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Abstract 

Characterizing the molecular components of the basic unit of life; the cell, is crucial for a 

complete understanding of human biology. The cell is divided into compartments to create a 

suitable environment for the resident proteins to fulfill their functions. Therefore, spatial 

mapping of the human proteome is essential to understand protein function in health and 

disease. 

Spatial proteomics is most commonly investigated using mass spectrometry or imaging, 

combined with machine learning for the data analysis. Until now, studies have been limited 

to high abundant proteins and relied on the purification of organelle fractions from a bulk of 

cells. Within the scope of this thesis, we were able to systematically localize proteins in their 

native cellular environment using antibody-based imaging techniques, and to investigate 

protein subcellular localization and dynamics on a single cell level, introducing a major 

advance within the field of spatial proteomics. 

Paper I of this thesis presents a subcellular map of the human proteome, where the spatial 

distribution of 12,003 human proteins was mapped into 30 subcellular structures, half of 

which were not previously localized. Besides providing a valuable dataset for cell biology, 

this study is the first to reveal the spatial complexity of human cells with proteins localizing 

to multiple compartments and pronounced single cell variations. Paper II reports on the 

systematic temporal dissection of these single cell variations and the identification of cell 

cycle correlated variations. We identified 258 novel cell cycle regulated proteins and showed 

that several of these proteins may be connected to proliferative diseases. A key finding of 

Paper II is that proteins showing non-cell cycle dependent variations are significantly 

enriched in mitochondria, whereas cell cycle dependent proteins are enriched in nucleoli. In 

Paper III and IV, we spatiotemporally characterized the proteomes of these two organelles, 

mitochondria and nucleoli, in greater detail. 

In Paper III, we expanded the mitochondrial proteome with 560 novel proteins. As many as 

20% of the mitochondrial proteome showed variations in their expression pattern at the single 

cell level, most often independent of the cell cycle. Paper IV provides a complete 

characterization of the nucleolar proteome. Nucleoli are not only important for ribosome 
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synthesis and assembly, but are also crucial for cell cycle regulation through the recruitment 

of its proteins to the chromosomal periphery during cell division. Here, we presented the first 

proteome-wide spatiotemporal analysis of the nucleolus with its sub-compartments, and 

identified 69 nucleolar proteins that relocated to the chromosomes periphery during mitosis. 

In conclusion, this thesis unravels the spatiotemporal proteome organization of the human 

cell over the course of a cell cycle and offers a valuable starting point for a better 

understanding of human cell biology in health and disease.  
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Popular scientific summary 

Cells are the smallest units of life and there are as many as around 37 trillion cells making up 

the human body. So, for the human body to work properly relies on the work of these cells. 

The cells themselves rely on the very coordinated function of the numerous components 

present within them. Proteins are one of these important cellular components. Almost all 

processes in the cell involve proteins. Each cell contains thousands of proteins that perform 

specific roles coordinated together at the same time in specific parts within a cell. For 

example, proteins in the mitochondria are responsible to produce energy for the cells. 

Proteins in the nucleus are responsible to keep and pass on genetic information unique to 

each human. Proteins on the cell surface are responsible for the communication with other 

cells. Therefore, the better we understand where these proteins are found at specific given 

times at specific given locations, the better we will understand what and why they are doing 

in the cell. Having this information about all the proteins would greatly improve our 

understanding of human cellular biology and can uncover new ways we can improve the 

health of the body.  

This thesis focuses on defining where and when the proteins are found in human cells when 

they do specific work. To be able to see where the proteins are at certain times, we need to 

take images inside of the cells. We use immunofluorescence microscopy to do that. We send 

fluorescent labeled antibodies into the cells that binds to their specific target proteins. We 

then take pictures inside the cells, as the proteins we wanted to study are bound to these 

labeled antibodies, we can uncover their location at specific given times.  

In Paper I, using antibody-based imaging approach, the locations of human proteins were 

mapped into 30 different compartments of the cell. Half of these proteins had not previously 

been observed. Previously, it was thought most of these proteins were found in a single 

compartment. One of the most interesting findings was that many of these proteins were 

found in different locations simultaneously and also many of the proteins were present in 

different levels or different locations in same type of cells. In Paper III and IV we looked 

at the proteins of two of these compartments in more depth, the mitochondria and the nucleoli 

since these two compartments are involved in numerous processes. 

In Paper II, we set out to find the reason why some proteins were present in different levels 

or different locations in same type of cells, as we saw in Paper I. To replace the dead or 
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damaged cells, cells need to constantly reproduce, in a process called cell cycle. This process 

is tightly controlled with specific proteins that must act only at certain timepoints. Confusions 

in this system can cause diseases like cancer, where the cells just multiply without stopping. 

Proteins that control the cell cycle are considered important targets for cancer therapies. It is 

therefore very important to find and learn about all of them. In Paper II, we found 258 new 

proteins that we think are involved in the cell cycle controlling process.  

In summary, this thesis gives a better understanding of the knowledge we already have about 

where and when proteins are found in specific parts of the cell and how same proteins behave 

differently when they shouldn’t. This would ultimately lead to finding new ways to control 

cells and avoid diseases.  
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Populärvetenskaplig sammanfattning 

Celler är de minsta enheterna i livet och det finns så många som cirka 37 biljoner celler som 

utgör människokroppen. För att människokroppen ska fungera korrekt förlitar den sig på 

cellernas arbete. Cellerna själva förlitar sig på den mycket samordnade funktionen hos de 

många komponenterna som finns i dem. Proteiner är en av dessa viktiga cellkomponenter. 

Varje cell innehåller tusentals proteiner som utför specifika och samordnade funktioner i 

olika delar i en cell. Proteiner i mitokondrierna är till exempel ansvariga för att producera 

energi för cellerna. Proteiner i kärnan ansvarar för att behålla och föra vidare genetisk 

information. Proteiner på cellernas yta ansvarar för kommunikationen med andra celler. Ju 

bättre vi förstår var och när i cellen dessa proteiner finns, desto bättre kommer vi att förstå 

vad deras specifika roll är i cellen och vi kommer att kunna upptäcka nya sätt att påverka 

kroppen och förbättra kroppens hälsa. 

Denna avhandling fokuserar på att definiera var och när proteinerna finns i mänskliga celler 

när de utför ett specifikt arbete. För att kunna se var proteinerna befinner sig vid vissa 

tidpunkter måste vi titta i cellerna. Det gjorde vi genom att ta bilder inuti cellerna med hjälp 

av immunofluorescensmikroskopi. Vi skickade fluorescerande märkta kroppar i cellerna som 

hittar och binder till deras specifika målproteiner. Vi tog sedan bilder inuti cellerna vid vissa 

tidpunkter för att se var de lysta kropparna befann sig. Eftersom proteinerna vi ville studera 

är bundna till dessa märkta kroppar kunde vi avslöja deras plats i cellen över en viss tid. 

I arbete I, använde vi lysande kroppsbaserad bildtagningsmetoden i 30 olika fack i cellen för 

att kartlägga alla proteiner som befann sig i olika platser i dessa fack i cellen. Hälften av 

dessa proteiner hade inte tidigare observerats. Tidigare trodde man att de flesta av proteiner 

befann sig i en och samma fack. Ett av de mest intressanta fynden i våran studie var att många 

av dessa proteiner uppförde sig olika och befann sig i olika platser i samma typ av celler när 

vi studerade dem. I arbete III och IV tittade vi på alla proteiner i två av dessa 30 specifika 

fack i mer djup. Det var i mitokondrierna och nukleolerna vi ville se vilka proteiner som 

uppförde sig annorlunda mellan olika celler av samma typ.  

I arbete II försökte vi hitta orsaken till varför proteiner uppträdde sig olika som de gjorde. Vi 

använde samma metoder som i arbete I. Celler måste ständigt reproducera, för att ersätta de 

döda eller skadade cellerna i en process som kallas cellcykel. Denna process kontrolleras tätt 

med specifika proteiner som endast måste verka vid vissa tidpunkter. Förvirringar i detta 
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system kan orsaka sjukdomar som cancer, där cellerna bara multiplicerar utan att stoppa. 

Proteiner som styr cellcykeln anses vara viktiga mål för cancerterapier. Det är därför mycket 

viktigt att hitta och lära sig om dem. I det här arbetet hittade vi 258 nya proteiner som vi tror 

är involverade i cellcykelstyrningsprocessen. 

Sammanfattningsvis ger denna avhandling en bättre förståelse för den kunskap vi redan har 

om var och när proteiner finns i specifika delar av cellen och hur samma proteiner beter sig 

annorlunda när de inte borde göra det. Detta skulle till slut leda till att hitta nya sätt att 

kontrollera celler och undvika sjukdomar. 
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Chapter 1 

Cells and their molecular building blocks 
 

 

Cells 
 

Cells are the building blocks of life. Any living creature is made of cells. Humans are 

multicellular organisms, currently estimated to contain approximately 37 trillion cells [1-3] 

and 411 different cell types [4, 5] such as skin cells, neurons, fat cells and red blood cells,  

which are the most abundant constituting about 80% of all cells. Each cell type is specialized 

and has a different function. Therefore, cells have different structure, size, shape and contain 

a specific set of biomolecules. In 2016 an international project was launched to map all the 

different cell types in the human body, based on the hypothesis that there are many more cell 

types than what we currently know [6]. Organized communities of cells that carry out a 

specific function form a tissue (epithelial tissue, endothelial (lumen side) connective, 

muscular, nervous), and functional grouping of multiple tissues forms the organs in the 

human body.  

