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Abstract 
________________________________________________________________ 
 
This thesis focuses on the spatiotemporal mapping of proteins at a subcellular level. In other 
words, determining the cellular location of proteins over time. From a biological point of view, 
knowledge about protein location is fundamental to understand protein function. In the longer 
run, this also means better understanding of cells in the context of health and disease, since 
protein malfunction and mislocalization are two important factors during disease development. 
 
Using an antibody-based imaging approach, Paper I contains a subcellular map of 12 003 
protein in 30 different cellular structures, freely accessible as part of the Human Protein Atlas 
(www.proteinatlas.org). Apart from enabling exploration of the organellar proteomes, we 
conclude that half of the human proteins localize to multiple compartments, and that almost 
one fifth display cell-to-cell variations in terms of protein expression. Paper II aimed to 
decrease the cumbersome work of manual protein location annotations by leveraging the power 
of the crowd through citizen science. By integrating the image-classification task into a video 
game with a massive player base, EVE online, protein location labels could be efficiently and 
rapidly assessed compared to manual curation from a few experts. To compare the performance 
of the players, a deep learning classifier was developed. The algorithm was capable of classifying 
protein location in images containing several challenging localization problems, such as 
multilocalizing proteins, cell line variations and rare classes. Using the protein location data 
from Paper I and Paper II, Paper III presents an image-based characterization of the nucleolar 
proteome. In total, 1 318 nucleolar proteins are included, of which 157 localizes to a fourth 
nucleolar compartment, the nucleolar rim. Additionally, 65 proteins were detected on the 
chromosomal periphery during mitosis, and these could be further divided into two recruitment 
phenotypes with different temporal profiles. Also, the mitotic chromosome proteins are 
enriched for intrinsically disordered domains, suggesting liquid-like properties of the  
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perichromosomal layer. Paper IV presents a systematic dissection of the variable proteome 
drafted in Paper I. We show evidence for 539 proteins being correlated to cell cycle variations, 
of which a minority are also cycling at a transcriptional level, suggesting protein regulation at a 
translational or post-translational level. Additionally, we detected hundreds of proteins with 
previously unknown relations to mitosis and the cell cycle, many being linked to proliferation 
and oncogenic functions. 
 
In conclusion, Paper I and Paper II provide a basis for further in-depth studies of proteins at 
a subcellular level, while Paper III and Paper IV show how this resource can be used to study 
proteins in space and time. The results enable system-level investigation of protein dynamics, 
as well as provide exciting insights into organellar organization, such as the nucleolus.  
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Popular science summary 
________________________________________________________________ 
 
What do you do at work? The most common misconception about studying proteins, is that I 
am a dietitian or am investigating allergies. But proteins are so much more than a chicken filet 
or gluten intolerance. Did you know that your body is full of proteins digesting your food, 
making your heart beat or defeating a virus you got infected by? 
 
DNA is present in all cells. It is the blueprint outlining how to produce the materials to build the 
cell. In other words, those materials are the proteins in your body. The 20 000 genes in your 
DNA are sufficient for producing proteins that perform millions of unique tasks. This diversity 
can be obtained by a cut-and-paste process of genes, called splicing, that creates proteins with 
different functionalities. Apart from that, proteins are divided into different compartments in 
the cell called organelles, such as the nucleus or mitochondria. The organelles are responsible 
for different activities in the cell, similar to how different rooms in a house are designed for 
doing certain tasks. The same furniture can be used in different ways dependent on which room 
it is placed in. In the same way, protein function is often context dependent. Collecting location 
information for proteins in the cell can therefore give clues about their function. 
 
But why is it interesting to understand protein function? Despite proteins being essential for 
life, malfunctioning proteins can cause diseases, such as cancer or Alzheimer’s disease. By 
studying protein behavior and subcellular localization in healthy and sick cells, it is possible to 
get insights about how to better diagnose, manage and cure diseases. 
 
How is it possible to study proteins too small to be seen? Antibodies occur naturally as the part 
of the immune system that recognizes foreign pathogens. Antibodies have been used for a long 
time by researches, due to their adaptability and the possibility to make them bind almost any 
protein target. Antibodies, and the protein they bind to, can be detected with a microscope if  
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coupled to differently colored, fluorescent molecules. Thanks to technical advances, this can 
also be done at large scale today. Therefore, it is possible to not only focus on one protein, but 
almost all proteins in an organelle. By allowing researchers to explore how proteins relate to 
each other, this adds a dimension to our understanding of cellular processes. 
 
The aim of this thesis is to determine protein location, and in that way get a better 
understanding of the complex processes occurring in the human cell. In the first study, we 
present a database containing localization data for more than 12 000 proteins. The second study 
describes how machine learning and thousands of video game players can speed up the 
classification of protein location in biological images. The results presented in these two studies 
enabled the more detailed investigations in the upcoming articles. In study number three, we 
look closer into the nucleolar proteins, the organelle responsible for generating protein 
complexes that in turn produce other proteins in the cell. For instance, we found over 100 
proteins in a potential novel nucleolar substructure. In the fourth article, we investigated 
proteins varying in expression between cells and whether this variation correlates with different 
cell cycle phases or not. This result can hopefully provide valuable insights about proteins 
involved in cancer. 
 
In conclusion, this thesis focuses on mapping proteins in cellular space and over time, with 
emphases on the nucleolus and cell cycle regulated proteins. Hopefully, these results can be 
used as a resource for future studies of specific protein groups, which in turn can lend better 
understanding of the complex cellular architectures that build up your body. 
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Populärvetenskaplig sammanfattning 
________________________________________________________________ 
 
Vad jobbar du med? Den vanligaste missuppfattningen om att studera proteiner är att jag är 
dietist eller utreder allergier. Men proteiner är så mycket mer än kycklingfilé eller 
glutenintolerans. Visste du att hela din kropp är full med proteiner som ser till att du kan 
tillgodogöra dig energin i maten du äter, att ditt hjärta slår och som bekämpar viruset du blev 
smittad av? 
 
