorticotroph tumors.  
 
Paper VI introduces the HPA Pathology Atlas, a cancer-centric sub atlas based 
on integrated omics data from TCGA and HPA. More than 900,000 Kaplan-
Meier survival plots indicate potential prognostic proteins based on TCGA 
patiens. Expression classification of cancer samples enables large-scale 
comparisons with normal tissue and provides an intriguing starting point for 
further analysis. The patient heterogeneity highlights the need for better 
individual stratification and the loss of tissue specific proteins in cancers 
compared to their normal tissue origin is a potential molecular definition of 
anaplasia.  
 
The basic architecture of the mammalian brain, how similar is men to 
mice? Studying human brain is critical and challenging because of tissue 
availability and size. To achieve a full overview of gene expression and protein 
location, the mouse brain is often better suited. The mouse is commonly used as 
a model to understand the human brain, but how similar or dissimilar are men 
and mice? Studying both human and mouse brains allows a comparison between 
species in Paper IV.  
 
Creating a brain atlas portal 
The data, processed in Paper IV, will be shared in a Brain atlas, which will be a 
sub atlas and the next addition to the HPA. In order to be conclusive and 
convincingly link genes to cells and functions, integration of multiple omics data 
is necessary. Thus, providing several lines of evidence based on alternative 
views and angles, offering a good starting point for neuroscientists to explore 
protein expression and location in the brain. Gene expression data from human 
RNAseq (GTEx) and CAGE (FANTOM5), together with mouse RNAseq (HPA) 
and ISH (Allen) will offer a regional expression overview of the brain. The 
expression data will be complemented by images of protein profiles in human 
and/or mouse brain for deeper understanding of brain important proteins.   
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Paper I 
Tissue- based map of the human proteome 
Understanding the gene expression variation and location of proteins, the main 
functional unit of cells and tissues, is important for the knowledge of sickness 
and health. The genome mapping projects provided the biological blueprint and 
now focus lies in mapping proteins to their location and potential function, to 
better understand the phenotype of tissues and cells. There are many ongoing 
mapping projects, aiming to understand the molecular details of the proteome. 
Some focuses on solely the proteins and systematically map them by MS-based 
methods [50, 51], others profile the RNA expression [61, 63], here, both RNA 
and protein are explored by the HPA project. The HPA is using gene centric 
antibody based protein profiles in tissues from the whole human body to provide 
spatial resolution of protein location down to single cells. The profiles on protein 
level are complemented by transcriptomics data in corresponding tissue types. 
The variation in RNA expression is used for classification of all protein-coding 
genes in the human body, previously represented by 27 tissue types [202], here, 
updated to 32 different tissue types. The tissue elevated proteome was defined 
and the tissue distribution of housekeeping, regulatory, druggable and cancer 
proteomes were explored. Global analysis regarding predicted sub cellular 
locations, isoforms and metabolic maps was also investigated in this study.  

 
In this paper, 32 tissue 
types were analyzed, 
in total 122 samples. 
Hierarchical cluster 
analysis based on 
correlation of all the 
tissue types is shown 
in figure 13, indicating 
that testis and brain 
are the two tissues 
most different from 
the rest. Certain 
groups of tissues 
cluster close together, 
such as immune 
related tissues (bone 
marrow, tonsil, spleen, 
appendix and lymph 
node) and GI tract 
(small intestine, 
duodenum, rectum, 
colon and stomach).  
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prostate
pancreas
urinary bladder
gallbladder
endometrium
smooth muscle
adipose tissue
lung
fallopian tube
thyroid gland
ovary
adrenal gland
placenta
small intestine
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rectum
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testis
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Figure 13. Tissue correlation. Heat map of the hierarchical 
clustering of all 32 tissues, based on RNAseq expression data of 
20,344 genes (average FPKM of each gene and tissue type is 
used). 
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  Table 1 Classification of all protein-coding genes based on 32 tissue types. 

 
 

Classification of all human protein-coding genes.  

The transcriptomic data was used for classifying all 20,344 protein-coding genes 
(Ensembl v75) according to the categories listed in Table 1. The expression of in 
total 34% of the protein-coding genes were classified as elevated in one or 

several tissues (including tissue enriched, group 
enriched and tissue enhanced) (Figure 14).  
 
In total, 8,874 genes (44%) was classified as 
expressed in all tissues, 1,832 were not 
detected in any. The "expressed in all" category 
represents proteins expressed in all tissue types. 
In this category several traditional 
housekeeping genes could be found such as 
transcription factors, ribosomal and 
mitochondrial proteins, although both 
mitochondrial genes and transcription factors 
were also found among the genes with tissue 
elevated expression, such as GATM, GRHL1 
and PAX6. 
 
In total, 2,355 genes were classified as tissue 
enriched in one of the analyzed tissue types, 
1,109 genes were categorized as group enriched 
in a group of tissues. A network plot of a 
selection of group enriched genes is shown in 
figure 15. 

Category Description Number of genes Fraction (%)

Tissue enriched At least five-fold higher mRNA levels in a particular
tissue as compared to all other tissues

2,355 12

Group enriched At least five-fold higher mRNA levels in a group 
of 2-7 tissues

1,109 5

Tissue enhanced At least five-fold higher mRNA levels in a particular 
tissue as compared to average levels in all tissues

3,478 17

Expressed in all Detected in all tissues (FPKM > 1) 8,874 44

Mixed Detected in less than 32 tissues but not elevated 
in any tissue 2,696 13

Not detected FPKM less than 1 in all tissues 1,832 9

Total 20,344 100

Total elevated 6,942 34

Total number of genes analyzed with RNA-seq

Total number of tissue enriched, group enriched and
tissue enhanced genes

Figure 14. Gene classification 
based on expression. All protein-
coding genes (20,344) distributed in 
categories according to the 
classification rules listed in Table 1, 
based on 32 tissue types 
representing the human body 

44 %

13 %

17 %

5 %

12 %

9 %

Expressed in all tissues
Mixed
Tissue enhanced
Group enriched
Tissue enriched
Not detected

RNA-based classification
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The tissue elevated proteome 
The genes with highly enriched expression in certain tissues harmonized with the 
function of the tissue in question, for examples; keratins showed elevated 
expression in skin, digestion proteins was highly abundant in pancreas, 
surfactants detected at high levels in lung and myosin proteins were enriched 
skeletal muscle. This was also recognized by a functional Gene Ontology (GO) 
analysis for groups of tissues and their genes with tissue elevated expression. 
Functional GO terms related to genes with brain enriched expression were 
neurotransmitter transport, synaptic transmission, transmission of nerve impulse, 
neuronal development and cell-cell signaling, and a few more with a clear 
relation to the neuronal activity in brain. The brain specific functions related to 
transport, signaling and transmission could also be shown in the predicted 
subcellular location of the expressed genes in brain. There was a higher fraction 

Figure 15. The tissue specific transcriptome and group elevated expressed genes. Network plot 
of the tissue enriched and group enriched genes, distributed over the 31 different tissue types 
(smooth muscle are not included due to lack of tissue enriched genes. A minimum of 3 genes for 
the combination is required in this plot and up to 5 different tissues.  
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of membrane proteins among the brain elevated genes compared to other tissue 
types.  
 
Testis included the highest number of genes with elevated expression compared 
to other tissues (1,939). The brain, represented by frontal cerebral cortex, was on 
second place with 1,142 genes with elevated expression in the brain compared to 
other tissues (598 genes showed enhanced expression in the brain compared to 
other tissues, 318 genes were classified as brain enriched and 226 group 
enriched). Brain shared the second most group enriched genes with adrenal 
gland (28), which can probably be explained by the fact that adrenal medulla 
originates from the neuroectoderm. Most grouped enriched genes were shared 
with testis.  
 