Every second, the human body needs to reproduce many millions of cells to replace the cells 

that undergo cell death. Consequently, cells constantly undergo duplication via the cell cycle, 

a highly conserved series of events that ultimately leads to division into two daughter cells. 

In order to maintain tissue size and function, the balance between cell death and cell division 

should be well preserved. To counteract the senescence of the cells, tissues maintain a 

reservoir of stem cells. Stem cells are undifferentiated cells capable to differentiate into any 

cell type. Adult or somatic stem cells are found throughout the tissues (brain, bone marrow, 

blood, skeletal muscles, skin) in the human body in a quiescent state for years until activation 

to undergo asymmetric cell division.  

The molecular composition of the cell includes water, inorganic ions and organic molecules. 

Water is the most abundant molecule in the cell making up to 70% of the cell mass. Inorganic 

ions, such as Ca2+, K+; Na+, Mg2+, Cl- and PO4
3- are essential for various vital cellular activities.  

The organic molecules are the carbohydrates, proteins, lipids and nucleic acids. The nucleic 
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acids, DNA, contain the genetic material of the cell [7]. It is important for every cell to 

preserve the balance of these molecules to function optimally and remain healthy.  

 

Cell cultivation  
 

To mimic the human body and study biological processes, or to screen the effects of various 

drugs, often model systems such as cell culture, tissue culture or whole organisms are used. 

Such models enable researchers to grow cells, isolated from living tissues, under controlled 

favorable conditions. 

 

Cells can be grown in petri dishes with a suitable culture medium, by maintaining physical 

conditions similar to its natural environment (pH 7-7.5, 37°C, 5% CO2). The culture medium 

contains all the nutrients and cellular growth factors needed (cells cultivated in petri dishes 

are shown in Figure 1). Cell cultures have for decades been the common practice in 

performing cellular experimentation. The advantage of cell culture in vitro, namely outside 

of a living organism, is the ability of obtaining a controlled environment (pH, temperature, 

nutrients, drugs) while making it feasible to perform numerous analytic methods 

(immunofluorescence, sequencing, cytotoxicity). Cell culture usage reduces also animal 

experimentation significantly [8]. However, it is important to consider that the artificial 

environment created for the cells in the petri dish differs from the in vivo environment and 

may compromise the significance of the information obtained from cell cultures.  

 

                    
 
Figure 1: Cells cultivated in a petri dish. The image on the left shows the cultivation of 
cells in vitro. The image on the right is a microscopy image of U-2 OS (osteosarcoma) cell 
line cultivated on the dish, acquired with a 10x objective. 
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Cellular compartmentalization 
 

Intracellular organization is key for the living cell, since it allows cells to create specialized 

compartments to ensure proper partitioning of distinct biological processes. Subcellular 

compartmentalization, including the nucleus, is the main characteristic that distinguishes 

eukaryotes from prokaryotes. These specialized subunits can be membrane bound organelles, 

such as nucleus, mitochondria, Golgi apparatus or endoplasmic reticulum; and non-

membrane bound organelles, such as nucleoli, cytoskeleton or even macromolecular 

complexes such as ribosomes or proteasomes. The different organelles are illustrated in 

Figure 2. Each cell contains thousands of different proteins organized within the cell to 

function optimally where each protein has a specific function and location. As a simplified 

example, proteins on the cell membrane can be involved in signaling and communication 

between cells and its environment; proteins in the nucleus can control gene expression and 

replication; and proteins in the mitochondria are responsible for energy production for the 

cell.  

 

 
Figure 2: Schematic illustration of the cell. The cell organized into the 14 major 
compartments called organelles. Figure adapted from Thul et al. [9]. 
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The nucleus is crucial for the cell’s survival and growth, as it stores the genetic material of 

the cells; the DNA. By a nuclear membrane, the nucleus separates gene transcription from 

the translational machinery in the cytoplasm. It controls cell growth and division by DNA 

replication. Although the nucleus does not contain any membrane bound sub-compartments, 

it contains a variety of nuclear bodies such as the nuclear speckles [10, 11], Cajal bodies  [12] 

and nucleoli all with specialized functions. Nucleoli is the site of transcription of ribosomal 

RNA (rRNA) and the processing of rRNA into mature ribosome components, where after it 

assembles with ribosomal proteins into ribosomal subunit [13]. The nucleoli disassemble 

during mitosis and reconstitute in the daughter cells. Various proteins in the nucleoli have 

been associated in regulating specific aspects of cell cycle progression [14].  

 

The other major compartment of the cell is the cytoplasm; a jelly-like substance embedding 

many organelles such as the Golgi apparatus, the endoplasmic reticulum, mitochondria, 

vesicles and the cytoskeleton. Mitochondria are pivotal cellular components due their ability 

to generate the cellular energy supply; ATP, through oxidative phosphorylation. During the 

oxidative phosphorylation process to produce ATP, mitochondria produces reactive oxygen 

species (ROS) as a byproduct for cellular metabolism. At low concentrations, ROS plays an 

important role in signaling. At elevated concentration ROS triggers oxidative stress leading 

to apoptosis [15, 16]. In addition, mitochondria are also involved in a variety of signaling 

processes, for example by regulating the levels of intracellular signaling molecules such as 

calcium [17] and response to stress such as apoptosis. The mitochondrion is unique among 

the cytoplasmic organelles as it contains its own DNA, called mitochondrial DNA (mtDNA) 

which encodes 13 mitochondrial proteins. The rest of the mitochondrial proteome are 

encoded from the nucleus. Disorders in mitochondrial function leads to altered cellular 

physiology. Hence, altered mitochondrial dynamics have been implicated in several diseases 

such as cancer [18], and neuropathic disorders as Parkinson’s and Alzheimer’s disease. The 

mitochondria can vary in type, morphology and number across the different cell types. Cells 

with high energy demand like muscle and liver, have higher number of mitochondria than 

cells with lower energy demand like skin and red blood cells that lack mitochondria [19]. In 

fact, mitochondria are crucial for tissues and organs of high energy demand; such as heart 

muscle tissues, where dysfunctional mitochondria result in enhanced apoptosis of the 
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cardiomyocytes [20-22]. Mitochondria multiply when cells need energy, and this is done by 

fission and fusion independently of the cell cycle [23]. 

 

DNA 
 

Deoxyribonucleic acid, DNA, is the molecule of life that carries the genetic information. 

DNA was first discovered in 1869 by a Swiss physician Friedrich Miescher [24]. But the 

major milestone to describe the molecule of life was in 1953 where Francis Crick and James 

Watson presented the double helix model of DNA structure [25]. 
DNA is the organic molecule composed of nucleotides, where each nucleotide is made by a 

sugar called deoxyribose, a phosphatase group and one of the four nucleobases: Adenine (A), 

Thymine (T), Cytosine (C) and Guanine (G). The nucleotides are joined together by covalent 

bonds to form the single strand of DNA. DNA is structured into a double stranded helix 

where the polynucleotide strands are paired according to base pairing rules (A-T, C-G) by 

hydrogen bonds. The sequential order of the nucleotides code the genetic information [26]. 

A human DNA contains approximately 3 billion base pairs, which is stored in the nucleus 

and organized into long structures called chromosomes (Figure 3). Each cell contains 46 

chromosomes (23 pairs) [27, 28]. The human genome contains protein-coding DNA known 

as genes and non-protein-coding DNA. Each chromosome harbors 100-1000 genes.  

 

                       
 
Figure 3: Schematic overview of the chromosome. The double strand DNA helix is 
organized into a chromosome. The two chromatids of a duplicated chromosome are joined 
by their centromere, a specialized DNA sequence on the chromatid. 
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Proteins 
 

Proteins are large biomolecules compared to the other cellular components. Proteins were 

first discovered in the 18th century by their ability to coagulate such as gluten in the wheat, 

albumin in egg whites and serum albumin in blood [29, 30]. The Swedish chemist Jöns Jacob 

Berzelius was first to suggest the term protein in a paper published in 1838 [31]. But it was 

not until 1957, 100 years later where protein translation mechanism and “central dogma of 

biology” was discovered. The term protein means “primary” “of first rank” [31, 32] in Greek, 

highlighting its importance as being primary molecules involved in almost all cellular 

processes.  

A protein consists of a long chain (hundreds to thousands) of amino acid where its sequence 

is dictated by the order of the nucleotides of mRNA, as described previously. Twenty 

different amino acids exist in proteins. 

 

The Central Dogma 
 

The central dogma, first stated by Francis Crick in 1957, is the process of the genetic 

information flow DNA to RNA to proteins (Figure 4). “This states that once 'information' has 

passed into protein, it cannot get out again. In more detail, the transfer of information 

from nucleic acid to nucleic acid, or from nucleic acid to protein may be possible, but transfer 

from protein to protein, or from protein to nucleic acid is impossible. Information means here 

the precise determination of sequence, either of bases in the nucleic acid or of amino acid 

residues in the protein” [33]- Francis Crick 
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Figure 4: The central dogma. The general flow is indicated in blue arrows. The processes 
indicated in black arrows occur in special cases and the processes in red arrows cannot occur. 
 