I alla celler finns vårt DNA. Det är ritningen som kan producera materialet till huset, det vill 
säga proteinerna i din kropp. Det finns 20 000 gener i ditt DNA som ska räcka till att producera 
proteiner som kan utföra miljontals olika funktioner i kroppen. För att lyckas med det klipper 
och klistras det i gener på olika sätt för att skapa proteiner med olika egenskaper. Förutom det 
är proteinerna i cellen uppdelade i organeller. Olika organeller, till exempel cellkärnan eller 
mitokondrien, är ansvariga för olika aktiviteter i cellen, precis på samma sätt som rummen i ett 
hus är anpassade efter olika sysslor. Vissa möbler har olika användningsområden beroende på 
placering i hemmet, och proteiners funktion är också ofta kontextberoende. Genom att veta var 
proteinerna finns i cellen kan man därför få ledtrådar om proteinets funktion.  
 
Men varför är det intressant att veta vad proteiner gör i kroppen? Trots att proteiner är 
livsnödvändiga är det ofta felfungerande proteiner som orsakar sjukdom, till exempel cancer 
eller Alzheimers sjukdom. Om man studerar hur proteiner beter sig i friska celler jämfört med 
sjuka, kan man därför komma närmare lösningen på hur sjukdomar kan diagnostiseras och 
behandlas. 
 
Hur kan man då studera proteiner när de inte kan ses med blotta ögat? Antikroppar 
förekommer naturligt som en del i immunförsvarets förmåga att känna igen främmande 
molekyler. Antikroppar har använts länge av forskare eftersom de enkelt kan designas till att 
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binda i princip vilket protein som helst. När man kopplar ihop antikroppar med självlysande 
molekyler i olika färger, kan man med hjälp av mikroskop detektera proteiner i cellen. Tack vare 
den tekniska utvecklingen kan man nu göra detta i stor skala. Det öppnar upp för möjligheten 
att inte bara fokusera på ett protein, utan nästan alla i en organell. Det medför att man kan lägga 
till en dimension i förståelsen av cellens processer, eftersom man ser hur proteiner förhåller sig 
till varandra. 
 
Syftet med den här avhandlingen är att bestämma proteiners lokalisation, och att med hjälp av 
den informationen få en bättre förståelse om de komplexa processerna som sker i mänskliga 
celler. I den första studien presenterar vi en databas med lokalisationsdata för över 12 000 
proteiner. Den andra studien beskriver hur man med hjälp av maskininlärning och tusentals 
datorspelare kan underlätta för forskare när det kommer till klassificering av proteiners 
lokalisation. Resultatet i de första två projekten möjliggjorde de mer djupgående och detaljerade 
analyserna i de två nästkommande artiklarna. I studie nummer tre tittade vi närmare på 
proteinerna i nukleolen, organellen som producerar de proteinkomplex som i sin tur producerar 
proteiner från aminosyror i cellen. Vi kunde bland annat hitta över hundra proteiner i en 
tidigare okänd substruktur i nukleolen. I den fjärde artikeln undersökte vi proteiner som 
varierar i mängd mellan olika celler och om variationen är kopplad till de olika faserna i 
cellcykeln eller inte. Eftersom celldelningen i cancerceller inte fungerar normalt, kan kunskap 
om cellcykelberoende proteiner leda till en bättre förståelse av cancerutveckling. 
 
Sammanfattningsvis fokuserar avhandlingen på att kartlägga proteiners lokalisation i cellen 
över tid, med tonvikt på nukleolen och proteiner som reglerar cellcykeln. Förhoppningsvis kan 
resultatet användas som ett uppslagsverk för att i framtiden studera specifika grupper av 
proteiner, som i sin tur kan leda till en bättre förståelse av den komplexa miljön inne i cellen 
som är nödvändig för att din kropp ska fungera.  
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Introduction – The cell 
________________________________________________________________ 
 
Through evolution, life has progressed from single-cell organisms to immensly complex 
multicellular species, such as humans. As the number of cells within an organism starts to grow, 
the need for a more complex organization of the system increases. The human body consists of 
an enormous number of microenvironments, allowing parallel molecular reactions that are 
required to sustain life. Figure 1 shows the fundamental hierarchy of the human body 
organization, starting with the organs, narrowing down to the organelles containing essential 
biomolecules, such as DNA. But how is this complexity of specialized tissues and cells possible 
with only one genome? Proteins and compartmentalization are central to answering this 
question, both which are important concepts in this thesis. The versatility of proteins and the 
possibility for them to reside in enclosed environments is crucial for creating the diversity 
needed for our bodies to work.  
 
 

 

Figure 1 – The human hierarchy: from the organs, moving down in size to the organelles within the cell. 
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Proteins – bringing life to genes 
If the DNA is the blueprint of life, then the proteins can be considered the bricks creating the 
house, our bodies. The central dogma of biology describes the flux of genetic information 
between DNA, RNA and proteins, and was firstly described by Francis Crick in the late 1950’s1 
(Fig. 2). Generally speaking, this flux is one-directional with DNA being transcribed in the 
nucleus into an mRNA, which is later translated to a protein in the cytoplasm.   
 

 
Figure 2 – The central dogma. Describes the flux of genetic material from DNA, through mRNA, into proteins. The 
flux is not solely one directional, but DNA replication, RNA replication and reverse transcription are also occurring 
naturally. 

This process might seem straightforward – “one gene yields one protein.” However, it is 
energetically favorable for a cell to minimize size and despite being condensed, DNA is spacious. 
Hence, there is paradox with minimizing genome size while maximizing the proteome diversity. 
As a comparison, the genome consists of around 20 000 protein coding genes2, while the 
theoretical number of proteoforms are estimated to billions in magnitude3. This diversity is 
achieved in several different ways. One is splicing, a post-transcriptional cutting of mRNAs that 
creates different mRNAs originating from one DNA sequence. Another way is through post-
translational modifications (PTMs). Certain amino acids can be modified, such as being 
phosphorylated or methylated, in ways that can change the properties of the protein. PTMs are 
often reversible, which is an important property for cell signaling and other dynamic processes. 
The presence of functional groups decides whether a protein is active or not, and PTMs are 
hence central for monitoring reversible protein regulations4. 
 