Brain was separated from other tissue types in the pairwise correlation (heat map 
shown in Figure 15) and the GO term enrichment indicated functions related to 
the neuronal activity in brain, neither aspects are surprising considering the 
unique function of the brain. Genes with elevated expression level in brain 
compared to other tissues are interesting targets for further analysis and in-depth 
characterization to better understand what makes the brain unique.   
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Paper II 
The brain elevated proteome 
Genes classified as brain elevated, based on RNA expression in frontal cerebral 
cortex compared to peripheral organs, were investigated in more detail in this 
paper. The list of genes was based on previously published classification [202], 
where 27 different tissue types (95 samples in total) were used for classification 
of the 20,239 protein-coding genes (Ensembl v73). The expression classification 
was based on similar criteria as in Paper I (listed in Table 1) with one addition of 
highly tissue enriched category, defined as 50 fold-higher expression in one 
tissue compared to the second highest. In total, 1,113 genes were highlighted 
based on brain elevated expression. This study focused on the 323 genes 
showing enriched expression in the brain i.e. at least five-fold higher expression 
in the brain than the tissue with second highest expression, out of which 21 were 
classified as highly brain enriched.   
 
To categorize the cellular and physiological functions of genes with brain 
enriched expression, we performed a GO analysis using all genes expressed in 
the frontal cerebral cortex as background expression. Seventy-seven processes 
were significantly enriched.  Most of which, representing proteins with expected 
neuronal functions such as synaptic signaling, transport and signal transduction. 
Interestingly, several developmental processes were enriched. 

The cellular location in 
human brain was examined 
for a selection of proteins 
with brain enriched 
expression. Neuronal cell 
bodies and neuropil 
(containing pre- and post 
synaptic compartments and 
may include astrocytic 
endfeet) were the most 
common combination of 
cellular distribution for the 
brain enriched proteins. The 
cell type location for brain 
enriched proteins were in 
general related to one or two 
of defined cells or 
structures. Only a few brain 

enriched proteins could be detected in all cell types of the brain. A randomly 
selected set of genes classified as expressed in all were examined and annotated 
similarly for comparison. Protein location of the more generally expressed 
proteins showed the opposite result. Proteins expressed in all tissue types were 
also most often detected in several of the cell types in the brain.  

Figure 16. Cell type location in the brain for genes 
expressed in all tissues or enriched in the brain. (A) 
Genes classified as expressed in all tissues is compared to 
(B) genes that are expressed at a higher level in brain 
compared to other tissue types, which are shown to often 
be restricted to one cell type in the brain.  
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Brain enriched proteins detected in neurons could be identified in different types 
of neurons, both pyramidal projection neurons as well as inhibitory interneurons 
were detected when evaluating IHC staining and the protein location (Figure 17). 
Neuronal important proteins are often related to synaptic functions, and several 
proteins were detected at the synaptic site in the brain, both pre- and post-
synaptic proteins could be detected by IHC (Figure 17). Synaptic location of 
proteins in the HPA are annotated as neuropil, a simplified collected name of 
pre- and post-synaptic sites and may sometimes include astrocytic endfeet.  

 
Astrocytes are one of the glial cell types in the brain, they are multifunctional 
and important both for synapses as well as brain homeostasis. The commonly 
used astrocyte marker, GFAP, is brain enriched but not the only protein located 
specifically in astrocytes (Figure 18). The diversity of astrocyte is not restricted 
to the morphology but also the location, the ratio of positively stained astrocytes 
in white and gray matter is varying depending on the target protein. This 
indicates the possibility for better sub classification of astrocytes in the brain. 
Besides astrocytes, oligodendrocytes and microglia were also represented among 
the brain enriched proteins. Oligodendrocytes are accountable for the most 
abundant brain enriched proteins, MBP and PLP1, the expression level of both 
are highly brain enriched and the proteins are involved in myelination of 
neuronal axons. Since the PNS version of oligodendrocytes, Schwann cells, also 
are producing myelin to protect the axons of peripheral neuronal processes, these 
proteins are also detected in peripheral nerve bundles, but at a much lower level 
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compared to the brain (Figure 18). The third type of glia in the brain is 
microglia, the immune cell of the brain, with a hematopoietic origin. Most 
proteins related to microglia are enriched in immune tissues and not brain, we 
did however find one protein with enriched expression in brain and located in 
microglia, P2RY12 (Figure 18).  

 
An in-depth analysis of the genes 
classified as brain enriched revealed 
several clues of the brain unique 
functions. We learned that tissue 
enriched expression also seems to be 
restricted to certain cell types as 
when comparing brain enriched 
expressed genes with genes 
expressed in all tissue types there 
was a clear difference in cellular 
location of the protein. Brain 
enriched proteins were often 
restricted to one of the cell types, 
while generally expressed genes were 
frequently detected in several cell 
types. Neuronal specific proteins as 
well as proteins restricted to either of 
the glial cell types were verified 
among the genes with enriched 
expression in brain. However, this 
study was limited to only one region 
of the brain and does not provide the 
complete picture of the complexity of 
human brain.  
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Paper III 
Extending the coverage of tissues in the HPA Tissue Atlas 
Protein based research is vital in the quest of understanding mechanism and 
functions of the cell, both in sickness and health. As part of the HUPO [45], 
focusing on standards and guidelines in proteome research, Human Proteome 
Project (HPP) was started as an international project to coordinate efforts 
facilitating the mapping of the human proteome [203]. HPP regularly discusses 
guidelines and status of the different proteomes and the discovery progress of 
uncharacterized proteins, the so called “missing proteins” [48]. Both neXtProt 
and the missingproteinpedia are keeping track on the discovery of “missing 
proteins” [47, 204].  
 
The HPA aims to provide a complete overview of the human proteome using in-
house affinity purified polyclonal antibodies for profiling 44 tissue types 
representing all major parts of the human body. This method enables detection of 
missing proteins and indications of their function. By comparing protein profiles 
with transcriptomics data it is possible to validate the protein existence for 
uncharacterized proteins with limited published data. As previously described in 
Paper I and II, mRNA expression data was used for classifying all protein-
coding genes according to expression levels in different tissues and organs. The 
classification was updated in this study, based on 19,613 genes (Ensembl v.88) 

and 37 tissue types (seminal 
vesicle, epididymis, parathyroid 
gland, cervix and breast was 
added to the previous 32 tissues 
in Paper I). This resulted in 
1,104 genes categorized as “not 
detected” within the HPA 
dataset The expression based 
classification was compared to 
the Protein Evidence (PE) level, 
indicating an overrepresentation 
of missing proteins among the 
“not detected” genes (Figure 
19). For this reason we 
continued to investigate the “not 
detected” genes in external 
expression datasets (GTEx and 
FANTOM5).  

 
Both GTEx and FANTOM5 data have previously been compared to HPA 
RNAseq data, and both displayed an overall good correlation [122, 123]. In the 
HPA dataset, RNA expression classification in brain is based on only cerebral 
cortex, while four brain regions are included in the standard protein profiling; 
cerebral cortex, caudate nucleus, hippocampus and cerebellum. Selecting only 
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protein entry id and therefore also protein evidence 
information. 
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one region to represent the brain as an organ in the human body classification is 
limiting the biological input and important regional specific information may be 
missed. For this reason, transcriptomics data for cerebellum, cerebral cortex, 
caudate nucleus, hippocampus and pituitary gland were investigated in 
FANTOM5 and GTEx datasets, as well as hypothalamus in the GTEx dataset. In 
the present study, the aim was to identify genes expressed in tissues previously 
not analyzed and to characterize proteins previously defined as “missing 
proteins”. This was done with a special emphasis on different brain regions, 
pituitary and retina, as well as subsets of cells in thymus, skin, adrenal gland and 
breast.  
 

Table 2. Number of genes detected in the top six most 
common tissues with elevated RNA expression in GTEx or 
FANTOM5 datasets but “not detected” in the HPA dataset.  
 

 
 
 
 
 
 
 
 
 

Table 3. Number of genes with elevated expression levels in tissues not included in 
the HPA RNAseq data (* both FANTOM5 and GTEx datasets are used and only the 
genes with elevated expression in both datasets are listed). 
 