 

Cells convey the genetic information found in the DNA to mRNA, in a process called 

transcription. Based on the complementary base pairing rules, DNA is transcribed to mRNA 

by producing a complementary single stranded chain. In mRNA, Uracil (U) replaces thymine 

(T) (Figure 5). In its turn, mRNA is used to specify the amino acid (aa) sequence for protein 

synthesis under the process called translation (Figure 5). Alternatively, RNA molecules not 

translated into proteins are called non-coding RNA and have a specialized function such as 

transfer RNA (tRNA) and ribosomal (rRNA). 
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Figure 5: Schematic overview of gene expression. During transcription DNA is transcribed 
into mRNA that in its turn is translated into protein. Each three bases of mRNA make a codon 
and each codon codes for a specific amino acid. 
 

 

For translation, mRNA travels from the nucleus to the cytoplasm. Each three sequential bases 

of the mRNA make a codon. Depending on this, the appropriate amino acid is incorporated 

into the amino acid chain. The protein synthesis takes place in the ribosome. The detailed 

process is as follows: Ribosomal subunits join together in the cytoplasm on the mRNA 

molecule, while the tRNA delivers the amino acid to the ribosomes and rRNA links the amino 

acids together for protein synthesis.  The first 170 nucleotides of the human mRNA are not 

coded. This sequence is known as the untranslated region (UTR) or leader sequence. The 

UTR serves as ribosomal binding site. The process of protein synthesis on the ribosomes is 

illustrated in Figure 6. 
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Figure 6: The translation process. 1) The small subunit of the ribosome and the initiator 
tRNA carrying the methionine amino acid form a complex and assemble on the mRNA on 
the start codon site. The ribosomal subunits join. The ribosome has 3 binding sites: Exit site 
(E), polypeptide site (P), amino acid site (A). The initiator tRNA binds on the P site of the 
ribosome. 2) A new tRNA enters the A site of the ribosome. A peptide bond forms between 
the amino acid in P and A site. The tRNA releases its amino acid and moves to E site and 
exits to the cytoplasm. The ribosome moves to the next codon. A new tRNA enters the A site 
and a peptide bond form between the amino acid and peptide chain. The tRNA in P site moves 
to E site and the one in A site moves to P. 3) This process is repeated and terminated until 
the ribosome meets the stop codon where no tRNA recognizes the sequence. Instead, release 
factors bind to it which initiates the dissociation of mRNA and the ribosomal subunits. 
 

 

After protein synthesis, the protein will either remain in the cytosol or will be directed to the 

different compartments of the cell where it is destined to perform its function. Proteins that 

have a signal peptide destined for secretion or incorporation into one of the secretory 

organelles (endoplasmic reticulum (ER), Golgi apparatus, secretory vesicles and the plasma 

membrane) are initially targeted to the ER. The proteins directed to the endoplasmic 

reticulum has a signal peptide (SP) consisting of a short hydrophobic N- terminal sequence 
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[34], whereas mitochondrial proteins have an address label with a specific folding 

configuration, rather than a precise amino acid sequence recognized by specific receptor 

proteins that initiates its translocation [35]. The proteins could be directed to the ER either 

after synthesis (post-translational translocation), or during its synthesis on membrane-bound 

ribosomes (co-translational translocation) [36]. In mammalian cells, most proteins enter the 

ER during the synthesis where the ribosomes bind to the ER membrane. In contrast, proteins 

destined to the nucleus contain active nuclear localization sequence (NLS), a short 

contiguous amino acid sequence. Newly synthetized proteins in the cytoplasm, containing 

NLS are recognized and transported to nuclear pore complexes, large protein complex, on 

the nuclear membrane[37]. Once NLS is bound and recognized at the pore complex, the pore 

opens up and selectively allows the entry of the protein to the nucleus. These nuclear pores 

are responsible not only for import but also for export of macromolecules from the nucleus 

to the cytoplasm[38]. Ribosomal subunits and mRNA molecules are bound to proteins that 

contain nuclear export signals, allowing their export to the cytoplasm. 

 

After translation, the synthetized protein is subjected to maturation where the protein folds 

into a 3D structure and undergoes post-translational modifications (PTMs) which are 

essential for its function. PTMS occurs at any step of the lifespan of the protein. It could 

occur shortly after translation for proper folding or after folding and localization to activate 

its function. PTMs are important for molecular interactions, allow proper localization and 

modulate protein stability [39]. 

 

Protein variants are not only the products of PTMs. Splicing variants generates protein 

variants from a single gene during transcription, where pre-mRNA undergo splicing to 

produce mature mRNA. Genes contain non-coding introns and protein coding exons 

domains. During splicing introns are removed from the pre-mRNA and differential splicing 

yields different mRNA coding for different protein variants called isoforms (Figure 7) [40]. 
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Figure 7: Alternative splicing of a gene. One gene splicing into several types of mRNA 
molecules and subsequently proteins. 
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Chapter 2 

The human proteome and spatial proteomics 
 

 

The human proteome 
 

The proteome refers to all proteins in a system (cell, tissue, organ, organism). Most of the 

functional information of the genes reside in the proteome as they are the drivers of most of 

the biological processes. Also, the protein localization in the cell is closely related to its 

function as described in Chapter 1. Therefore, characterizing the spatial proteome; that is 

describing the proteins localizations and dynamics on the subcellular level, is a key for a 

complete understanding of cell biology in health and disease.  

 

The current estimate is that the human proteome consists of a total of 19,670 protein-coding 

genes according to Ensemble version 92.38 [41]. Taking into account the splicing variants 

and the post translational modifications [42], as many as 100 protein variants could be 

potentially encoded by a single gene [43]. A recent study estimated that a cell has around 6 

million proteoforms [43, 44].  

 

The international Human Genome Project was initiated in 1990 with the aim to map the 

complete human DNA. The human genome mapping was completed in 2003 [45]. Given the 

complexity that rises from genome to proteome, mapping the human proteome remains a 

challenging task compared to the genome mapping. The human genome is more or less 

constant throughout all the cell types. The proteome is highly dynamic and different cell 

types express different sets of genes. Moreover, the expression level and subcellular 

localization of the protein within a single cell could vary over time, introducing an additional 

layer of complexity. Characterizing the human proteome has been a challenging task due to 

its complexity but also due to the limitations of proteomic technologies. Since covering the 

human proteome with all the proteoforms seems so far unattainable. Today most proteome 

wide studies often focus on the “most representative protein” of each gene, i.e. the most 

abundant and the most homologous one to the other proteoforms. 
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The study of spatial proteomics in cells is enabled either by proteome-wide imaging of 

protein localization or mass spectrometry (MS) analysis of fractionated organelles [46]. Mis-

localization and variations of protein expression levels can be associated with diseases such 

as cancer, neurodegenerative diseases and cardiac diseases [47-49].  

 

The Human Protein Atlas 
 

The Human Protein Atlas (HPA) is a large-scale project initiated 2003 in Sweden, aimed to 

map the spatial distribution and expression of all human proteins in human cell lines and 

tissues using an antibody-based proteomic approach [50]. This work is enabled by the 

generation and validation of a resource of antibodies targeting the majority of all human 

proteins [51]. The Human Protein Atlas (v.18) currently consists of three major parts; The 

Tissue Atlas showing the spatial distribution of each protein across all major normal and  

tissues [52], The Pathology Atlas mapping the spatial distribution of each protein in cancer 

tissues and showing the correlation of the protein expression level and the survival outcome 

of cancer patients [53], and the Cell Atlas, characterizing the subcellular localization of the 

human proteome on a single cell level across a panel of 64 different cell lines [9] (Figure 8). 

In the Cell Atlas, each protein is stained in a subset of three cell lines; The osteosarcoma U-

2 OS cell line by default and two other cell lines based on the corresponding gene expression 

data from bulk RNA-sequencing. The cell lines showing the highest gene expression level 

for the target protein are selected for immunofluorescent analysis [54]. Using in-house 

generated antibodies, the protein localization of each protein is profiled by 

immunofluorescence and confocal microscopy. To date, the Cell Atlas has mapped 12,390 

(63% of the human proteome) protein-coding genes to explore the subcellular location of 

individual proteins, which in turn can reveal the complex architecture of human cell biology 

in health and disease. 

 



 
15 

                           
 
Figure 8: Schematic overview of the Human Protein Atlas (HPA). The HPA and the sub-
atlases. Tissue Atlas and Pathology Atlas provides the immunohistochemistry staining data 
of organs and tissues, while the Cell Atlas provides the immunofluorescence staining of cells 
and organelles. The proteomic data in HPA is also combined with RNA-seq data. This figure 
is adapted from Thul et al. [50] 
 

 

Antibodies 
 

An antibody (also known as immunoglobulin, Ig) is a large, Y-shaped glycoprotein secreted 

by differentiated B cells, which are the white blood cells of the immune system. An antibody 

consists of two heavy chains (H) and two light chains (L) with constant and variable regions. 

The antibody recognizes a part of a pathogen, called antigen via its variable region by 

complementarity lock and key fit technique [55]. The hypervariable region of the tip of the 
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antibody, called paratope, allows the recognition of a wide variety of antigens. The antigen 

binding fragment (Fab) region of the antibody made of one constant and one variable domain 

is responsible for antigen binding. The constant Fc region is the tail of the antibody that 

interacts with cell surface receptors to activate the immune system of the host cell. A 

schematic illustration of an antibody is shown in Figure 9. 

 

                                                   
Figure 9: Schematic of an IgG antibody. The antibody consists of two light chains (green) 
green and two heavy chains (blue) join together. The Fab region containing the antigen 
binding site is responsible for antigen binding. The Fc region is responsible to bind to cell 
surface receptors. 
 