Thanks to the alternative ways of transcribing and translating proteins, we can instead stipulate: 
“One genome – millions of combinations”. 
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Subcellular compartmentalization - creating biological order 

Another important way to obtain both diversity and structure is by creating isolated 
environments where proteins can interact without interfering with molecules from the outside. 
As mentioned before, the compartmentalization of the human body occurs in different layers, 
and the most important layer for this thesis is the compartmentalization of the cell. The 
eukaryotic cell has several membrane-bound and non-membrane bound organelles that serve 
as cellular compartments, all with specialized functions and distinct proteomic compositions 
(Fig. 3). For instance, proteins residing in the mitochondria are generally connected to 
metabolism5, while the proteins in the endoplasmic reticulum (ER) are mainly specialized in 
protein synthesis6. 
 

 
Figure 3 – Schematic illustration of the human cell and a selection of subcellular structures. 

 
Subcellular compartmentalization is crucial to enable parallel activities in the cell, and to create 
optimal chemical conditions for those processes. Transcription of DNA occurs in the nucleus, 
while translation is regulated in the cytoplasm. This facilitates a better control of pre-mRNA 
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processing, as compared to coupled transcription-translation, which occurs in the same 
compartment within prokaryotes7. Apart from this, the compartmentalization minimizes space 
between proteins. This ensures that interacting proteins are able to do so, and that proteins that 
should not interfere are separated8. 
 
To further increase cell complexity, proteins can reside in several compartments simultaneously. 
These multilocalizing proteins may have the same functionality in different organelles or 
perform context-specific tasks that differ between compartments. The latter group is referred 
to as moonlighting proteins, multifunctional proteins with different functionality depending on 
location. These proteins include, but are not limited to, enzymes that perform different tasks 
dependent on intracellular or extracellular location9–11. For instance, Thymidine phosphorylase 
is involved in metabolism when located the cytosol, while going under the name PDGF and 
acting as an endothelial growth factor when secreted12. 
 
In summary, cell compartmentalization is crucial for proper cell performance, and protein 
localization gives valuable clues about protein function in cell biology research. 
 

The nucleus – the DNA gatekeeper 

The nucleus is likely the most well-known organelle, discovered in 1833 by Robert Brown. The 
two main functions of the nucleus are harboring DNA and being responsible for cell division. 
Thanks to the nuclear membrane, the nucleus also provides an isolated environment that 
enables transcription and gene regulation without interference from cytoplasmic proteins, and 
is thus separated from the process of protein translation. A large part of the nucleoplasm is 
occupied by DNA, and each cell is estimated to contain more than two meters of DNA if it was 
uncoiled and fully stretched13. To minimize the space taken up by the genetic material, the DNA 
is tightly wrapped around histone proteins into chromatin complexes. Chromatin organization 
is intricate, and it serves as a way for the cell to regulate transcription. The more active genes 
are lightly packed and relatively easy accessed in euchromatin, while the more inactive genes 
are stored in densely condensed heterochromatin14. 
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The nucleolus – from ribosome factory and beyond 

The nucleus contains several non-membrane bound compartments that are enriched for 
proteins performing specialized tasks (Fig. 4). For instance, the splicing speckles contains 
proteins involved in pre-mRNA processing15. However, the nucleolus is probably the most 
prominent and well-studied nuclear substructure, being responsible for ribosome biogenesis 
and assembly16. The nucleoli form around fixed sites at the chromosomes that carry the genes 
for the ribosomal DNA (rDNA), named nucleolar organizing regions (NORs). Due to its central 
role in ribosome production, several efforts to map nucleolar proteins have been made. Thanks 
to the density of the nucleolus, it can be purified from the nucleoplasm and other cellular 
compartments using subcellular fractionation. Around the turn of the last millennium, big 
advancements in protein detection using mass spectrometry (MS) enabled the discovery of at 
least 700 nucleolar proteins, many of them not related to ribosome biogenesis17–20. This created 
a new view of the nucleolus as a multifunctional and dynamic organelle, consisting of fluxing 
proteins in contrast of being a static ribosome factory16,18,21. For instance, ribosome production 
is usually shut down during cell stress. This is an effective way for the cell to reduce energy 
consumption22. Apart from this, nucleolar proteins are involved in specific stress responses 
through translocation to the nucleoplasm upon stress. Once in the nucleoplasm, the nucleolar 
proteins could trigger cell cycle arrest through the activation of other proteins, such as p5323,24. 
 
To compensate for not being physically isolated towards the environment, the nucleolus relies 
on liquid-liquid phase separation to maintain its spatial integrity. This mechanism is similar to 
the formation of oil droplets in aqueous solutions, where proteins enable liquid demixing of the 
nucleoli and the nucleoplasm. Several factors act together to enable this process, such as 
temperature and PTMs, but most importantly protein composition and concentration. On a 
molecular level, proteins promoting liquid-like behavior usually contain several low complexity 
sequences and disordered amino acids25–31. As a consequence, intrinsically disordered proteins 
usually have less strict tertiary conformations and are also more promiscuous interaction 
partners. Apart from maintaining spatial integrity towards the nucleoplasm, the nucleolar 
structure itself is built up of three droplet-like layers with different miscibility32,33. This 
organization facilitates a sequential production of ribosomes: starting with rDNA transcription 
in the fibrillar center (FC), followed by preribosomal RNA processing in the dense fibrillar 
component (DFC) and ribosome assembly in the granular component (GC) (Fig. 4). Compared 
to membranes, spatial organization through liquid-liquid phase separation enables more 
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dynamic protein partitioning in the cell34. Taken together, the nucleolus appears to be one of 
the more versatile organelles, and despite being intensively studied for decades, there is still 
much about the nucleolar function and protein homeostasis that is not fully understood.  
 