Tissue Elevated 
genes Dataset 

Not detected 
in HPA 
dataset 

Missing 
proteins 

Retina 430 FANTOM5 50 40 
Pituitary gland 249 both* 12 30 
Cerebellum 559 both* 12 56 
Caudate 500 both* 5 38 
Hypothalamus 74 GTEx 27 64 
Thymus 472 FANTOM5 15 27 

 
Genes previously classified as “not detected” in any tissue, according to the HPA 
dataset, was detected in brain regions from external dataset. The top six most 
common tissues with elevated genes among the HPA “not detected” are listed in 
table 2, showing cerebellum (18 genes in GTEx and 7 genes in FANTOM5), 
pituitary gland (13 genes in GTEX and 12 genes in FANTOM), hypothalamus 
(15 in GTEX) and caudate nucleus (4 in FANTOM5), suggesting that expression 
can be found for “not detected” genes in brain areas not yet investigated, based 
on mRNA expression.  
 

GTEx FANTOM5 
59 Skin 43 Retina 
46 Testis 12 Pituitary gland 
18 Cerebellum 11 Testis 
15 Hypothalamus 9 Thymus 
13 Pituitary gland 7 Cerebellum 
10 Spleen 4 Caudate 
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Genes with elevated 
expression in the additional 
brain regions were of 
interest, since these tissues 
have not been 
systematically explored. 
Several examples of 
protein location matching 
the mRNA expression were 
identified, both for known 
proteins but also 
uncharacterized or missing 
proteins. Missing proteins 
such as ARHGEF33, 
DCLK3 and BHLHE22 
were all identified in brain 
regions, with elevated 
expression level according 
to the external data (GTEx 
and FANTOM5) Figure 20.  
 
Combining transcriptomics 
data with the spatial protein 
profiles enables a more 

complete overview and higher reliability. Reliable protein mapping is possible 
for previously uncharacterized proteins as well as improving the knowledge of 
proteins with limited understanding. This systematic approach was the starting 
point for Paper V, where the TBX19 gene was identified in the pituitary gland 
elevated list, highlighted as pituitary gland relevant protein and the profiling was 
prioritized for a more complete map of the pituitary gland proteome. Here, we 
also learned that by including more regions of the brain to the analysis a more 
complete picture of the brain transcriptome is possible.  
 
 
 
  

Figure 20. Protein profiling of genes classified as elevated 
in different regions of the brain. Genes elevated in 
cerebellum, caudate and hippocampus with a selective 
protein location.  
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Paper IV 
Understanding the basic building blocks of the human biology is fundamental in 
the progression of medicine and functional knowledge of disease. The expansion 
of omics methods and big data projects has enabled large scale profiling of 
whole human body based on transcriptomic data. All projects and techniques 
have benefits and problems, include different samples and methodological 
possibilities as well as limitations. To achieve the best possible improvement of 
the biological understanding and relevance, next step to take is to combine 
datasets and further explore integration of multiple datasets.  
 
GTEx and FANTOM5 are both large-scale projects mapping the expression in 
the human body and they both include several brain regions. The HPA body map 
includes most tissue types but is limited in brain regions, and for this reason the 
three datasets were combined to create one consensus transcriptomic 
classification of the human body and as well as regional variation within the 
brain.  
 
 
 

 

 
 

Figure 21. Strategy outline for the creation of the HPA brain atlas. A consensus 
classification of the whole human body as well as regional classification within human and 
mouse brain, with the end goal of creating a HPA brain Atlas 
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Classification based on several transcriptomic data sources 
 
The HPA dataset was based on samples included in the v18 and remapped to the 
Ensembl v92 release. Gene expression was calculated as transcripts per million 
(TPM) as sum of all protein-coding transcripts for each gene (19,670 protein-
coding genes). The GTEx dataset, based on v7, provided TPM tables mapped to 
gencode v19 (GRHc37), which is used in Ensembl v75. We only used GTEx 
TPM data for protein-coding transcripts that had the same Ensembl transcript id 
or same amino acid sequence between v75 and v92 to calculate the TPM sum 
per gene, in total 18,816 protein-coding genes. CAGE clusters from FANTOM5 
data were assigned to genes based on Ensembl v92 and peaks +/-500 bases of 
annotated transcript start sites were summarized for each of the gene, providing 
tags per million for the individual genes.  
 
Table 4. Classification of all protein-coding genes based on 36 tissue types divided into two 
categories; tissue specificity category and tissue detection category. 

 
Normalization was done by dividing each individual dataset with the square root 
of the standard deviation for all samples within respective dataset, followed by a 
scaling step to achieve a normalized expression value (NX) with 1 NX for a 
given gene representing approximately 1 mRNA molecule per cell in average. 
Classification of all protein-coding genes was based on the normalized data of 
36 tissue types in total. Three of these tissue types consist of a summary of 
several related tissues, including intestine (duodenum, small intestine, colon and 
rectum), lymphoid system (tonsil, lymph node, appendix, spleen and thymus) 
and the brain consisting of 12 separate regions. The maximum expression in 
respective tissue groups was used as the representative value for the tissue type. 
The classification was based on the rules listed in table 4, and separated into two 
different categories; tissue detection category was calculated based on the 

	  	   Category	   Description	  

Tissue	  
specificity	  
category	  

Tissue	  enriched	   Expression	  in	  a	  particular	  tissue	  at	  least	  five	  times	  
higher	  then	  the	  second	  highest	  tissue	  

Group	  enriched	   Expression	  at	  least	  five	  times	  higher	  in	  a	  group	  2-‐5	  
tissues	  compared	  to	  the	  mean	  of	  all	  other	  tissues	  

Tissue	  enhanced	   Expression	  in	  a	  particular	  tissue	  at	  least	  five	  times	  
higher	  than	  the	  mean	  of	  all	  tissues	  

Low	  tissue	  
specificity	  

Expression	  detected	  in	  at	  least	  one	  tissue	  but	  not	  
classified	  as	  elevated	  in	  any	  tissue	  

	  	   	  	   	  	  

Tissue	  
detection	  
category	  

Detected	  in	  single	   Detected	  in	  1	  tissue	  	  
Detected	  in	  some	   Detected	  in	  at	  least	  2	  tissues	  but	  less	  than	  31%	  
Detected	  in	  many	   Detected	  in	  more	  than	  31%	  but	  not	  all	  the	  tissues	  
Detected	  in	  all	   Detected	  in	  all	  tissues	  
Not	  detected	   Under	  cutoff	  in	  all	  tissues	  
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number of tissues with detection above cutoff (NX = 1) and tissue specificity 
category highlights genes with variable expression patterns elevated in one or a 
group of tissue types (tissue elevated, group elevated and tissue enhanced).  
 

Almost 50% of all detected genes are classifies as elevated in one or several 
tissues. Tissue enriched, group enriched and tissue enhances are in total 9,229 
genes classified as tissue elevated based on the expression level. The brain is the 
tissue with most genes classified as elevated (2,501). The brain is represented by 
1,710 samples and the brain regional classification is based on 12 regions, 
(cerebral cortex, olfactory, hippocampal formation, amygdala, basal ganglia, 
hypothalamus, thalamus, midbrain, pons&medulla, cerebellum, corpus callosum 
and spinal cord), seven regions are represented in both GTEx and FANTOM5 
data (cerebral cortex, hippocampal formation, amygdala, basal ganglia, 
midbrain, cerebellum and spinal cord). The regional classification is only 
calculated for genes with both GTEx and FANTOM5 data and the three HPA 
cerebral cortex samples are not included in the regional classification. The 
regional classification within the brain is based on the same rules used for tissue 
classification, 1,004 genes are highlighted as regionally elevated. The overlap 
between brain elevated and regionally elevated expression is visualized in figure 
23.  

Figure 22.  Transcriptomic based classification of all protein-coding genes 
based on two categories. Transciptomics data from three sources representing 
36 different tissue types classification (inner ring) and tissue distribution of 
expression over cutoff (outer ring). 
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The majority of brain elevated genes are classified as low regional specificity i.e. 
with a low expression variation in the different brain regions. Almost 50% of the 
regionally elevated genes are highlighted as elevated in other tissue than the 
brain when the whole body is used for classification. This implies that although 
several genes are highlighted as important for other tissues than brain, they are 
also associated with a specific brain function.  

Comparing human and mouse 
The mouse is important for brain research as alternative to human brain, a small 
sized mammalian with the basic brain regions similar to human makes it a 
suitable model. Understanding the differences in genes expression between 
human and mouse is necessary to understand the possibility and biological 
relevance of using mouse as model both in normal and disease studies. A global 
transcription comparison across species may also help to understand more about 
the brain evolution and human specific features.  
 