 

There are five different isotypes of antibodies IgA, IgD, IgE, IgG and IgM depending on the 

different type of the heavy chains α, γ, δ, ε and μ contained, which differ in the number and 

sequence of constant domains, the structure and the valence (Figure 10). These different 

antibody classes differ in their biological function, spatial distribution and their respective 

different targets. 

                                                    
Figure 10: The five different isotypes of antibodies. Five different isotypes of antibodies 
IgA, IgD, IgE, IgG which differ in their biological function, spatial distribution and their 
respective different targets. 
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The main function of an antibody is to defend the host against pathogens such as bacteria and 

viruses. The first response of the human system starts by the macrophages, which are 

specialized white blood cells that engulf these invaders. After phagocytosis, the pathogen 

will be broken down and the antigenic molecule will be presented to a T cell with the help of 

an antigen-presenting complex (MHCII). The T cell will recognize the antigenic molecule 

and will activate B cells. Both T cells and macrophages will release chemicals, called 

interleukins, that stimulate B cells. B cells will recognize the pathogen and stimulate antibody 

synthesis and secretion into the blood. Thereafter, the soluble form of antibody released in 

the blood will neutralize the pathogen by binding to the epitopes and inhibiting its attachment 

to target cells [56]. The process of immune response leading to antibody secretion is 

illustrated in Figure 11. 

                       

                           
Figure 11: The process of immune response that leads to antibody production. 
Macrophages engulf the pathogen. After phagocytosis, the antigenic molecule will be 
presented to a T cell with the help of the complex cell surface receptors MHCII. The T cell 
recognizes the antigenic molecule and activates B cells. Both T cells and macrophages release 
interleukins to stimulate B cells, which in its turn recognize the antigen and stimulate 
antibody synthesis and secretion into the blood.  
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Antibodies are commonly used in in vitro immunoassays, due to their specificity in 

recognizing their respective antigens. The most common and fast approach for antibody 

production in larger volumes is simply by injecting a laboratory animal with the antigen of 

interest. This process is known as immunization. As response to the immunization, the host 

animal will produce antibodies specific to this antigen. Thereafter, the serum is collected, and 

the antibody is purified using affinity purification. These antibodies are called polyclonal 

antibodies as they derive from different B cells binding to different epitopes of the antigen. 

Antibodies that derive from a single B cell, binding to a single epitope are called monoclonal 

antibodies. Monoclonal antibodies are generated when a specific B cell from the host spleen 

is fused with myeloma plasma cancer cells to form a hybridoma, which is an immortal 

antibody producing cell. The hybridomas are then grown in cell cultures and produce high 

concentrations of respective monoclonal antibodies. Monoclonal and polyclonal antibodies 

each have advantages and disadvantages [57]. The main advantage of polyclonal antibodies 

is the amplification of the signal as a higher number of antibodies could bind to the target. 

Polyclonal antibodies are versatile and less sensitive for minor epitope changes and work on 

a wide range of homologue species. However, polyclonal antibodies are more likely to react 

with an unrelated epitope, a phenomenon known as cross-reactivity, and to show batch 

variability. Monoclonal antibodies are more useful for molecular level analysis and are less 

cross-reactive, but they are more sensitive to changes in the epitope structure. 

 

In the Human Protein Atlas (HPA), the generated antibodies are polyclonal antibodies that 

are affinity purified using the corresponding antigen [58]. Since polyclonal antibodies are 

more prone to cross-reactivity, it is important to validate the generated antibodies in an 

application specific manner because different epitopes might be exposed in different 

experimental setups. This has previously been highlighted by the International Working 

Group for Antibody Validation [59]. The HPA has since validated each in-house generated 

antibody by at least one of the five pillars of antibody validation methods: Orthogonal 

methods, independent antibodies, genetic knockdown, recombinant expression, and capture 

mass spectrometry analysis [60]. In the orthogonal method an antibody dependent assay 

should be compared with an antibody independent assay such as mass spectrometry. The 

independent antibody approach is based on comparing the staining of two independent 

antibodies with no overlapping epitopes. In the genetic knockdown approach, the antibody is 
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validated by evaluating before and after knockdown of the target gene. In the recombinant 

expression strategy, the target protein, which is not expressed in the cell line used, is 

overexpressed. Here high expression of the recombinant protein should be detected compared 

to the control with no expression. The last approach for antibody validation is to use a virtual 

western protocol [61] where protein migration profile (SDS-PAGE) stained with an antibody 

(Western blot) is compared to peptide identification by MS capture. The advantages and 

disadvantages of each of the approaches are summarized in Figure 12 [60]. Based on the 

assay and the particular antibody the most suitable approach should be adopted. 

 

 
 
Figure 12: The five pillars of antibody validation. Advantages and disadvantages of the 5 
different strategies for antibody validation. Figure adapted from Edfors et al. [60] 
 

 

Immunofluorescence 
 

Specific proteins in cultured cells can be examined directly by microscopy using antibodies. 

The experimental procedure for observing these proteins is through applying a fluorescently 

labeled antibody onto them. These labeled antibodies will attach to the specific target cellular 

protein and could be observed with a fluorescence microscope. This technique is called 

immunofluorescence (IF). 

 

Two classes of IF staining is established, direct and indirect. Both rely on the same basic 

principle of the antibody specificity to the antigen of interest. In direct IF, the antibody is 

directly labeled with a fluorophore, whereas in indirect IF, two antibodies are used, where 
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the secondary antibody is labeled with a fluorophore and is specific for the first primary 

antibody (Figure 13). By using a fluorescence microscope to excite the fluorophore label with 

a laser beam, the fluorophore will emit light at a specific wavelength. This light is detected 

by the microscope as a signal, reflecting the protein presence in the sample and measure the 

signal intensity reflecting the relative protein abundance [62]. Using several markers 

highlighting the different compartments of the cells, it is also possible to determine the 

subcellular localization of the target protein. 

 

Direct IF assays are time effective and reduce non-specific bindings throughout the 

experiment, since only one round of antibody is used. However, this approach is less sensitive 

than indirect immunofluorescence and may yield false negative signals, since a limited 

number of fluorescent probes can be linked to the primary antibody. In contrast, indirect IF 

decreases the probability of false negatives and amplifies the signal since multiple secondary 

antibodies could bind to the primary antibody. However, it is more prone to cross-reactivity, 

due to the higher number of binding events, and thus a higher risk of false positives. Such 

false positives might be excluded by validating the results with other methods as described 

above, whereas false negatives will not be noticed. Another key difference between the two 

methods is that the direct assay requires labeling of each primary antibody, whereas in the 

indirect assay, the labeled secondary antibody targets a whole class of primary antibody on 

their constant region (Fc) using species variability.  

 

A crucial and critical step in IF is the sample preparation to maintain the cell morphology 

and native proteome expression. Before immunostaining, the samples should be fixated and 

permeabilized to allow the antibodies to access the target. Different epitopes could be 

presented or masked with different reagents of fixation.  
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Figure 13: Direct and indirect immunofluorescence. In the direct IF assay the primary 
antibody conjugated with a fluorophore binds to the epitope of the antigen. In contrast, in the 
indirect assay the primary antibody binds to the epitope of the antigen, thereafter a specific 
secondary tagged antibody binds to the primary. The secondary antibody is specific to bind 
to antibodies on their constant region based on species variability. 
 

 

Immunofluorescence combined with machine learning for automated data analysis is a 

powerful tool for proteomics studies on a single cell resolution. As the data generated is large, 

automated image analysis is often utilized as a tool for data analysis, quantification and even 

detection of phenotypic changes that would not be readily perceived with the human eye [63]. 

 

Fluorescent proteins 
 

Another method of visualizing proteins in the cell is through the use of fluorescent reporter 

proteins. One such reporter is the green fluorescent protein (GFP), which is a small protein 

composed of 238 amino acids, isolated from the crystal jellyfish Aequorea victoria, that emits 

green light when exposed to ultraviolet or blue light. Today, many derivatives of fluorescent 

reporters exist from genetically engineered GFP. GFP can be fused to the N- or C-terminus 

of the protein of interest and allows for protein localization with live cell imaging. A 

drawback of this approach is that the GFP tag may interfere with signal peptides and disrupt 

the function, expression or localization of the protein [64]. 

Previously, the GFP producing gene was introduced to the host cell by transfection. A 

plasmid, which is DNA molecule capable of replicating independently in host cells, is 

introduced to the cell for transient expression of the protein. These plasmids contain 
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promoters which can increase with hundreds fold the level of protein expressed in the cell 

[65, 66]. This can influence the subcellular location and function of the target protein.  

In contrast, using gene editing to tag genes at their endogenous locus allows to study the 

encoded fusion proteins and their dynamics under their endogenous regulatory control, 

leading to native and permanent expression level of protein. As homologous recombination,  

the mechanism to repair lesions in double stranded DNA, is very efficient in yeast, several 

studies enabled the characterization and localization of the yeast proteome [67, 68]. In human 

cells, studies using fusion proteins to study protein localization and abundance has been 

limited to a fraction of the proteome [69-72]. The development of recent gene editing 

techniques such as CRISPR-Cas9 [73] which is used to tag the gene at its endogenous loci 

by facilitating homology directed repair (HDR) [74] paves the way for genome-wide studies 

of endogenously fused proteins of human cells [75]. 