 
Figure 4 – Schematic illustration of the nucleus and its substructures, including nuclear speckles, various nuclear 
bodies and the nucleolus. The nucleolus forms around nucleolar organizing regions (NORs) at the rDNA sites and 
is partitioned into three substructures: the fibrillar center (FC), dense fibrillar component (DFC) and granular 
component (GC). 

The cell cycle – a life essential  

The overall purpose for many cell functionalities boils down to survival and passing on genetic 
material. The cell cycle consists of a series of events, where one cell grows and splits into two 
daughter cells. A very advanced system of protein interactions and biophysical forces are 
required in order for this to happen. The division frequency varies greatly between cells. From 
skin cells constantly renewing to meet the death rate in the outer epidermis, to cardiac muscle 
cells that, once differentiated, never divide4. The interphase, where the cell grows and synthesize 
proteins, is divided into four different phases. Gap 1 (G1) starts after cell division where the cell 
grows and duplicates its mass. During S, the synthesis phase, the DNA is replicated. Gap 2 (G2) 
is the proofreading phase, checking the completeness of the DNA replication in the S phase35. 
After G2, mitosis starts, and an overview of the different steps can be seen in Figure 5. In 
summary, chromatin is condensed while the nuclear membrane and nucleoli breaks down, and 
the mitotic spindle is formed to pull the chromatids towards opposite ends of the cell. When the 
sister chromatids have been separated, the nuclear membrane and nucleoli reforms and the 
cytoplasm is split into two daughter cells.  
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Uncontrolled cell growth and replicative immortality are major reasons for cancer 
development36. In normal cells, this is avoided by checkpoint proteins tightly controlling the cell 
cycle. The activation of these proteins causes signaling cascades in the cell, driving the cell cycle 
forward. In the case of unmet checkpoint requirements, the cell is arrested and does not 
progress to the next cell cycle phase37. In normally growing tissue, a large proportion of cells are 
non-proliferative. They do not meet the requirements to progress from G1. Instead, they enter 
the “resting” cell state G0. While not dividing, the cells in this state are still active. For example, 
quiescent fibroblasts in G0 have been shown to maintain a similar metabolic activity as 
proliferative cells38. 
 
 

 
 
Figure 5 - Schematic illustration of mitosis. The process is divided into prophase, prometaphase, metaphase, 
anaphase, telophase and cytokinesis. Major events are the formation of the mitotic spindle and disassembly of 
nucleoli in prophase, breakdown of the nuclear membrane in prometaphase, the separation of the sister chromatids 
during anaphase and the reformation of the nuclear membrane and nucleoli in telophase. 
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Nucleolar cell cycle dynamics – the blind spot in-between breakdown and assembly 

As mentioned in the previous section, major changes in the cell architecture are needed to 
enable division. One organelle exhibiting large rearrangements during mitosis is the nucleolus. 
During prophase, the nucleoli dissolve. Many of the nucleolar proteins leak to the cytoplasm 
upon nucleolar disassembly, but far from all. There is a known connection between the 
perichromosomal layer, the surface of the chromosomes during mitosis, and nucleolar proteins. 
At least 50 nucleolar proteins have been detected on the mitotic chromosome periphery 
compartment (MCPC)39–47, but as no large-scale study has focused on nucleolar proteins only, 
the number is just an estimate. Although the presence of a shielding layer around the mitotic 
chromosomes is well recognized, a full understanding of the function of this compartment is 
still under investigation. Knowledge about its proteomic composition is likely essential to 
understanding it better48. Two popular hypotheses suggest the MCPC to be a carrier of nucleolar 
proteins, as well as enabling proper chromosome separation during anaphase46,47,49. In these 
studies, the key proliferation marker Ki-67 (encoded by the MKI67 gene) appears to be crucial 
in the formation of the MCPC, but also acts as an emulsifier during sister chromatid separation 
by forming brush-like structures perpendicular to the chromosomal surface that prevents 
chromosome clustering46,49.  
 
Once the sister chromatids are separated, nucleolar reassembly is initiated. During telophase, 
nucleolar proteins accumulate in pre-nucleolar bodies (PNBs) on the MCPC. These proteins are 
later transported from the PNBs into incipient interphase nucleoli. PNBs are hence thought to 
be an intermediate storage place to control the nucleolar assembly, as the shuttling of DFC and 
GC proteins from the PNBs are different50. This behavior could ensure correct recruitment of 
proteins to the mature nucleolus, building up its multi-layered structure. After mitotic exit, the 
PNBs disappear as the mature nucleoli are formed. 
 
Apart from being involved in chromosomal segregation, Ki-67 also aids the exclusion of large 
cytoplasmic molecules from the nucleus upon nuclear membrane reformation. During mitotic 
exit, the repellant brush-like protein structure of Ki-67 on the chromosome periphery collapses, 
and in that manner chromosome clustering is promoted51. When the nuclear membrane is 
reformed without cytoplasmic contaminants, the newly formed nucleoli fuse together into an 
average of two-three larger nucleoli per cell52. The mechanism for this fusion is still not fully 
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known but is thought to be dependent on the liquid-like behavior of nucleoli, and partially 
shaped by the surrounding nucleoplasm32,53.  
 
There is still much that remains to be understood about nucleolar protein dynamics during 
mitosis, and further research is needed to unravel the full story about their role on the MCPC. 
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Introduction – Spatial proteomics 
________________________________________________________________ 
 
As mentioned in the previous chapter, our genes are the blueprints for what later become our 
proteins. After the Human Genome Project54 constructed a draft of the human genome, the 
natural follow up would be mapping of the human proteome. The meaning of the term 
“proteome” is broad and varies greatly dependent on context, ranging from all human proteins, 
to proteins present in transient organelles such as the mitotic spindle. While the genome is more 
or less constant in all humans, the proteome varies widely between individuals, organs and cell 
types, but also over time. Variation may occur in an oscillating fashion, as for the cell cycle, or 
as a result of diseases such as cancer36,55,56. The elusive behavior of proteins makes proteomic 
studies very complex, since all dimensions of variation cannot be captured in a single 
experiment.  
 