The mouse brain includes the same regions as human brain, but smaller 
(especially the cerebral cortex), see figure 24. To complement the regional 
human data we included four mouse brains (2 female and 2 male) that was 
carefully dissected into 17 regional samples without left overs, i.e. the whole 
brain was included in the analysis. The RNA extraction and analysis was in line 
with previous procedures (Paper I and II) and the data was processed identical to 
the human data. In total, 19 samples was analyzed including retina and pituitary 
gland, as well as 17 regional samples, later grouped into 11 regions for the 
regional classification (cerebral cortex, olfactory, hippocampal formation, 
amygdala, basal ganglia, hypothalamus, thalamus, midbrain, pons&medulla, 
cerebellum and corpus callosum).  
 

Figure 23. Combined analysis of organ classification and brain regionally distribution. (A) 
Brain elevated genes are highlighted compared to genes with expression elevated in other tissues 
than the brain (inner ring) compared with regional classification within the brain (outer ring) and  
(B) examples of interesting protein profiles matching the different combinations of categories.  
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The expression classification highlights 570 genes as regional elevated in mouse 
brain and only 156 of these were also regionally elevated in human brain. Mouse 
and human seem be dissimilar when it comes to the classification overlap, which 
could partially be explained by the arbitrary cutoff, sample compositions (eg. 
ratio between grey and white matter) or a biological difference between species. 
When comparing the expression level, instead of classification, for each brain 
region the correlation between the two species are more similar than dissimilar, 
spearman correlation coefficient was between 0.74 and 0.83 for the different 
regions. Olfactory bulb and thalamus were the regions with several genes highly 
expressed in mouse but not human. Cerebellum, pons&medulla and cerebral 
cortex were regions with higher expressed genes in humans than mouse.  
 
The comparison between mouse and human is restricted by the orthogonal 
translation of the genes, we use a one-to-one translation, resulting in 15,169 
human genes with a mouse ortholog. There are 2,727 genes expressed in human 
brain but lacking mouse ortholog and there are 2,180 mouse genes expressed in 
mouse brain lacking human ortholog. 12,505 genes are expressed above cutoff in 
both human and mouse brain, while 963 genes are expressed in human but not 
detected in mouse and 386 only detected in mouse brain. These genes and genes 
with high variation in expression level between human and mouse are all of 
interest to investigate further and validate on protein level to understand what is 
biological differences and what is technical or methodological factors.  
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Figure 24. Regional overview of the mouse brain. Sagital and coronal sections visualizing the 
regional organization of the mouse brain, same color codes as in the human Figure 3. 
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Creation of the HPA Brain Atlas 
There are several brain atlases already, but so far none of them visualize 
integrated data and summarizing multiple sources and species in a gene-centric 
manner. Here, we have combined several different complementing datasets to 
get a deeper and more holistic molecular view of the different parts of the brain. 
The use of normalized data has allowed us to compare mouse and human data 
and the similarity/differences can be explored, enabling comparisons across the 

different datasets (figure 25). We introduce 
a gene-centric, multi source dataset, cross 
species comparison integration of 
transcriptomic and protein data.  
 
Figure 25. The newest addition to the HPA is the 
brain atlas with a brain-centric summary page for 
each gene. At the top of the page (A) gene 
information, RNA expression classification and 
protein distribution is listed.  Interactive images for 
the regional organization for both human and mouse, 
indicating the origin of the different samples (B). The 
same color-codes are used for visualization of 
regional transcriptomics data from four sources; 
Human - GTEx (RNAseq), FANTOM5 (CAGE) and 
Mouse - HPA (RNAseq) and Allen (ISH) (C). Protein 
localization is available for a selection of brain 
important proteins. A number of brain regions in 
human are profiled in the Tissue Atlas, visualized by 
expression bars, representative image and a 
description (D). Complete mouse brain profiles with 
protein detection levels for more than 120 brain 
regions are summarized in expression bars, 
representative image and description (F). Image data 
can be inspected at full resolution using the virtual 
microscope (F).  
 

 
  

Organ classification

Regional classification

Protein summary Protein located in subsets of neurons
located in hippocampsus and cerebral 
cortex. Human and mouse show similar
expression and protein localization. 
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Gene name

RNA expression
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Selective expression in CNS and pancreatic islets 
of Langerhans. 
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Supportive
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Paper V 
Systematic exploration of brain relevant targets resulted in identification of a 
novel antibody, targeting a pituitary gland enriched protein, T-box family 
member (TBX19). TBX19 has previously been described as a transcription 
factor regulating the POMC cell lineage [191, 205]. Mutations in this gene are 
associated to ACTH deficiency [206, 207].  Here, we validated this antibody as a 
tool for diagnosis. 
 
Antibodies are not only affinity molecules useful in research and protein 
mapping, but also critical diagnostic tools used in routine diagnostic practice at 
the pathology departments. The classification of pituitary neuroendocrine tumors 
(PitNET) is an example of diagnosis relying on antibodies. Different subtypes of 
PitNET are targets for different treatment strategies, and the classification of 
PitNET subtypes is done by immunohistochemical staining using antibodies 
targeting the different hormones specific for each cell lineage [185, 190, 208]. 
The quality and reproducibility of antibodies as diagnostic tool is obviously 
important [155]. Traditionally, the main focus for the antibodies used for sub-
classification was limited to the hormonal expression. With the addition of 
transcription factors (TF) as markers for the pituitary cell lineage [185] the 
classification has been improved, especially classification of the tumor with 
sparse, weak or none expression of the anterior pituitary hormones. A validated 
antibody targeting T-Pit has been missing on the market and therefore absent as 
a diagnostic tool in clinical settings.  

The first validation step was in 
normal tissue, showing that T-
Pit was only detected in the 
anterior lobe of pituitary gland 
and nowhere else, in 
concordance with the mRNA 
expression data. The staining 
pattern was as expected nuclear 
in subsets of cells in the 
anterior lobe (Figure. 26 A), in 
line with published data [209]. 
We also performed a double 
staining, detecting the T-Pit and 
ACTH in the same pituitary 

cells (Figure 26 B). Second step was to validate the immunostaining in a patient 
cohort of in total 246 patients, where all the ACTH positive tumors also stained 
positive for T-Pit. In addition, we were able to re-classify 8 out of 15 previously 
null-cell adenomas as silent corticotroph tumors. It is of great importance to 
identify silent corticotroph tumors as they are considered to be more aggressive 
than the much more common silent gonadotroph tumors [185, 210].  

A B

Figure 26. Immunohistochemical staining of 
anterior pituitary gland. A- TPit detected in cell 
nucleus. B Co-localization of the transcription factor 
T-Pit (brown nuclei´s) and the hormone ACTH (red 
cytoplasmic positivity).  
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Figure 27. Examples of three different types of PitNET, classified according to the different 
cell lineage; Case 1, corticotroph, positive for T-Pit and ACTH, Case 2 somatotroph, positive 
for Pit-1 and GH, and Case 3, gonadotroph, positive for SF-1 and FSH. 

 
Improving the basic biological understanding by exploring one protein at a time 
is part of the HPA research as well as the systematic classification of gene 
expression in the human body. In this paper, one antibody is able to make a 
difference. The target protein had already been characterized but there was a 
need for a reliable antibody, which is now available.  

  

Case 1

Case 2

Case 3

ACTH FSHGHPit-1T-Pit SF-1
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Paper VI 
Cancer constitutes a large burden on society and is one of the leading causes of 
disease related death worldwide. The incidence and prevalence of cancer are 
increasing due to both the increase of population age and also the risk factors 
associated with unhealthy lifestyles such as physical inactivity, overweight and 
smoking, highly associated with the modern life style [211]. Current drug 
treatments are only effective for sub groups of patients due to inter-individual 
tumor heterogeneity, implying we need to understand more about the molecular 
mechanics of cancer and what drives the pathogenesis [212]. For almost 20 years 
ago Hanahan and Weinberg suggested the six hallmarks of cancer forming the 
fundaments of cellular progression from normal into cancer, which includes 
multiple aspects; evasion of apoptosis, limitless replication potential, 
insensitivity to growth-inhibitory signals, self-sufficiency in growth signals, 
angiogenesis and tissue invasion [213]. The hallmarks were further expanded in 
2011, after years of research deepening the understanding of cancer and its 
complexity, genome instability and inflammation was added as well as 
reprogramming of energy metabolism and evading immune destruction [214].  