 

Fluorescent tags offer the advantage of tracking the protein of interest in time and space. An 

advantage of using IF over GFP tagging is that synthetic organic fluorophore dyes are 

brighter and more photostable than biological fluorophores. The most important advantage 

using IF is the minimal risk of changing the protein expression level and location, since the 

cells are fixed before applying the antibodies.  

The sensitivity of this application is limited to the detection of the most abundant proteins. 

This can be addressed by using and developing brighter and more photostable fluorescent 

proteins. In conclusion, these two approaches could be used as complementary methods to 

study and confirm protein localization and function [76]. 

 

Mass spectrometry 
 

Mass spectrometry is a commonly used method to identify and quantify proteins in a complex 

mixture [77]. To reduce sample complexity, the sample can be fractionated usually by 

chromatography. The sample is then ionized by introducing it into the gas phase by 

electrospray ionization. These charged ions are deflected according to their mass to charge 

ratio (m/z) by subjecting them into a magnetic or electric field. Results are displayed as a 

mass spectrum of the signal intensity as a function of the mass-to-charge ratio [78]. The 

proteins in the sample are then identified by correlation to known reference masses or when 
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mapped by characteristic fragmentation pattern. The intensity signal of the sample should be 

proportional to its abundance. However, factors such as variable sequence dependent 

ionization efficiency, or suppression of signals by dominant peptides could interfere with the 

analysis specificity. Hence, to obtain the absolute abundance, computational postprocessing 

analysis or spiking with isotopically labeled reference peptides for the protein of interest are 

needed [79]. Protein identification and quantification using MS does not require target 

specificity in contrast to antibody-based approaches. Therefore, MS can be considered a 

highly multiplexed proteomic approach allowing the characterization of thousands of 

proteins in a mixture. MS has been used to characterize the complete yeast proteome [80] 

and the proteome of human cell lines [81]. The major challenge of MS is the sensitivity due 

the low abundance of some proteins, that samples with same mass-to-charge ratio can not be 

separated, and the biases introduced by the different sample preparation techniques [82].  

 

MS can also be applied to identify and quantify the subcellular distributions of the proteins 

[83]. This is commonly achieved by separation of the organelles by biochemical fractionation 

to enrich a specific organelle followed by MS analysis, such as nucleoli, which are easily and 

efficiently purified due to their specific density [84]. The challenge here is the purification 

of the organelles. Therefore, some studies added the analysis of additional sub-fractions other 

than the enriched organelle fraction. Proteins associated to the target organelle share similar 

profile and could be separated from contaminants using cluster analysis [85, 86]. For studies 

of all the cellular compartments, ideally intact organelles from lysed cells are separated by 

gradient centrifugation and the obtained fractions are subsequently analyzed using MS and 

cluster analysis [87-90]. MS for spatial proteomics is thus limited to organelles that have 

established markers. Another limitation is that a high fraction of the protein profiles cannot 

be assigned to a compartment. Proteins localized to multiple compartments risk to be 

assigned to an inaccurate compartment or classified as uncertain. Furthermore, the need of 

bulk of cells to enrich the organelles results in the loss of the single cell resolution. In 

conclusion, considering the advantages and limitations of each of the methods applied for 

spatial proteomics, MS is a valuable complement to antibody-based approaches.  
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Chapter 3 

Single cell variations 
 

 

Single cell variations 
 

All cells in our body contain the same genetic information. Different tissue types need to 

express specific set of genes specialized for their function. This differential gene expression 

between tissues and organisms is evident and perceived [91], but each tissue contain different 

types of cell and same type of cells could be in different biological states [4]. Therefore, 

genetically identical cells, such as cultivated clonal cell lines that have been cultivated under 

identical conditions show heterogeneity in gene expression. This phenomenon is commonly 

described as heterogeneity or single cell variations [91-93]. In the immunofluorescent 

images, this variation can be seen in the protein expression level or as a translocation (Figure 

14).  

 

                                
                                
                                            
 
Figure 14: Schematic illustration of single cell variation of protein expression. A) The 
expression level of the protein of interest (in yellow) is varying between genetically identical 
cells. B) The location the protein of interest (in yellow) is varying between genetically 
identical cells. The protein is translocating between cytosol and nucleus. 
 

 

Due to technological limitations, proteomics studies have focused on the analysis of a bulk 

of cells. This results in the averaging of single cell protein measurements and loss of 
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important information about single cell heterogeneity. However, a new era is now emerging 

where studies of heterogeneity is becoming feasible and central in studying the human 

proteome. With single cell resolution, studies can address cellular heterogeneity, which could 

lead to a better understanding of cellular biology and pave the way for improving drug 

development for example by targeting tumor heterogeneity. 

 

The reason for cellular variations could be due to stochasticity, random noise from gene 

expression during transcription or translation [94-96]. This heterogeneity could also be the 

result of the cells being in different cellular states, such as the cell cycle, response to sudden 

stresses, cell crowding, cell-cell contacts, cell differentiation or metabolic states [97-99]. 

Nevertheless, these random fluctuations could contain biological information and could be a 

key influencer in complex biological processes such as in development and signaling 

pathways [97, 100, 101]. These variations are commonly measured and distinguished by 

using a dual reporter system for identical proteins. Cells are then cultured in a homogenous 

controlled environment and the expression of the gene is examined by microscopy or flow 

cytometry or followed over the time to assess the dynamics of stochastic gene expression. In 

the absence of internal noise, the expression of the two reporter proteins in the cell should be 

highly correlated. In the presence of intrinsic noise the expression will be fluctuating [102, 

103]. These studies were limited to a certain number of genes, hence the extent and source 

of these variations remain poorly understood. 

 

Single cell sequencing methods was introduced in 2009 [104], and the further establishment 

of such methods has enabled new insights in several areas of cell biology such as the 

discovery of new cell types and states [4, 105, 106], embryonic development [107], 

immunology and differentiation [108]. Recent technological advances are now starting to 

allow single cell analysis also at the proteome level. 

 

Untargeted proteomics using mass spectrometry is rapidly developing as a promising tool for 

single cell proteomics, by improving the instrument performance for higher sensitivity and 

mass resolution. [109-112]. Mass spectrometry based single cell analysis is still limited to 

purifying and quantifying large cells such as oocytes (~ 100 μm with ~ 100ng total amount 

of proteins) [113] but most mammalian cells are smaller (10-15 μm with ~ 500pg total 
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amount of proteins). The majority of proteins in a cell have over 50,000 copies per cell [114] 

and advanced mass spectrometry allows the detection and quantification of molecules present 

at hundreds of copies [115]. The challenge here is to introduce the proteome of a single cell 

with minimal protein loss during sample preparation. Single cell mammalian studies based 

on MS are so far limited to the sensitivity; most of the proteins quantified from single cell 

are the abundant proteins[110, 115]. 

 

Targeted single cell protein studies are commonly achieved using antibodies combined with 

immunofluorescence, flow cytometry or microfluidics together with imaging [116]. 

Fluorescent approaches using antibodies has proved useful but are limited to their 

multiplexing range, quantification and antibody specificity. But further development of the 

emerging powerful single cell methodologies, such as the highly multiplexed imaging 

approach using CODEX [117] and mass cytometry [118] hold great potential to enable 

systematic exploratory research of cellular proteome heterogeneity, and to explore the 

relationship between the transcriptome and proteome at the single cell level. 

 

The cell cycle 
 

Being able to multiply by division is a key feature of multicellular organisms. A single cell 

needs to be able to divide and give rise to many cells that ultimately form a complex system 

such as the human. The ordered series of events leading to cell duplication and its division 

into two daughter cells is called the cell cycle. In the human body some cell types need to 

reproduce and renew constantly to replace the cells that die, such as skin cells, in contrast to 

heart and nerve cells, which are uncapable of renewing. In a non-synchronized cell 

population, one of the major sources of cell to cell proteome heterogeneity is related to the 

cell cycle state as different proteins are activated at a certain timepoint of the cell cycle.  

  

The cell cycle consists of the two main phases: Interphase where the cell grows and duplicates 

it contents and mitosis where the actual division occurs. The interphase is further subdivided 

into the Gap1 (G1), Synthesis (S), and Gap2 (G2) phases (Figure 15). During the G1 phase, 

the cell duplicates its mass of proteins and grows in size. During this phase each chromosome 

is made of one chromatid (46 chromosomes; 46 chromatids). Thereafter the cell enters the S 
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phase, where DNA replication takes place, and at this point each chromosome contains two 

chromatids (46 chromosomes; 92 chromatids), where sister chromatids of a duplicated 

chromosomes are joined by a centromere. During G2, the cell checks the successful 

completion of DNA replication. Mitosis is the most crucial phase for the cell division, yet the 

shortest, during which sister chromatids segregate and the cell divides into two daughter cells. 

 

                                                
 
Figure 15: The cell cycle. The cell cycle consisting of interphase (G1, S and G2), where the 
cell grows and duplicates its DNA, and mitosis (M) where the cell divides into two daughter 
cells. The relative proportions of the cell cycle roughly indicate the relative lengths of the 
different phases. 
 

 

The cell cycle process is controlled through switch-like checkpoints between the different 

phases in order to allow the cell to respond rapidly to DNA damage and other stress factors 

that require cell cycle arrest to prevent uncontrolled or erroneous cell division [119]. At these 

specific checkpoints the cells will monitor the major events of the cell cycle, such as cell size, 

proper chromosome replication and segregation [119, 120].  