Proteomic changes spanning both time and space are referred to as spatiotemporal variations. 
Spatial proteomics therefore aims to better understand subcellular processes by including many 
proteins in the same study, using three main approaches: i) biochemical fractionation that 
enables MS analysis of organelle proteomes, ii) proximity labeling where protein interactions 
can be studied using MS, and iii) high-throughput imaging aiming to acquire data about protein 
location57,58.  
 
Imagine guessing the motive of a jigsaw puzzle by only looking at one piece at a time – it is 
almost impossible. The aim of proteome-wide spatial characterization is instead to assess 
information from all puzzle pieces within the same study, and in that way get a more holistic 
view and understanding of the cell. For instance, global spatial analysis through a combination 
of MS proteomics and imaging has shown to give insights about virus infection mechanisms, 
where the organelle protein composition changes over time as a consequence of the infection59.
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To keep within the scope of this thesis, the following chapter covers the principles of large-scale 
affinity-based imaging but also discusses complementary approaches used for validation, such 
as biochemical fractionation or gene tagging. The strength of having images as output data lies 
in the possibility to study single cells with high spatial, and in some cases, temporal resolution. 
Figure 6 shows a typical workflow for an antibody-based proteomics experiments, starting with 
antibody generation and in vitro cultivation of cells, then generation of images as output data, 
which are later are analyzed using big data analytical tools.  
 

 
Figure 6 – Overview of an image-based spatial proteomics experiment. The steps include cell cultivation and 
antibody generation, followed by immunofluorescent staining (IF) and imaging. The images can later be analyzed 
using various analytical tools, such as dimensionality reduction. 

Cell cultivation – modelling humans in a dish 

Even though conducting experiments in humans would be ideal from a scientific point of view, 
it is often both unethical and difficult to perform controlled experiments in humans. To mimic 
the conditions in the body, different model systems are used, ranging from whole organisms to 
in silico simulations of cells. Human cells are harder to grow outside the body than for instance 
bacteria, partly because healthy human cells are not able to divide infinitely. This makes them 
less suitable for a lab setting. Although isolated primary cells from healthy human tissue can be 
cultivated in a dish, immortalized cancer cells originating from tumors are more widely used. 
The cells are grown in cultivation media mimicking the physical environment in the body, 
including pH, salts and available nutrients. Apart from being low maintenance and less ethically 
complicated than animals, cell lines are robust, cheap and easy to grow in vitro. They also allow 
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large-scale, controlled experiments, such as cell synchronization or addition of short interfering 
RNA (siRNA) for cell cycle studies55,60. However, cancer cells are not entirely representative for 
normal cells in vivo. Several reports have shown that cell lines are prone to genetic drifting as 
well as being functionally different after many passages of cultivation61,62. Apart from this, no 
cell line has a complete expression coverage of all protein coding genes. Therefore, proteome-
wide studies utilizing cell lines should preferably be conducted using several different cell lines 
to maximize the number of expressed proteins. 
 
All in all, cell lines offer an easy platform for the investigation and understanding of cell biology. 
However, there is a need for controlled cultivation and confirmation of results in tissues or 
model organisms before any conclusions can be taken into clinical use. 

Antibodies – easy to use, hard to trust? 

The central molecule in affinity proteomics is the antibody. In vivo, the antibodies are a part of 
the adaptive immune system. They are produced by B cells to bind and recognize foreign 
antigens, such as bacteria or viruses, to neutralize and to recruit other immune cells. Antibodies 
are Y-shaped proteins, containing one constant part common for all antibodies within the same 
subtype, and one variable part responsible for the specific antigen recognition (Fig. 7). 
 

 
Figure 7 – Schematic illustration of an IgG antibody. The heavy chain in blue and the light in green. The constant 
part is common for IgG antibodies, while the variable part is adapted to bind exclusively to the target protein. 

 
Affinity-based assays utilize the specific antigen affinity to bind and detect the target proteins. 
Traditionally, either monoclonal or polyclonal antibodies have been used. Monoclonal 
antibodies originate from a single clone of B cells, thus binding to the same epitope on the target 
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protein. Polyclonal antibodies are derived from the blood of an immunized host species. 
Therefore, the antibodies originate from several different B cells, and the actual binding sites in 
the antibody mixture is heterogenous. While monoclonal antibodies are usually preferred in 
clinical settings due to their high reproducibility and lower risk for unspecific binding, 
polyclonal antibodies are normally cheaper and faster to produce. In some cases, the usage of 
polyclonal antibodies can increase detection signals as the antibodies are able to bind the same 
protein at different epitopes, which also makes them less sensitive to epitope masking. However, 
there is a risk for varying batch-to-batch quality when using polyclonal antibodies. 
 
Affinity assays are very common in research today, but antibody reliability and the lack of 
standardized validation protocols have been subject for discussions63,64. Antibodies are versatile 
and easy to use, but a key antibody feature is exclusive binding to the intended protein target. 
The validation of antibody specificity is of great importance, although it is somewhat 
challenging. However, even when validated, antibodies cannot be regarded as either specific or 
unspecific because their efficacy is dependent on the assay used. First of all, sample preparation 
affects protein conformation. Dependent on assay, the protein of interest might be in its near-
native form or it might be almost fully denatured. This will affect the access to certain epitopes. 
Sample type can also dramatically change the effects of off-target binding. Highly abundant 
competing proteins might increase unspecific binding, even though the antibody specificity for 
a competing protein is low compared to the intended protein target. Due to this, it is not possible 
to create a standardized validation protocol for all antibodies, but each antibody must be 
evaluated in the context of its application. To meet these concerns, it was suggested that at least 
one of the following antibody validation methods should be included for any antibody derived 
result: i) genetic strategies, such as siRNA knockdowns, ii) orthogonal strategies, such as 
quantitative targeted mass spectrometry, iii) independent antibody strategies, iv) expression of 
tagged protein, or v) immunocapture followed by mass spectrometry65. These strategies have 
also been shown to be scalable to include thousands of validated antibodies66, an important 
feature when working proteome-wide. 
 