 
A systematic approach was here used 
for mapping the cancer transcriptome 
and associating clinical outcome with 
genome-wide expression profiles of 
protein-coding genes. Two large-scale 
open access databases were combined, 
cancer transcriptomic data from The 
Cancer Genome Atlas (TCGA) [68] and 
normal tissue transcriptomic data from 
the Human Protein Atlas [215], the later 
also providing antibody based protein 
profiles in normal and cancer tissues. 
Utilizing the clinical metadata of 
TCGA, potential prognostic proteins 
were defined based on RNA expression 
variation in the different cancer patients. 
Correlations and classification over 
different cancer types was also possible, 
as well as further analysis regarding 
cancer enriched expression, 
dedifferentiation and individual 
variation. This large-scale data analysis 
resulted in more than 900,000 Kaplan-
Meier survival plots, which was 
published on the cancer-centric 
pathology atlas, as a part of the Human 
Protein Atlas consortium.  

Figure 28. Strategy for creating the Human 
Pathology Atlas, (A) Transcriptomic data from 
HPA and TCGA, protein profiles from HPA and 
clinical data from TCGA was combined. (B) 
The data was processed by system biology, co-
expression plots, Go term analysis and survival 
plots based on TCGA clinical data. (C) The 
main focus was on 17 selected cancer types.  
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Figure 29. Overall correlation of expression in normal and cancer tissues. The pairwise 
correlation between all 37 normal tissues and 33 cancer types based on average FPKM for each 
gene and tissue/cancer type. Liver and liver cancer (LIHC) as well as bone marrow and acute 
myeloid leukemia (LAML) were the only normal tissue that clusters with its cancer counterpart. 
The majority of normal tissues, except testis skeletal muscle and brain, were grouped together and 
cancer types were separated into one large block and one smaller.  

RNAseq data and clinical meta data from TCGA was retrieved for 33 different 
human cancers, in total it corresponded to data from 9,666 individuals. Normal 
tissue, representing 37 different tissues types (from 162 tissue samples in total) 
was extracted from the HPA project. The transcriptomic data from HPA was 
reanalyzed simultaneously in the same pipeline; reads processed using STAR 
v2.4.2a [216] and counts calculated using HTSeq v0.6.1p1 [217] and finally 
converted to FPKM. Hierarchical clustering was used for investigating the 
relationship between the global gene expression patterns of all protein-coding 
genes (n = 19,571) in the 33 cancer types compared to the gene expression in 37 
normal tissue types. The majority of cancers clustered together separated from 
the normal tissues. Two types of cancer did, however, cluster with their normal 
counterpart, hepatocellular cancer with normal liver and acute myeloid leukemia 
cluster with bone marrow.   
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Figure 30. Expression classification of protein-coding genes in normal and cancer tissue. The 
cancer transcriptome data was categories according to previous classification rules (A), the normal 
tissue expression was reanalyzed in the same pipeline and then classified. (B) Mean values are used 
for each tissue/cancer type.   
 
The classification based on expression categories was in line with previous 
publications [202, 215] and enabled an overview of RNA expression in normal 
and cancer tissue. The majority of protein-coding genes are expressed in the 
different cancer types analyzed, 5,130 genes show elevated expression in one or 
several cancer types. The majority of genes detected in all cancers (5,772) were 
shared between normal and cancer tissue, while 2,401 additional genes were 
expressed in all cancer types but with more restricted expression profile in 
normal tissues. These cancer housekeeping genes were often connected to 
certain biological functions related to mitosis, regulation of apoptosis and DNA 
replication; all functions related to the hallmarks of cancer. In normal tissues, 
high expression of genes related to mitosis or DNA replication are normally 
restricted to tissue types with active cell division, such as fractions of cells in 
squamous epithelia, lymphoid 
system, glandular epithelia and 
testis.  
 
A selection of tumor types, with 
available TCGA clinical data and 
high numbers of patients, were 
selected for further analysis 
(overview in figure 28 C). 
Survival data for all patients 
within each cancer type was 
plotted in Kaplan-Meier survival 
plots, spanning 10 years. 
Pancreatic cancer and glioma had 
the worst 3-year survival (35% 
and 8%, respectively), testis and 
prostate had the most favorable 3-
years survival (97% and 98%, 
respectively). 

Figure 34. Genes highlighted as prognostic for each 
cancer type. Overview of number of prognostic genes 
for the different cancers, unfavorable is orange and 
favorable is gray. Patient number for each cancer 
cohort is included in parentheses 
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 The patient cohorts were stratified into two groups with a FPKM cutoff selected 
from the 20th and 80th percentile, for each individual gene and cancer type. The 
cutoff was selected based on lowest log-rank P value. More than 100 million 
Kaplan-Meier was generated to facilitate this analysis and selection. Good and 
bad prognostic genes were defined for each of the cancer types. A good gene 
(favorable) was defined by high expression associated to longer patient survival, 
while high expression of a bad gene (unfavorable) correlated to poor patient 
survival. Most of the suggested prognostic genes have previously not been 
linked to survival, indicating that there are many more genes to explore with 
prognostic relevance. Functional gene ontology (GO) analysis on the most 
significant prognostic genes suggested that unfavorable genes was related to cell 
proliferation, mitosis, cell cycle regulation and nucleic acid metabolism, well in 
line with previously established features of cancer. The characteristics of 
favorable gene functions were not as clear, but regulation of immune cell 
activation, positive regulation of cell activation and cell-cell adhesion was 
suggested. No prognostic gene were shared by all cancers, seven different 
cancers were the most who shared one and the same prognostic gene. There were 
even a large number (2,375) of genes that showed the opposite effect (good/bad) 
depending on the cancer type. Glioma, which was represented by GBM was 
provided with 271 suggested prognostic genes in total, 205 unfavorable and 66 
favorable. 

Tissue-enriched genes and dedifferentiation in cancer 
Anaplasia is a well-used term to describe the dedifferentiation in cancer cells 
compared to their normal cell origin. But there is no clear molecular description 
of this phenomenon. Based on transcriptomic data it is possible to illustrate the 
dedifferentiation as a loss of the tissue specific signature for the tissue type the 
cancer originates from. When expression of tissue enriched proteins are 
investigated in corresponding cancer it shows that the expression level is lower 
in both cancer and cell lines compared to the normal tissue of origin.  
 
What can we learn about GBM? 
Genes classified as glioma elevated based on expression levels compared to 
other cancer types were most often also classified as brain elevated in normal 
tissue. Since the tumor is removed from the brain, the molecular signature of the 
brain is also included in the tumor sample. SLC17A7 and S100B are both 
proteins with elevated expression levels in both normal brain and glioma, shown 
in Figure 35A. Surprisingly, there are also several genes with brain elevated 
expression among the genes suggested to be prognostic, both favorable and 
unfavorable. The neuronal protein REEP2 and the astrocytic PXN are proposed 
unfavorable prognostic proteins, both located in subsets of tumor cells (figure 35 
B).  
 
There are several genes with low detection levels in normal brain but highly 
expressed in GBM, presumably associated with cell division or cancer 
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progression. These proteins are potentially interesting to better understand the 
Hallmarks of glioma. Examples of such proteins are shown in Figure 35 C; 
TACC3 and METTL7 are both expressed at a higher level in glioma compared 
to the normal brain, seen both on RNA and protein levels.   