 

Depending on the extracellular signals, the cell either progresses through the G1 phase or 

enters a rest phase called G0 or quiescence. If in G0 phase, the cell can remain for years or 

even permanently until the organism dies. If extracellular conditions call for cell division, the 

cell progresses through G1 and passes through the first checkpoint at the end of the G1 phase 

called the restriction point. After this checkpoint cells are committed to DNA replication even 

if favorable extracellular conditions differ [121]. DNA replication occurs during S phase, 
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where a set of proteins will be involved in unwinding the DNA helix and recruiting DNA 

polymerases and other replication enzymes onto the DNA strands. At the second checkpoint 

G2/M, proper chromosome duplication is assessed allowing the cell to proceed through 

division. During mitosis, various cell rearrangements occur in the different mitotic phases 

including chromosome condensation, breakdown of the nuclear envelope, and assembly of 

the mitotic spindle. Thereafter, the chromosomes align midway between the spindle poles 

before segregating and finally cell division occurs through a process called cytokinesis. The 

third checkpoint of the cell cycle is the Metaphase-Anaphase transition when assessments for 

proper sister chromatids segregation occurs. The different steps of the mitosis are illustrated 

in Figure 16.  

                             
Figure 16: Schematic illustration of mitosis. A single cell divides into two daughter cells. 
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The key molecules that drive the cell cycle progression are the cyclins and their catalytic 

partners the cyclin-dependent kinases (cdks) [122, 123]. Cyclins are synthetized and 

degraded cyclically during specific phases of the cell cycle. For each phase, the assembly and 

activation of specific cyclin-cdk complex results in the phosphorylation, and ultimately 

activation and deactivation of a series of proteins [124]. The characterization of these two 

classes, led by Leland, Hartwell, Hunt and Nurse, is considered one of the milestones in cell 

division studies and was awarded the Nobel Prize in Medicine in 2001 [124]. The mammalian 

cyclins and cdks are estimated to contain more than 20 members each, but only few of these 

are considered to be crucial for the cell division cycle. 

 

Characterizing the proteins involved in the regulation of the cell cycle process and their 

coordination in time and space over a division cycle will increase our understanding of a 

regular cell reproduction, which is a critical step forward to understand cell cycle aberrations 

and ultimately developing novel cancer therapies [125].  

 

Cancer and cancer therapies 
 

A normal cell division requires a balance between the genes that promote cell division and 

the genes that suppress it. It also relies on the activity of the genes that signal when a cell 

should undergo apoptosis. Deregulations and aberrations in the control system of the cell 

cycle that drives the cell proliferation could lead to drastic consequences such as uncontrolled 

cell division, and ultimately cancer [126]. Early diagnosis and better treatment have 

significantly improved the ten-year survival rate to 65%. Despite this, cancer is the second 

cause of mortality (21% annually) in developed countries [127]. 

 

It is crucial that the cell cycle phases follow a highly regulated order through the different 

phases. Aberrations in this regulated system could lead to chromosome alterations such as 

chromosome loss, mutations or unequal distribution between the two daughter cells. Cancer 

cells are the product of such chromosome alterations [124]. Cancer is most commonly due to 

genetic mutations caused by environmental and lifestyle factors but could also be genetically 

inherited. The mutations could occur in two different type of cell cycle regulators. It could 

occur in the protooncogenes leading to gain of function where these oncogenes promote cell 
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proliferation and cancer development. The mutations could also occur in tumor suppressor 

genes leading to loss of functions of these tumor suppressors which originally prevent cell 

proliferation and subsequently leads to cancer [128].  

 

Cell cycle regulator proteins are considered important targets for cancer therapies [129-132]. 

Commonly cyclins and their partners cdks show higher expression levels in tumors compared 

to healthy cells [124], as mutations in these genes cause higher rates of cell proliferation and 

avoid the programmed cell death process called apoptosis. Clinical trials are in progress now 

to test the effect of cdk inhibitors [133, 134]. Besides the cyclins and cdks, a plethora of other 

proteins are involved in the cell division process.  

 

Mapping the human cell cycle on a molecular level is crucial to identify a biological molecule 

that allows to differentiate between cells undergoing normal and abnormal cell division. This 

biological molecule would be referred to as a biomarker. A biomarker could be used in many 

applications. Typically, it could be useful to indicates a normal or disease state to diagnose a 

disease. These molecules could also be useful to determine the prognosis, predict response 

to therapy, define the stage, and monitor progression of the disease [135, 136]. Biomarkers 

for cell cycling would allow to develop better prognostic and diagnostic tools and discover 

novel therapeutic targets for cancer treatment. So far, cancer therapies target the rapidly 

dividing normal and cancer cells, therefore the need to discover molecular targets targeting 

only cancer cells. Agents designed previously to arrest the cell cycle that specifically targets 

mitosis, have so far failed in clinical trials as they were not specifically targeting cancer cells 

or were associated with undesired side effects. Therefore, increasing our knowledge of the 

various cell cycle regulators and their possible mutations would provide the basis to develop 

improved therapeutics targeting cancer cells only [131]. 

 

The landscape of cancer treatment has been effective. Surgery, chemotherapy and 

radiotherapy are the most widely applied treatments [137]. These treatments do not target 

cancer cells only, but also affect healthy tissues. Recent treatments in cancer therapy are 

immunotherapy, bone marrow transplantation, hormone therapy, nanostructure based 

therapeutics and gene therapy which are in various stage of development [137, 138].  



 
32 

Immunotherapy boosts the body’s immune system to fight cancer using antibodies. 

Immunotherapy is more efficient, less toxic and has relatively lower secondary effects. It is 

a targeted therapy meaning that it acts on a specific molecule in cancer cells. In nanostructure 

based therapeutics, nanoparticles carrying signal markers and drugs are engineered to target 

cancer cells by tumor specific cell markers and penetrate the cancer cells because of their 

enhanced permeation and retention effect. This treatment has several steps such as 

biomaterial synthesis, targeting the ligand, loading the drug and final purification of the 

nanoparticle. Therefore, targeted nanoparticle engineering faces a big challenge. In gene 

therapy, genetic material is introduced to compensate, repair, alter or suppress a gene into 

target cells. The target cell could be a malignant cell or immune cells. Thus this approach 

could be limited for tumors with high intratumor heterogeneity [139].  

 

A complete molecular characterization of proteins varying in cellular space and time over the 

course of a cell cycle would contribute valuable knowledge for a better understanding of the 

cell cycle and potentially unravel novel targets for cancer therapy targeting specifically 

cancer cells rather than normal cells. Discovery of biomarkers for aberrant proliferation also 

has the potential to impact the future of cancer therapy where more tailored, personalized 

cancer therapy will be developed based on the patient’s specific profile for the underlying 

disease [140]. 
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Chapter 4 

Present investigations 
 

 

This thesis addresses the field of spatial proteomics. Our aim has been to systematically 

characterize the subcellular localization and dynamics of the human proteome, on a single 

cell level and in their native cellular environment, using an antibody-based imaging approach. 

Paper I describes the spatial distribution of 12,003 human proteins into 30 subcellular 

structures. Paper II dissects the cell to cell heterogeneity of the proteins observed in Paper I 

and describes their temporal variation over the course of a cell cycle. As a high number of 

proteins showing heterogeneity were localized to the mitochondria, as described in Paper II, 

Paper III explores the mitochondrial proteome and its heterogeneity in greater detail. Paper 

IV provides a better understanding of the nucleolar proteome and its re-localization to the 

mitotic chromosomes during cell division. The articles are found in appendices I-IV. 

 

A subcellular map of the human proteome (Paper I). 
 

Cellular compartmentalization is a key feature for partitioning of biochemical reactions and 

cellular functions. Thus, unraveling the spatial distribution of the human proteome in the cell 

is essential for characterization of protein function and for a complete understanding of the 

human cell. In Paper I, using an antibody-based imaging approach, we mapped the 

subcellular localization of 12,003 human proteins to 30 different subcellular compartments 

(Figure 17). Half of these proteins were previously never localized in human cells.  
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Figure 17: The subcellular compartments seen in immunofluorescent images. The target 
protein (in green) localized to the different structures described in the images.  The 
microtubules (Red) is marked with an antibody against tubulin and the nuclei (blue) is stained 
with DAPI. The size of each sub-image is 64 μm. 
 

 

In contrast to MS and fluorescent reporters, our approach of antibody-based protein 

visualization allowed characterization of the subcellular distribution of the human proteome 

in their natural cellular context and exploration of protein expression on a single cell level. 

Besides providing a proteome wide resource for subcellular localization of the human 

proteome, in this study we revealed the spatial complexity of human cells with proteins 

localizing to multiple compartments and showing single cell variations. To our knowledge, 
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this study was the first to demonstrate that as much as 50% of human proteins were localized 

to more than one organelle as exemplified in Figure 18A. Mitochondria and ER had mostly 

single located proteins whereas the nucleus and plasma membrane contained the most multi-

localizing proteins (Figure 18 B-D). This finding is consistent with the known biological 

function of the nucleus and the plasma membrane to operate across organelles to regulate 

gene expression and cellular signaling, respectively. 

 

          
   
Figure 18: The human proteome multi-localization. A) Examples of multi-localizing 
proteins localized to several compartments in the same cell. UBE2L3 in the nucleus and 
cytosol, RPL19 in nucleoli and cytosol, MTIF in nucleus and mitochondria and CCAR1 in 
nucleus and Golgi apparatus. B) Circular plots showing the distribution of the human 
proteome to the various meta-compartments sorted and color coded as following; nuclear 
compartment in red, cytoplasmic compartment in blue and secretory pathway in yellow. 
Multi-localizing proteins are connected by a line within the compartments where secondary 
colors represent the multi-localizing proteins across meta-compartments. C) Showing 
connections only within a meta-compartment. D) Showing only connections across meta-
compartments.  
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In summary we mapped the subcellular distribution of the nearly complete human proteome 

which is key towards modeling the human cell. We revealed its complexity and dynamicity 

with proteins localizing to several compartments and showing differential expression levels.   