Apart from validation, alternatives to traditional antibodies have emerged in the field. This 
includes recombinant monoclonal antibodies made in vitro, that can be produced and tailored 
in a controlled manner without being connected to ethical issues as animal-derived antibodies67. 
Additionally, alternative affinity binders such as oligonucleotide-based aptamers68, 
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nanobodies69 or affibodies70 are becoming more and more accessible. While the size of 
antibodies can limit the usage for imaging purposes, smaller binders have the ability to 
penetrate smaller subcellular structures and also place the fluorophore closer to the target 
protein, resulting in a higher spatial resolution71. 
 
Taken together, antibodies have been and are still a great resource in proteomics as long as they 
are handled and validated properly. 

Immunofluorescence – determining subcellular protein location using 

antibodies 

The immunofluorescence (IF) protocol used in Paper I-IV involves cell fixation, 
permeabilization, antibody incubation and microscope detection. Adherent cells are grown on 
a solid support, in this case glass coated with the extracellular matrix protein fibronectin, which 
allows the cells to adhere to the smooth glass surface. The cells are then treated with a fixing 
agent, such as paraformaldehyde, which crosslinks the peptides and hence freeze the cell in its 
current state. To allow antibody penetration, the cell membrane is permeabilized with the non-
ionic detergent Triton X-100. Alternative protocols include other fixing or permeabilization 
agents, such as methanol. Methanol instantly dehydrates the cell and combines both fixation 
and permeabilization in one step. This method results in less background staining compared to 
aldehydes72,73. However, alcohols are rather harsh to the cell, and is thus most suitable for robust 
cellular structures, such as the cytoskeleton and is not a good choice for soluble proteins. As 
mentioned previously, cell fixation can alter protein conformation, and dependent on protein 
and cellular compartment, different fixation and permeabilization chemicals are preferred. 
Therefore, protocol optimization should as far as possible be adjusted for the specific protein 
target and affinity reagent used.  
 
For detection, the antibodies are either coupled directly to a reporter molecule, typically a 
fluorophore, or indirectly labeled via a secondary antibody. The secondary antibody binds to the 
constant domain of the primary antibody, which is different dependent on the species it was 
produced in (Fig. 8). Direct assays have the advantage of being faster, and there is no risk of 
cross-reactions between secondary antibodies originating from different species. However, 
indirect assays are cheaper and more flexible since the secondary antibodies can be mixed and 
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matched to fit the experimental need. Indirect assays are also more sensitive as several 
secondary antibodies can bind to one primary antibody and hence amplify the fluorescent signal.  
 

 
Figure 8 – Direct and indirect immunoassays. In a direct assay, the primary antibody is conjugated to a fluorophore 
and binds the protein target directly. For the indirect assay, the primary antibody binds the protein target, while the 
fluorophore-conjugated secondary antibody binds the primary antibody to generate a detectable signal. 

 
In summary, IF assays allow investigation of protein expression and location in cells using 
antibodies. Endogenous proteins can be visualized in situ, enabling detection of multilocalizing 
proteins as well as capturing cell-to-cell variability. However, the need for cell fixation precludes 
tracking one cell and studying its temporal protein variation. For this purpose, live-cell imaging 
of fluorescently tagged genes is a good complementary approach.  
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Imaging – seeing is believing 

After binding their intended targets, the antibodies are detected using a fluorescent microscope. 
A lamp or laser excite the fluorophore, and the emitted light is captured by a camera or other 
detectors. In this way, several different proteins can be detected in the same sample by using 
fluorophores with different emission spectra. To avoid emission overlap, up to four fluorophores 
can usually be visualized at the same time. If more are needed, multiplexing methods including 
washing and sequential addition of new probes, are good approaches when working with 
combinatory biomarker panels or for studying complex cell architectures74,75. Complementary 
to the fluorophore-coupled antibodies, chemical dyes can be used to mark reference organelles. 
For instance, 4′,6-diamidino-2-phenylindole (DAPI) binds to DNA and is hence a widely used 
nuclear marker. Figure 9 shows a typical output image from an IF experiment. 
 

 
Figure 9 – A typical output image from an IF experiment in U-2 OS cells. The protein of interest localizes to 
mitochondria (green), including an overlay of the reference markers for the nucleus in blue and microtubules in red. 
Scale bar 10 μm. 

 
Two main techniques dominate fluorescence imaging, widefield and confocal microscopy. 
Choosing between the two is often a trade-off between resolution and speed. Widefield 
microscopy illuminates the whole sample at once and detects the emitted light with a camera. 
This technique is great for high-throughput studies of relatively large cellular structures where 
high resolution is not required, for instance large-scale studies of mitotic function after gene 
knockdown60. The much slower confocal microscope utilizes a laser passed through pinholes to 
illuminate and detect the sample. As only a small part of the sample is enlightened at a time and 
out-of-focus emission in blocked, this results in lower signal-to-noise ratio and a higher axial 
resolution. Confocal microscopy is preferred for studying more delicate subcellular structures 
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and is thus well suited for qualitative annotations of protein location, since only one optical 
section is captured in the image. There are alternatives to the traditional widefield and confocal 
microscopy techniques, for instance spinning disc and light sheet microscopy. Spinning disk 
microscopy is a form of confocal microscopy that, as the name implies, utilizes a spinning disk 
with several pinholes to illuminate the sample. This results in faster image acquisition, but for 
thick samples the depth-wise resolution is worse compared to a traditional point scanning 
confocal microscope76. Light sheet microscopy on the other hand, uses a thin plane of light for 
illumination and is ideal for imaging thick tissue sections, or even whole organism, but to the 
expense of worse longitudinal resolution77.  
 