 

Possible conclusions to make from the TCGA transcriptomic data (external, and 
with limited information) are restricted, but still intriguing and a very good 
starting point to find candidate proteins for further analysis. Glioma, especially 
GBM, is in great need of better understanding and stratification of patients. 
Finding interesting proteins with high variation or slightest relation to prognosis 
is of interest and should be followed up in a separate cohort. A few interesting 
proteins were identified in this analysis by comparing the expression profile with 
protein location and we will continue the characterization of those proteins.  
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Figure 35. Examples of proteins detected in GBM. Immunohistochemically stained 
human tissues were examined and a selection of interesting cases are displayed. (A) 
SLC17A7 and S100B are both classified as elevated expression in normal brain as well as 
glioma compared to other cancer types. SLC17A7 is a synaptic protein while S100B is 
present in all glial cells, including the cancer cells with an estimated origin from glia. (B) 
REEP2 and PXN are two examples of suggested unfavorable prognostic proteins. In normal 
brain REEP2 is most abundant in neuronal cells, but is also detected in glioma cancer cells. 
PXN is located in astrocytes in normal brain and show variable positivity in cancer cells. 
(C) TACC3 and METTL7B were identified by comparing expression level in normal brain 
with the expression in GBM and both proteins was highlighted as unregulated in cancer 
compared to normal tissue and both proteins are detected in a subset of cancer cells.  
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Discussion 
The purpose of gene classification is to generate an overview of the gene 
expression landscape by arranging genes based on their expression throughout 
the human body. We decided to use an overall classification method based on an 
arbitrary cutoff defining detection and an arbitrary fold-change of 5-times higher 
expression to identify genes elevated in one or multiple tissue types by 
comparing all tissues. The first time we used this this classification principle we 
analyzed 95 samples representing 27 tissue types, including 1 brain region [202]. 
In the most recent analysis (Paper IV) we added more tissue types by combining 
expression data available in the GTEx and FANTOM5 with a focus on creating a 
more comprehensive overview of gene expression in the brain. This allowed us 
to identify genes important for brain specific functions, based on the assumption 
that genes elevated in any aspect of the brain are likely involved in brain specific 
functions. Comparing brain to peripheral organs and comparing regions within 
the brain has provided both a gene and tissue centric overview on the molecular 
compositions of tissues within the human body and unraveled some of the 
unique molecular features of the brain as an organ. In my work described in this 
thesis, I have strived to increase the knowledge of the basic building blocks of 
the brain.  

RNA expression and protein location 
Messenger RNA molecules are relatively small and generally not forming 
complexes with other biomolecules in the cell, therefore regarded less 
complicated compared to proteins. It is much easier, from a methodological 
point of view, to identify and quantify mRNA molecules in a given biological 
sample. It is well accepted to use quantitative transcriptomic as guidance and 
demonstration of the protein location based on the assumption that there is a 
correlation between mRNA and protein. Based on the central dogma of 
translation, we know that proteins are translated from mRNA molecules i.e. 
there cannot be protein without the corresponding mRNA. However, the 
spatiotemporal co-existence of mRNA and protein could be unsynchronized due 
to stability and half-life of mRNA and proteins [90, 218]. These factors 
complicate the correlation of quantitative expression levels in cells and tissues, 
which could be interpreted as a lack of quantitative correlation [219, 220]. 
Nevertheless, studies have shown correlation when comparing mRNA and 
proteins in cell lines [115] as well as in tissues [91]. Additionally, Edfors et al 
showed that the relationship between the amount of mRNA and proteins varies 
from gene to gene, and the gene-specific RNA-to-Protein (RTP) conversion 
factor is constant over cells and tissues [91]. This implies that the quantitative 
comparison between different samples for the same gene is relevant.  
 
The discrepancy in location of mRNA and protein is especially important for 
nervous tissues containing neurons with long distal processes crossing 
anatomical borders. When investigating the spatial distribution of gene 
expression by ISH [55] or reporter constructs [58] the results may be incomplete 
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and difficult to link to neurological function, as the protein might not be 
available at the site of translation. A well-known example for this phenomenon 
is SLC6A3 (DAT), a dopamine transporter [221], specifically expressed by 
dopamine producing neurons in the substantia nigra in midbrain (regionally 
elevated in human brain midbrain, based on NX 72.36 in substantia nigra). The 
functional protein coded by this gene is transported to the axons innervating to 
caudate nucleus and putamen in the basal ganglia. On the protein level these 
regions contain the highest DAT levels, but no mRNA expression. In Figure 36 
A the comparison of mouse brain ISH (ABA) and mouse brain IHC (HPA) is 
shown presenting no RNA expression in the ISH image but distinct protein 
detection in  caudateputamen of mouse brain.  
 

Figure 36. Examples of proteins and RNA expression that do not correlate 
in the regional distribution. Two examples of complex relations between 
RNA and protein in regard to regional and cellular distribution. (A) SLC6A3 
(DAT) gene expression is not detected in mouse caudateputamen (CP) based 
on ISH from ABA but the protein is clearly present in the CP in mouse brain. 
Protein is also detected in human caudate nucleus (CN) regardless of the fact 
that RNA expression is restricted to the substantia nigra of midbrain. (B) 
SLC17A7 (VGLUT1) is expressed by most neurons, indicated by positive ISH 
detection in mouse brain hippocampus (ABA). The protein is synaptic and 
shows a different location in the hippocampus compared to the spatial RNA 
signal. SLC17A7 is also showing synaptic positivity in all 4 human brain 
regions (caudate nucleus, hippocampus, cerebral cortex and cerebellum).  
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Immunoreactivity was also observed in human brain, specifically in the caudate 
nucleus (CN). Only by analyzing this gene on the level of transcript as well as 
protein is it possible to capture the molecular distribution and link it to cell-types 
and function. The protein of interest explored in Figure 7 (chapter 2), shows 
similar feature due to the subcellular location. SLC17A7 (VGluT1) is a synaptic 
transporter and the protein is located at the synaptic terminal of neurons. A 
comparison of ISH expression images and IHC protein detection in hippocampus 
shows example of the discrepancy of spatial RNA and protein location (Figure 
36 B). Additionally, SLC17A7 is not expressed in caudate nucleus of human 
brain, but on protein level there is no difference between the regional protein 
positivity.  

Identification of proteins with RNA as guidance 
Initially the HPA project generated transcriptomics data to increase the 
completeness and overview of proteome distribution in human tissues. Except 
for secreted proteins, which are released into the extracellular space, all proteins 
are located in the same cell as their corresponding mRNA. The relative 
distribution of expression in the different tissue types can act as negative 
controls, allow us to implement enhanced validation of antibody specificity 
(orthogonal validation) in cell-lines and tissue types [154] and assists with the 
determination of the optimal antibody concentration in antibody based assays. 
Furthermore, expression data is used to identify low abundant genes expressed in 
only a limited number of tissues or cells. This improved the overall quality of the 
protein atlas and enabled reliable protein profiles for uncharacterized less well-
studied proteins. However, orthogonal validation of antibody specificity requires 
a certain degree of variation between samples, genes expressed in all tissue types 
are less suited for validating and optimizing antibodies.  

Tissue complexity and classification cutoff 
When is a gene expressed? The gene expression distribution in any given cell is 
stochastic between on and off. Especially, determining the arbitrary cutoff 
between expressed and not expressed is challenging. Within the HPA project, 
expression is when mRNA levels are detected above 1 NX that translate to 
approximately 1 mRNA molecule per cell on average. When a sample is 
heterogeneous in its cellular composition, the measured mRNA levels are the 
sum of all cells. Genes that are low or moderately expressed by a small fraction 
of the cells might end up below cutoff due to dilution effects. One borderline 
example, bellow cutoff is NPVF, neuropeptide VF precursor, classified as brain 
elevated (regional elevated in hypothalamus, NX 3.46), where retina was second 
highest with NX 0.93 just under cutoff but most likely still relevant and of 
biological interest.  
 