 

Spatiotemporal dissection of the cell cycle regulated human 

proteome (Paper II) 
 

Cellular needs and response to extracellular signals varies from cell to cell and over the 

course of time. Therefore, genetically identical cells show variations in their protein 

expression levels. In the Cell Atlas described in Paper I, 17% of the mapped human proteome 

showed cell to cell heterogeneity (Figure 19). As cells were cultivated in asynchronized 

conditions, the main source of these variations could be related to cell cycle position. Cell 

cycle regulators are expressed periodically across the cell cycle. In this paper we dissected 

the variations correlated to cell cycle from variations due to other sources. 
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Figure 19: Single cell variations.  Examples of target proteins (in green) showing single cell 
variations in the Cell Atlas. Microtubules (in red) are stained with an antibody targeting 
alpha-tubulin and the nucleus (in blue) stained with DAPI. 
 

 

Cell division is a tightly controlled and regulated process. It requires the coordination and 

regulation of hundreds of genes and proteins in time and space. Aberrations in this system 

could lead to uncontrolled cell proliferation, ultimately cancer. The heterogeneity and 

complexity of the cancer gives rise to diverse phenotypic signatures leading to a varying 

degree of sensitivity to current treatments. Identification of all cell cycle regulated proteins 

and their spatiotemporal expression profile would increase our understanding of the cell 

division process. 
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Several genome-wide studies have investigated the cell cycle correlated genes on a 

transcriptomic level. These studies reported 400-1,200 human genes to be periodically 

expressed across the cell cycle [141-147]. Proteomic studies using mass spectrometry (MS) 

reported 300-700 human proteins with abundance variation over the cell cycle [148-150]. All 

these studies used arrest methods to synchronize the cells in a bulk of cell cycle populations. 

Such methods are prone to introducing both artifacts and noise to the analysis [151].  

 

The recent development of methods for single cell sequencing, has enabled transcriptome 

analysis of single cells across the cell cycle without the need of synchronization [152-154]. 

Due to technical limitations, no systematic characterization of the cell cycle proteome on a 

single cell level has been performed. For studying selected key cell cycle regulator proteins 

at a single cell level, time lapse microscopy with fluorescent reporters had been used [71, 

155-158] Thus, none of these reports provided a detailed holistic view of the cell cycle 

proteome.  

 

In this study we aimed to systematically identify the cell cycle regulated proteome at a single 

cell level in asynchronized cells, and to characterize their temporal expression profile over 

the course of a cell cycle. To investigate if the cell to cell variations observed is correlated to 

the cell cycle interphase, we used the Fluorescence Ubiquitination Cell Cycle Indicator 

(FUCCI) cell system [155]. FUCCI cells are osteosarcoma cells (U-2 OS) tagged with two 

cell cycle markers to help infer the cell cycle position of each cell; CDT1 protein expressed 

in G1 phase and Geminin expressed in S and G2 phases. A total of 1,118 proteins that showed 

variations in U-2 OS cells in the HPA Cell Atlas, were quantified across the cell cycle by 

immunostaining in FUCCI cells. Using the FUCCI tags as cell cycle coordinates, we could 

resolve the cell cycle pseudotime for every single cell measured. In this manner we could 

identify 298 proteins that show periodic expression correlated to the cell cycle, and 890 

proteins that showed single cell variation not correlated to the cell cycle. Examples of this 

analysis are shown in Figure 20.  
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Figure 20: Examples of the analysis in FUCCI cells. ANLN, a well-characterized cell cycle 
regulator, showed a significant (Kruskal Wallis p< 0.01& FDR< 0.05) increase in abundance 
during cell cycle progression in the nucleus. On the other hand, FAM71F1, an 
uncharacterized protein localized to the cytosol, shows high and low expressing cells in all 
phases of the cell cycle, revealing a variation that did not correlate to the cell cycle. DUSP18, 
a member of the DUSP family with no prior association to the cell cycle, shows correlation 
to cell cycle progression. Alpha-tubulin used as a negative control, with no significant 
variation of expression during cell cycle progression. 
 

 

From the Cell Atlas confocal images, a protein is also defined to be cell cycle dependent if it 

is localized to one of following the mitotic substructures: kinetochores, mitotic spindle, 

midbody, midbody ring, cleavage furrow, or cytokinetic bridge, as exemplified in Figure 21. 
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A total of 166 proteins were mapped to one or several of the mitotic structures (99 to 

cytokinetic bridge, 45 to mitotic spindle, 40 to midbody, 17 to midbody ring, 5 to 

kinetochores, and 3 to cleavage furrow). These proteins localizing to the mitotic substructure 

are required for proper chromosome segregation and normal cell division. 

 

 
Figure 21: Examples of proteins localized to the mitotic substructures. INCENP 
localized to kinetochores in MCF-7 cells, SGO1 localized to the kinetochores, KIF20A to the 
cleavage furrow and TACC3 to the mitotic spindle in U-2 OS cells. 
 

 

Most of the cell cycle dependent proteins were localized to the nuclear compartment and 

mitotic substructures (2% nuclear speckles, 11% nuclear bodies, 24% nucleoli and 63% 

nucleus). Whereas, proteins with variations independent of the cell cycle were significantly 

enriched for localization to the intermediate filaments, nucleoli, nuclear bodies, and 

mitochondria. It is likely that proteins expressed in the same organelle with a similar temporal 

profile could be involved in similar cell cycle processes, and in this manner we could 

hypothesize function for novel cell cycle regulated proteins. For example, the known proteins 

ORC6 and MCM10 are both expressed in the nucleus and required for DNA replication and 

peak in end of the G1 phase, share a similar profile as the uncharacterized ZNF32 protein.  

 

As previously discussed, cell cycle regulated proteins have important roles in cell 

proliferation and could potentially be used as biomarkers and cancer targets. We used 

immunohistochemical staining to show the differential expression of these proteins in normal 

and cancer tissues [53]. For RACGAP1 [159] and DLGAP5 [160], high expression of the 

protein was associated to shorter survival time and we also observed higher expression of the 

protein in cancer tissues than normal tissue. Whereas for SYNE2 and FAM50B, we detected 

higher expression in normal tissues than cancer tissues and the high expression of the protein 

was associated to a longer survival time (Figure 22).  
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Figure 22: Cell cycle regulated proteins as potential clinical biomarkers: Kaplan-Meier 
plots showing the correlation between survival and gene expression [53]. Purple and blue 
lines show high and low expression respectively.  
Immunohistochemically stained images of the proteins in normal and their corresponding 
cancer tissues. The target protein is shown in brown and the nuclei in blue. 
 

 

In summary the single cell analysis in this study allowed us to grasp the extent of the human 

proteome cell to cell heterogeneity. We could attribute 25% of these variations to the cell 

cycle progression. We presented the first map of the cell cycle regulated proteome, obtained 

with single cell resolution in asynchronized human. This could serve as a valuable resource 

for the identification of proteins which could be clinically relevant in tumorigenesis and as 

novel biomarkers for cell proliferation. We presented the first evidence of cell cycle 

association for 258 proteins. To date, it is still unclear to what extent the cell cycle regulator 

proteins are cell type specific [145] and how it differs between primary and cancer cells. We 

therefore aim to be able to extent our pipeline to a number of cell lines and gain further 

knowledge about cell type specific cell cycle regulation. 
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An image-based map of the human mitochondrial proteome and 

its heterogeneity (Paper III) 
 

Mitochondria are crucial for the cell as the major producer of cellular energy and due to their 

role in the regulation of apoptosis and signaling pathways. Mitochondrial disorders are 

plenty, including cancer [18] and heart failures [20-22], as discussed in Chapter 1. Therefore, 

characterizing the molecular components of the mitochondria is important to better 

understand all the biological processes regulated by the mitochondria and how its aberrations 

could lead to diseases. Even though great efforts to characterize the mitochondrial 

components had been made using mostly MS analysis of the purified mitochondria and 

prediction models; such as Mitocarta [161] Mitoproteome [162] Mitominer  and Integrated 

mitochondrial protein index IMPI [163-165]; a complete characterization is yet to be 

performed. 

 

In this study, using immunofluorescent based proteomics we could chart a draft of the 

mitochondrial proteome with single cell resolution. Out of 12,390 proteins mapped in the 

Cell Atlas, 1,098 (9%) proteins have shown to localize to the mitochondria. Example of 

proteins localized to the mitochondria are presented in Figure 23. 

 

 
Figure 23: Mitochondrial proteins. Immunofluorescence images of mitochondrial proteins 
in the Cell Atlas. The protein of interest localized to the mitochondria is shown in green, the 
nucleus in blue and the microtubules in red. The scale bar represents 10 μm. 
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By comparing our data to the Mitocarta database, we could conclude that we had dramatically 

expanded the known mitochondrial proteome with 560 novel proteins. Analysis of protein-

protein interaction data shows that these novel proteins are highly connected to the known 

mitochondrial proteins, supporting their functional connection to the known mitochondrial 

activity. 