One of the most important factors for acquiring good and truthful images is proper sample 
preparation. This involves minimizing background signal through well optimized fixation 
protocols, in addition to appropriate antibody concentration and incubation conditions during 
labeling. Additionally, the integration of negative controls is of high importance to allow sanity 
check of sample quality. All in all, this can be summarized as “garbage in – garbage out.”78 
Similarly, acquiring images of good quality is fundamental to produce high-quality data 
interpretations and biological conclusions. Important factors influencing image quality includes 
uneven illumination, focus drift and image saturation. To enable quantitative comparison 
within and between samples, careful saturation of pixels is crucial, since oversaturation flattens 
the image information and is impossible to fix through post-processing79. For experiments 
involving sample comparison, it is also important to keep image settings constant to ensure a 
fair comparison between two biological states80.  
 
In summary, it is necessary to carefully monitor imaging settings and quality since images only 
captures one static snapshot of a greatly dynamic and complex biological system.  

 

  



Spatial proteomics 

 19 

Data analysis – converting numbers into biology 

Once the images have been collected, the task of condensing terabytes of data into biological 
conclusions remains. For many ‘omics experiments, data generation is pretty fast compared to 
the time spent on data analysis and interpretation. Despite being labor intensive for large-scale 
studies, qualitative data can be labeled manually. When extracting quantitative data, image 
segmentation is required. Regions of interest are identified using manually optimized 
algorithms or machine learning81. Image features, such as cell morphology or overlap with 
reference markers, can then be extracted from the detected regions. In this way, each protein is 
attributed to one or several qualitative and quantitative labels, such as protein location or 
relative quantifications of protein abundance. These labels can then be used for further data 
clustering and systems level investigations. 
 
Apart from being time consuming, manual annotation of qualitative labels bears the risk of not 
being objectively assessed. Blinding offers a relatively easy way to a more unbiased data 
annotation80,82. As machine learning is becoming more accessible, the alternatives to automate 
image classifications grow. While there are examples of user-friendly models available to 
researches without machine learning skills, such as CellProfiler Analyst83 or Ilastik84, 
developing models accurately predicting subcellular localization for multilocalizing proteins or 
datasets with large class imbalances are still challenging85. Therefore, a “belt and suspenders” 
approach can be to combine both computational image classification and manual curation.  
 
To evaluate statistical significance, a widely used, but also debated metric is the p-value. 
Originating from the “replicability crisis” within the field of psychological science, its usefulness 
has been under discussion86,87. Mining the internet, it appears hard to find one, clear definition 
of the p-value. Wikipedia states: “the p-value is the probability of obtaining test results at least 
as extreme as the results actually observed, under the assumption that the null hypothesis is 
correct.”88. And this definition appears to comply with other formulations89,90. One important 
aspect of the p-value, apart from significance levels being somewhat arbitrary set by the 
researchers, is that the p-value is comparing against absolutely no effect. This means that even 
if a significant p-value is obtained, it could very well be trivial from a biological point of view. In 
other words, statistical significance is not always equal to biological significance. Hence, despite 
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being a very useful metric for many applications, the p-value should not be considered as the 
ground truth without further investigation. 
 
In conclusion, data analysis offers endless possibilities to better understand biology, but we 
should always aim at interpreting results as objective as possible. Additionally, being 
transparent about study design and methodology is of great importance in order to set the 
obtained result into the right context91. 

Single cell variations – cells are biological snowflakes 

Apart from determining protein location, imaging-based spatial proteomics offers a possibility 
to study protein expression in single cells. No cell is exactly similar to its neighbor. Despite being 
genetically identical, cell populations often exhibit heterogenous protein expression. Processes 
like the cell cycle or the circadian rhythm can establish dramatic changes in protein expression 
and location over time, but otherwise the sources for non-genetic cell-to-cell heterogeneity are 
many and also relatively unknown92. Cell-to-cell heterogeneity could either be manifested at a 
subcellular level as expression differences between cells, or as protein translocations (Fig. 10). 
Since these variations can occur in a small fraction of cells, they might be overlooked by bulk 
methods such as RNA sequencing or cell fractionation methods. 
 

 
Figure 10 – Schematic illustration of cell-to-cell protein variability in genetically identical cells. Cells either exhibit 
differences related to protein expression levels (in green), or spatial redistribution of the protein (e.g. between 
cytoplasm and nucleus). 
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Without further investigations, one cannot tell whether expression variability is caused by 
random expression noise or by cellular processes, such as the cell cycle. However, it is 
functionally interesting to determine if protein expression levels correlate with cell cycle 
progression. Characterizing cell cycle dependent proteins is important to understand cancer 
development, and these proteins are targets in several promising cancer therapies93. One widely 
used method to study cell cycle proteins is cell synchronization, where a homologous cell state 
population is created through physical fractionation or chemical treatment. However, truly 
synchronous populations are hard to obtain, and cell manipulations could result in model 
systems that inaccurately reflect unperturbed cell cycle progression94. Another option is to 
incorporate protein tags that indicate the current cell cycle phase for each cell through 
expression of fluorescent markers, allowing analysis of cell cycle dependent proteins in 
asynchronous populations. For instance, the fluorescent ubiquitination-based cell cycle 
indicator (FUCCI) cell system95. FUCCI cells are osteosarcoma cells with two genetically tagged 
proteins, green fluorescent protein (GFP)-Geminin and red fluorescent protein (RFP)-CDT1. 
The nuclear expression of CDT1 (G1) and Geminin (S and G2) aid in the categorization of cells 
into their current cell cycle state (Fig. 11). This system allows the determination of cell cycle 
dependencies at large-scale, for instance with the experiments conducted in Paper IV.  
 