Not detected and protein evidence 
In Paper I and III the protein evidence levels and systematic exploration of 
missing proteins were discussed. Transciptomic data was indicated as a valuable 
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starting point to locate proteins of interest in Paper III. The ultimate goals for 
HPP and proteomic community is to identify and characterize all proteins i.e. all 
protein-coding genes should have evidence of existents on protein level. 
Interestingly, the number of genes classified as not detected have decreased for 
each project in this thesis as have the number of protein-coding genes for each 
Ensembl update. To better estimate what the final number of protein-coding 
genes might be, the latest version of ‘not detected’ genes (from Paper IV) were 
investigated. To begin with, 322 of the 764 not detected genes are olfactory 
receptors of different subtypes, and several of them (151) have evidence on 
transcript level. Of the remaining 442 genes, 138 have evidence at protein level 
and provide clues of what proteins are potentially missed in the analysis. Despite 
the fact that the number of tissue types and samples were increased in the 
updated classification, there are several proteins where expression could not be 
detected due to lack of correct sampling or low abundant cell types diluted to 
even lower abundance in a so called bulk RNAseq strategy. Several interferons 
and interleukins are proteins with protein evidence but the RNA expression is 
classified as not detected in present investigations. A detailed mapping of 
various blood and immune cells would potentially solve this problem. Lens 
specific crystallins were also represented, for examples CRYBA1 that is mapped 
on the protein atlas in lens of the eye. Transcriptomics data from lens is missing 
in this dataset, as well as cornea. KRT12 with selective protein location in cornia 
of the eye was also included in this list. Follicle cells are troublesome, they are a 
smaller subset of cells and also require younger patient material, two zona 
pellucida glycoproteins were not detected, but the protein could be mapped in 
the HPA using antibodies for location (ex ZP4). The arbitrary cutoff is as 
mentioned another aspect, which is the case for TCHHL1 in hair (NX 0.77 in 
skin), in this case a few patients have NX above cutoff but since tissues of the 
same type are represented by average this is reduced to below cutoff.  

Sampling 
A sample is normally a small part or quantity used with the intention to show 
what the whole is like. When the whole is uniform the sample can be small and 
still provide trustworthy representation, but when the whole is heterogeneous in 
its composition the sample should be bigger or multiple samples should be taken 
to capture the complexity of the whole. The brain is complex and the most 
heterogeneous organ. To capture the complexity of the brain requires many 
samples with a known origin and cellular composition. When samples contain 
several sub regions or nuclei, dilution effects should be compensated by 
increased depth of analysis to cover the dynamic range of available mRNA 
molecules. Most of the human samples included in HPA, GTEX and FANTOM5 
are based on sections cut from a frozen tissue blocks. In the HPA, and for several 
samples of GTEx, H&E sections are available as representation of the samples 
revealing white to grey matter ratio and sampled sub-regions. Unfortunately, this 
is not standard and this level of spatial information is not available for many 
samples included. Especially, brain regions containing many sub nuclei, like the 
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hypothalamus, midbrain, pons and medulla, which cannot be sampled but should 
be analyzed complete or randomly sampled many times to capture all cell types 
and genes. Since human brain is relatively large the full regions could result in 
too much material and a dilution effect as well as difficulties to reach a good 
sequencing depth. The mouse brain is smaller, a practical size for homogenizing 
and extracting RNA from complete regions. During the dissection of mouse 
brain in Paper IV, there were no leftovers, all brain regions and cell types were 
in included in the analysis, providing a complete coverage compared to the 
human samples based on sections of regions or sub regions.  
 
Example of technical artifacts caused by sampling was observed in skin. The 
HPA dataset includes solely superficial epidermal samples, while the GTEx 
dataset includes samples containing deeper layers of dermis resulting in a higher 
probability of structures such as hair follicles and sweat glands being included in 
the GTEx data but missed out in the HPA. Identification of hair follicle genes 
was easily done by comparing HPA and GTEx and extracting genes marked as 
skin elevated in GTEx but not HPA, several of these proteins was verified in 
Paper III. 

Combining different datasets into one 
Sample variation caused by the organization of the section used for RNA 
extraction, inter-individual variation and regional sampling is factors affecting 
the outcome. Additionally, there are methodological aspects; HPA uses samples 
obtained from surgery whereas GTEx is based on post mortem samples and 
FANTOM5 includes several pooled samples. GTEx and FANTOM5 each have 
several different brain regions represented, GTEx with a high number of donors 
but limited regional coverage, while FANTOM5 includes many regions but 
fewer samples per region. By combining datasets a more complete overview is 
accomplished of the gene expression in periphery and the brain. Both HPA and 
GTEx are based on RNAseq protocols using poly-A tail enrichment, thus 
excluding mRNA from certain genes (e.g. histones), while CAGE data is based 
on the selection and sequencing of translation initiation sites, the five-prime cap. 
 
When combining different datasets gene mapping and version of gene model are 
important aspects. For best possible integration the same gene model needs to be 
used. Gene mapping and resources for updating already published data are 
crucial aspects of data sharing and integration. A vast amount of data is produces 
in current big data era, but who will take care of it? And who till update so that 
the results stays relevant and accessible for comparisons also in the further when 
new results are published. In the HPA there is a regular updating procedure of all 
data, remapping and making sure that the latest gene model is used for 
summarizing the RNA and protein profiles. This is a lot of work, but vital for a 
high-quality resource.  
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Conclusions	  

 
All projects in this thesis utilized the same two high throughput mapping 
strategies: transcriptomic data classification and systematic protein profiling by 
antibodies in the HPA. The main focus was to define the genes important for 
brain specific functions and deepen the understanding of the human brain.  
 
This systematic approach has proven useful not only for understanding and 
mapping normal tissue function and biology but also disease. A novel antibody 
was identified in this pipeline and has already proven useful in clinical diagnosis. 
Secondly, TCGA data together with the normal brain classification is a good 
starting point for finding potential markers for further investigation in 
glioblastoma. 
 
In this thesis, we have been able to address some questions of central importance 
for the molecular understanding of the brain. In the following, some of these 
questions are reviewed. 

Does the brain express many unique genes not present in other part of the 
human body?  
A more detailed analysis (Paper IV) have shown that the brain indeed has the 
most elevated genes as compared to all other tissues and organs in the human 
body. However, many of these elevated genes can also be found in other tissues 
and only a few brain elevated proteins (64) are only expressed in the brain. The 
results reported in this thesis thus implies that the complexity of the brain is not 
due to the number of unique proteins, but rather the complex interplay of the 
networks created by the neuronal cells and the various sub regions of the brain. 
The thesis also reports that proteins with a regionally variable expression within 
the brain often are classified as tissue elevated in another tissue than the brain.  

What proteins are important for brain specific functions?  
The analysis (in particular in Paper IV) has identified more than 2,500 genes that 
are elevated in the brain as compared to other tissues in the body. These are 
obvious targets for more in-depth analysis to define their role in neurological 
function. In this context, it is interesting to prioritize the enriched genes (n=555), 
such as the analysis performed in Paper II.  
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Are these proteins localized in one region of the brain or expressed 
throughout the whole brain?  
When comparing the regional classification with organ classification less than 
20% of the brain elevated genes were also variable within the brain, remaining 
genes was detected in several or most regions with low regional variation.  

How to move forward 
There are numerous different efforts and initiatives investigating the brain, 
aiming to understand functions, classifying the cells one by one or mapping the 
organization. But as often in research, the point of view is restricted, integration 
and visualization for sharing data is not prioritized. What I think is missing is an 
integrated portal providing a brain-centric overview and summary of protein 
expression and location, to facilitate an efficient exploration by researchers. I 
strongly believe that it is possible to make a difference by summarizing, 
visualizing and sharing data. If it takes the world to understand the brain, then 
the world needs to be better integrated and summarized, or else too much time is 
spend on just browsing different databases.  
 