 
Surprisingly, 50% (n=524) of the mitochondrial proteins showed localization to one or more 

additional organelles (Figure 24), The nucleoplasm and nucleoli were significantly 

overrepresented, whereas the cytosol was underrepresented. This high number of 

mitochondrial proteins localized to several organelles simultaneously could imply the 

multifunctionality of these proteins.  

 

               
Figure 24: Multi-localizing mitochondrial proteins. Examples of mitochondrial proteins 
localized to several compartments. The protein of interest is shown in green, the DAPI in 
blue and the microtubules in red. The scale bar represents 10 μm. 
 

 

The single cell resolution of this dataset showed that 20% of the mitochondrial proteome 

show cell to cell variation in their expression pattern (Figure 25). Mitochondrial 

heterogeneity had been reported previously but the source and function of these variations 

are yet to be understood. Mitochondrial heterogeneity has shown to affect differentiation 

[166, 167], cancer metastatic potential [168], chemotherapeutic resistance [169] and 

metabolic processes [170]. 
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Figure 25: Examples of mitochondria and single cell variation. Mitochondrial proteins 
showing cell to cell variation (arrows). The protein of interest is shown in green. The scale 
bar represents 10 μm. 
 

 

To determine if these variations were correlated to cell cycle position, we analyzed the data 

in Paper II and concluded that 89% (n=145) out of the tested (n=162) mitochondrial proteins 

showed variations not correlated to the cell cycle. Gene ontology enrichment analysis for 

biological process was performed to get an insight into the function of these mitochondrial 

proteins showing variations. This set of proteins was enriched for functions related to various 

metabolic processes. To investigate if the observed variations could be related to the 

metabolic cellular variations, we analyzed the co-expression of a set of these mitochondrial 

proteins. IDH3A, isocitrate dehydrogenase subunit alpha, catalyzes the reduction of NAD+ 

to NADH which is then used to generate ATP as part of the tricarboxylic acid cycle (TCA or 

Krebs cycle) [171]. We co-stained IDH3A with a subset of the mitochondrial proteins 

showing cell to cell variation and analyzed their co-expression (Figure 26). We showed that 

ZNF48, an uncharacterized protein shows a high positive correlation indicating that ZNF48 

could be involved in the metabolic process for ATP generation. 
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Figure 26: Co-expression of mitochondrial proteins showing cell to cell variation. Co-
staining of mitochondrial proteins showing variation in expression (red and green). The scale 
represents 10 µm. The scatterplot shows the mean intensity of each cell per protein and their 
correlation using Spearman correlation.  
 

 

In summary, we presented an inventory of the mitochondrial proteome. We discovered that 

a high number of mitochondrial proteins show localization to multiple compartments as a 

sign of the multifunctionality of the proteins. We also demonstrated that many of 

mitochondrial proteins show cell to cell variations likely connected to the metabolic state of 

the cells. In the near future, we will put our effort into a systematic characterization of these 

variations by performing co-expression analysis of the uncharacterized variable 

mitochondrial proteins together with known mitochondrial regulators of different pathways. 
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Spatial organization of the nucleolar proteome during mitosis 

(Paper IV) 
 

The nucleolus is a membrane-less subnuclear organelle, which, beyond its well-known 

function in ribosome synthesis and assembly, is essential also for cell cycle regulation. The 

nucleoli comprise three sub-compartments (Figure 27) corresponding to the steps of 

ribosome biogenesis: the fibrillar center (FC) that forms around the rDNA regions, followed 

by the dense fibrillar component (DFC) where rRNA processing occurs and the granular 

component (GC) where ribosome assembly occurs [172, 173].  

 

During interphase nucleoli are present in the nucleus of the cell. During mitosis the nucleoli 

disassembles and most of the nucleolar proteins leaks to the cytosol, but some translocate to 

the chromosome periphery. To exemplify, Ki67, a known proliferation marker, localized to 

the nucleoli during interphase, is crucial for proper chromosome segregation during mitosis. 

Ki67 expression is used clinically to signify the extent of proliferating cells in different cancer 

types [174]. So far, several efforts have been made to characterize the nucleolar proteome 

using mass spectrometry since nucleoli isolation and purification can be achieved due to its 

density [84, 175-178]. However, to our knowledge none of the previous studies reported the 

complete molecular list of the nucleolar proteome and their spatiotemporal reorganization 

throughout the cell cycle, with a single cell resolution. 

 

Here, using an antibody-based imaging approach we present a proteome wide analysis of the 

human nucleolar proteome and its detailed localization to the different sub compartment of 

the nucleoli. We could identify 1,314 proteins localized to the nucleoli (10% of the mapped 

proteome). Out of these, 287 proteins were localized to the nucleoli fibrillar center and dense 

fibrillar center and 1,027 to the granular component. Examples of images of these proteins 

are shown in Figure 27.  
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Figure 27: The three sub-compartments of the nucleoli A) Schematic representation of 
the three sub compartments of the nucleoli; the fibrillar center (FC) that forms around the 
rDNA regions, followed by the dense fibrillar component (DFC) and the granular component 
(GC) which embeds both the FC and the DFC. B) Example of a protein localized to the 
nucleoli granular component. C) Example of a protein localized to the nucleoli fibrillar 
center. 
 

 

Interestingly, a very high fraction of the nucleolar proteome was also detected in other 

cellular compartments (86%, n=1,109). Of these, 50% of the nucleolar proteins were shared 

with the nucleus. The nucleolar proteome is larger and more complex than the previously 

mapped nucleolar proteins using MS. 20% of the nucleolar proteome show cell to cell 

variation, and in Paper II we showed that these variations were enriched both for cell cycle 

regulating proteins and non-cell cycle regulating proteins. This observation and the high 

number of multi-localizing proteins highlights the dynamicity and the multifunctional nature 

of the nucleolar proteome. 

 

Image-based proteomics provided the ability to study the protein localization on single cell 

level across the cell cycle. In total, we identified 68 proteins that relocated to the 

chromosomal periphery during mitosis (exemplified in Figure 28). Out of these, 38 had no 

previous experimental data for being localized to the chromosomes during cell division. 
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Figure 28: Examples of nucleolar proteins relocated to the mitotic chromosomes. 
Localization of nucleolar proteins across the cell cycle. The protein of interest is shown in 
green, the DAPI in blue and the microtubules in red. 
 

 

In conclusion, in this study we present the most comprehensive map of the nucleolar 

proteome and identified 38 proteins that relocated to the chromosomal periphery instead of 

leaking to the cytosol. This analysis highlighted the complexity and dynamicity of the 

nucleoli where we identified and characterized multilocalizing proteins showing multiple 
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locations and cell to cell variation. This study is a resource that could be used for better 

understanding the molecular processes of the nucleoli. 
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Conclusions and future perspectives 

The studies presented in this thesis provides a holistic view of the human proteome using 

antibody-based imaging approaches. At a single cell level, we were able to gain information 

on subcellular localization of the human proteome and its temporal dynamics. Intriguingly, 

we were able to observe proteins localizing to multiple compartments and describe the 

extent of the heterogeneity seen in genetically identical cells. Characterizing this 

heterogeneity is key to better understand human biology and complex diseases such as 

cancer. Assays resolved at a single cell level is the only way through which pathways and 

mechanisms can be discovered, that are otherwise missed when studying cells in an 

averaged population of cells in bulk. This has however shown to be a challenging task and 

there is a great need to develop sensitive, reliable and high throughput methods for single 

cell protein analysis. Methodologies such as the utilization of mass spectrometry on single 

cells [110] and highly-multiplexed imaging approach using CODEX [117] hold great 

potential. So far, The Cell Atlas is the first to provide the first single cell resolved spatial 

proteome. 

The studies in Paper I, III and IV provides a key resource for mapping the human cell and 

characterizing the different sub compartments, specifically mitochondria and nucleoli, in 

greater detail. The proteome is highly spatiotemporally regulated, with proteins localizing 

to several compartments simultaneously and showing cell to cell heterogeneity. The data 

generated here is a starting point for a complete understanding of human biology. This 

could be reached when integrating single cell sequencing with single cell proteomics to 

explore the relation between mRNAs and proteins. At this point, one can envision modeling 

the human cell and perturbing it to understand disease states. 

In Paper II, we provided a catalogue of the cell cycle regulated proteins, including the 

identification of 258 proteins with no prior connection to the cell cycle. In this paper we 

showed that several of the identified targets could be clinically important with a differential 

expression in normal versus tumor tissue. As a follow-up of this work, previously unknown 

selected proteins will be studied by knock down and analysis of phenotypic changes in 

order to understand their function and role in tumorigenesis. It would be interesting to co-

stain selected candidates from this study to compare the expression level of these proteins 
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between normal and tumor tissues, for potential use as a biomarker for cell proliferation in 

cancer diagnosis. Characterizing all the genes involved in tumorigenesis will hopefully 

improve our understanding of the disease and enable novel and more tailored and 

personalized therapies. 

We are at the beginning of an emerging era of single cell biology, underpinned by method 

and technology development. This thesis reports on systematic studies of spatiotemporal 

distribution of proteins in single cell, whereas many other studies reveal insights into cell 

function through single cell sequencing alone. In order to obtain a complete understanding 

of the human cell and its intricate functional plasticity, spatiotemporally resolved multi-

omics measurements of single cells are needed. Based on such studies one can envision 

accurate models of the smallest entity of life (the cell), that can be used to understand not 

only the differences between healthy and diseased cells, but also the trajectory in between. 
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back!  
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