By creating a brain-centric atlas, summarizing the protein expression both based 
on transcriptomics data but also with spatial protein profiles using antibodies I 
hope that several researchers will be able to save time, learn more and find new 
answers. The aim is to continue developing this new atlas, adding more data and 
facilitating even deeper understanding of the human brain, normal as well as 
disease.  
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Appendix 1. The different regions of 
human brain 

 
 

Figure 27, (copy of Figure 3) The different regions of the human brain. Sagittal overview 
(oriented front-to-back) of the different brain areas with markings for the approximate 
position of coronal sections (side-to-side orientation) 1-3, showing one hemisphere and 
colored indication of the different regions	  
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Cerebral cortex is the largest region of the human brain, and it is further 
divided into different sub regions (lobes and gyri). The cerebral cortex consists 
of gray matter with different neuronal layers and a large area of white matter 
containing myelinated afferent and efferent axons. The gray matter together with 
the white matter represents 80% of the total brains weight mass [1]. The 
different layers of gray matter (I-VI) contain mainly excitatory projection 
neurons using glutatmate as their main neurostransmitter (pyramidal neurons) 
and inhibitory interneurons that mainly use GABA as neurotransmitter [222, 
223]. The cerebral cortex acts as a relay where sensory information from 
subcortical regions is processed and filtered to generate adequate output 
responses. The different lobes (indicated in Figure 38) of the cerebral cortex, 
connected to different subcortical regions, are responsible for different functions;  

-‐ The frontal lobe is located in the front of the brain and is involved in 
reasoning, planning, attention and reward as well as in the voluntary 
movements. The primary motor cortex is part of the frontal lobe and 
located in the end of the frontal lobe (next to the parietal lobe).  

-‐ The parietal lobe is located on top of the brain and is mainly dealing with 
sensory information such as pain, touch and pressure. Somatosensory 
cortex is the area closest to the frontal lobe and is vital for processing 
input from the senses.  

-‐ The occipital lobe is at the back of the head with a primary function to 
process visual information.  

-‐ The temporal lobe is located on the sides of the brain and includes the 
primary auditory cortex, interpreting sounds and is involved in language.  

-‐ The insular lobe is hidden within the folds of the cortex, between the 
parietal and temporal lobes and is involved in emotions and awareness. 

-‐ The cingulate cortex, is usually not referred to as a lobe, but it is the gyrus 
hidden in between the two hemispheres and part of the limbic system (the 
system important for processing emotions and memories, several regions 
are involved in the limbic system). 

Figure 38. The different lobes of cerebral cortex. (A) Sagittal view, including 1- frontal lobe, 2- 
parietal lob, 3-occipital lob and 6- cingulate cortex. (B) Coronal section of one hemisphere showing 
6- cingulate cortex, 5- insular lobe and 4- temporal lobe.  
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The olfactory bulb is receiving input from the olfactory neurons in the nasal 
olfactory epithelium. It is organized in glomeruli (one per smell) and innervates 
the dendrites of mitral cells that project to other forebrain regions, including the 
olfactory cortex. Local circuits in the glomeruli and plexiform layers fine-tune 
the olfactory output information. The olfactory bulb is relatively small in 
humans compared to other vertebrates.  

 
Hippocampal formation includes the corpus ammonis (CA1-4) of the 
hippocampus, the dentate gyrus as well as connected cortical structures, such as 
subiculum and entorhinal cortex. The hippocampus belongs to the limbic system 
and is one of the key players in the formation of memories.  
 
Amygdala is an other important part of the limbic system, involved in 
processing of emotions and emotional learning, The amygdala is located deep 
within the temporal lobes of the cortex. The amygdala has complex circuitry 
between several nuclei with forebrain origin that are grouped together in three 
major functional subdivisions; the medial group of nuclei that communicates 
with olfactory bulb, the basal-lateral group closely communicating with several 
cortical areas and the central-anterior group of nuclei with connection to the 
hypothalamus.  
 
Basal ganglia include a collection of subcortical nuclei. Globus pallidus, 
caudate nucleus, nucleus accumbens and putamen, which are all separated nuclei 
of gray matter surrounded by white matter in the basal forebrain. An important 
role of the basal ganglia is movement control and processing. Caudate nucleus 
and putamen together with globus pallidus are a central relay between the 
brainstem and cerebral cortex for signals of voluntary movements. The nucleus 
accumbens plays an important role in addiction and reward systems.  

A B C

Figure 39. Regional organization of the human brain. Different regions developing from the  
telencephalon. (A) hippocampus, (B) amygdala and (C) basal ganglia.  
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Figure 30. Regional organization of the human brainb. Different regions developing from the  
diencephalon and mesencephalon. (A) Hypothalamus, (B) Thalamus and (C) Midbrain.  

 
Hypothalamus includes three major sub regions and more than ten defined 
nuclei that regulates basic body functions such as stress, blood pressure, hunger 
and sleep, and belongs to the limbic system. One function of the hypothalamus is 
regulation of the pituitary gland and endocrine signaling to the rest of the body, 
either indirect via the anterior pituitary or direct through nerve ends of secretory 
neurons (called magnocellular cells) secreting hormones to the blood stream in 
the posterior pituitary.  
 
Thalamus is divided into dorsal and ventral thalamus and includes a large 
number of sub nuclei. The main function is as a relay, especially between 
sensory input and cortical areas. All sensory input except olfactory goes through 
the thalamus before the relevant cortical area for further processing. Thalamus is 
also involved in the regulation of sleep and consciousness.  
 
Midbrain (mesencephalon) has three larger sub regions and includes several 
smaller nuclei. Nuclei involved in communication with the cerebellum, such as 
red nucleus, are located in the midbrain. Substantia nigra and ventral tegmental 
area are two nuclei important for dopaminergic neurons, located in the midbrain 
with connections to basal ganglia.  
 

A B C
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Pons consists of several large connections to cerebellum and medulla from other 
brain regions, and is providing thalamus with sensory input. There are a few 
nuclei located in the pons, involved in respiratory control, facial expression and 
swallowing.      
 
Cerebellum includes cortex (outer layer) as well as white matter underneath 
with several nuclei therein. The cerebellar cortex consists of three distinct layers; 
the molecular layer, the Purkinje cell layer and the granular layer. All three 
layers are rich in neurons, some remarkably large (the Purkinje cells) and others 
much smaller (granular cells). The granular layer is densely packed cell bodies 
with projections throughout the Purkinje and molecular layers with input/output- 
circuits with Purkinje cells and neurons in the molecular layer. Cerebellum is 
involved in movement, it matches the intended movement to the actual 
movements and is important for motor learning and coordination.  
 
Myencephalon (Medulla) is the link between the brainstem and the spinal cord. 
There is no distinct boarder between these, they merges into each other. There 
are important tracts between the spinal cord and brain located in the medulla. 
Several nuclei are located in the medulla, controlling and regulating blood 
pressure and respiration.  
 
Pituitary gland is a small gland underneath the hypothalamus. The pituitary is 
developmentally interesting since it is a mixture of endocrine and neuronal 
origin. During early gestation a “loop” of ectoderm from the roof of the mouth is 
created (called Rathke´s pouch) and grows together with a “loop” from the 
diencephalon of the developing brain. The function of the two parts stays 
separated, one part endocrine, the anterior lobe, and the other is the neuronal, the 
posterior lobe. The anterior lobe includes several specialized cell lineages, which 

A B

Figure 41. Regional organization of the human brain. Different 
regions developing from the metencephalon and myencephalon. 
(A) Pons and medulla oblangata, (B) Cerebellum. 
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all are involved in regulation of specific hormonal axis. There are five cell 
lineages of the anterior lobe; gonadotrophic cells (secreting gonadotrophic 
hormones, LH and FSH), cortcotrophic cells (secreting ACTH), somatotrophic 
cells (secreting growth hormone, GH), thyrothophic cells (secreting thyroid-
stimulating hormone, TSH) and lacrotrophic cells (secreting prolactin, PRL). 
The pituitary gland is part of the brain but also an endocrine gland, with its 
endocrine cells in the anterior lobe. The posterior lobe mainly includes nerve 
endings of the hypothalamic magnocellular neurosecretory cells, supporting glial 
cells and blood vessels to facilitate the secretion of hormones produced in the 
hypothalamus (oxytocin and vasopressin) into the blood stream. 
 
Retina is considered as a part of the CNS since the origin of retina (and the 
pigment epithelium in the eye) is an out pocketing of the diencephalon, and the 
retina consists of specialized neurons with complex connections. The retina is 
organized into distinct layers of different cell bodies and processes and the 
communication between the layers and cell types are well defined. The main 
circuit is from photoreceptor to bipolar cells to ganglion cells and then to the 
optic nerve into the brain for processing. The neurons in the retina are highly 
specialized and not found in other parts of the CNS. The communication within 
the retinal circuits are well studied and may be considered as a good practice 
model for understanding advanced and controlled neuronal communications, 
similar to what is found in the brain.  
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