 
 
Figure 11 – Schematic illustration of the FUCCI model. RFP-CDT1 reveals G1 through an increasingly red nuclear 
expression. S/G2 is indicated through a green nucleus by GFP-Geminin. Co-expression of the two markers in G1/S 
transition result in a yellow nucleus. In early G1, the nucleus is uncolored. 
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The Human Protein Atlas – human protein maps across scales 

All studies included in this thesis have been carried out within the framework of the Human 
Protein Atlas (HPA). The HPA project was initiated in 2003, aiming to map all human proteins 
in cells, tissues, and organs using various omics methods, such as antibody-based imaging, 
transcriptomics and MS proteomics96. The HPA Cell Atlas database contains high-resolution IF 
images, showing the spatial distribution of proteins in single cells (www.proteinatlas.org). 
Currently, the HPA Cell Atlas (version 20) contains localization data for 12 813 protein coding 
genes and serves as a resource of in-depth studies of organellar proteomes. To reveal subcellular 
locations, cells have been systematically stained using rabbit polyclonal antibodies that are 
produced in-house. Each protein is typically stained with the HPA-generated antibodies in three 
different cell lines; always in the bone osteosarcoma cell line U-2 OS, and two additional cell 
lines showing a high mRNA expression profile for the specific protein. Complementary to the 
protein of interest, three organelle markers are included: the nucleus, microtubules and the ER. 
The immunofluorescently stained cells are then imaged using a confocal microscope and the 
output images are manually annotated to determine the subcellular location for each protein73. 

Complementary approaches – increasing the depth of biological insights 

Although affinity-based imaging is a powerful tool to gain insights about protein location and 
function, it is useful to incorporate information from a different angle. All methods have 
strengths and limitations. For the affinity-based proteomic workflow described here, two of the 
limitations are the use of antibodies and the need for cell fixation. It is important to be aware of 
these limitations to interpret results correctly, and to choose complimentary approaches wisely. 
The following section will cover three complementary approaches and how they can be 
combined with spatial imaging to strengthen the scientific conclusions drawn. 
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Biochemical fractionation – separation through centrifugation  

According to the five pillars of antibody validation65, a good way of validating antibody-derived 
protein location data is the use of orthogonal methods. One such example is biochemical 
fractionation. This method utilizes organellar properties such as density, solubility or size to 
separate proteins into different fractions through centrifugation. These fractions can later be 
analyzed using MS, and the proteomic composition in different organelles can be determined. 
This may be done either for single organelles, such as the nucleolus17,19 or mitochondria97 or 
across several organelles. One common approach for proteome-wide subcellular protein 
localization is protein correlation profiling, where distribution profiles from known reference 
proteins are used to determine the subcellular location of unknown proteins with similar 
profiles, such as Localization of Organelle Proteins by Isotope Tagging (LOPIT)98–100, 
SubCellBarCode101 or Dynamic Organellar Maps102. The strength in this approach lies in its 
scalability and it is less labor intensive compared to imaging approaches. As the method is 
antibody-independent, there is also no risk of off-target binding resulting in false positive 
results. However, the classification of multilocalizing proteins is more challenging as there is no 
clear-cut distinction between a true additional protein location and co-purifying proteins, and 
the result is dependent on the reference proteins used. Imaging approaches also offers easy 
assessment of cell-to-cell protein expression variability that are harder to detect in bulk data. 
Integrating several proteomics methodologies can validate previous results, as well as increase 
understanding of complex cellular architectures, such as characterization of organelle 
proteomes103. 
 

Gene tagging – creating glowing genes   

Affinity-based imaging requires fixed cells. Therefore, it can be challenging to pull temporal 
information from the experiment since individual cells cannot be tracked over time. 
Fluorescently tagged genes are thus valuable both for validating antibody-derived protein 
localization data, as well as studying temporal changes of protein expression in single, non-fixed 
cells. Another application is to use the protein tag for affinity capture, allowing the creation of 
protein-protein interaction networks104. To tag the gene of interest, it is typically fused with a 
fluorescent reporter molecule, using for instance CRISPR-meditated gene editing105. The tagged 
gene sequence is integrated into the cell’s DNA, causing stable expression of the modified gene. 
The protein expression should be kept at endogenous levels, as overexpression causes a risk of 
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protein mislocalization106. Although proven possible to use this approach for large-scale 
studies107–109, the tagging process is currently labor intensive. Partly because it requires careful 
verification of correct gene tagging, but also since it is important that protein properties are 
maintained. The usage of fluorescent tags usually gives rise to lower signal than antibody-
mediated detection, which can make detection of low abundant proteins difficult. Combining IF 
and fluorescent protein tagging enables studies of protein expression levels and spatial 
distribution in single cells over time, and together they serve as a good validation of protein 
location110.  
 

Single-cell RNA sequencing – resolving transcript variability between cells  

Generally, transcriptomics is a good complementary approach to proteomics since it offers a 
way to closer connect the link between genotype and cellular phenotype. Bulk RNA sequencing 
builds on the principle of extracting RNA from cells, use fragmentation and reverse 
transcription to create a cDNA library that can be sequenced using next generation sequencing, 
quantifying gene expression levels, and then mapping the reads to the genome111. While bulk 
RNA sequencing is a well-recognized and extensively used method to derive information about 
the cell’s transcriptome, the measured abundance is an average of many cells. Therefore, cellular 
heterogeneity is easily overlooked. Thanks to technological advances, it is now also possible to 
study the RNA content of individual cells, where cell-to-cell variation can be studied at a larger 
scale. Cells can be isolated by microscope-aided manual picking, fluorescence-activated cell 
sorting (FACS), or by microfluidic devices to name a few techniques, before extracting and 
sequencing the mRNA content in single cells112,113. This method has the potential to deepen the 
understanding of single-cell variations at transcript and protein level. For instance, cell 
classifications within immune cell populations have shown to be more precise using a 
combination of single-cell RNA sequencing (scRNA-seq) and protein markers114. Additionally, 
the discrepancy between non-varying transcripts and fluctuating proteins, or vice versa, could 
help specifying timepoints of gene regulation. Apart from RNA levels not being fully correlated 
to protein abundance levels in single cells115, imaging proteomics capture protein location data 
that cannot be inferred from scRNA-seq. Therefore, integration of multiple ‘omics modalities 
could create a deeper understanding of the cell and its dynamics, compared to applying each 
‘omics technology on its own. 
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Present investigations 
________________________________________________________________ 
 
The aim of this thesis is to spatiotemporally map human proteins to better understand cellular 
dynamics, in particular nucleolar and cell cycle dependent proteins. In Paper I we localized 
12 003 proteins, of which half are multilocalizing, into 30 different subcellular structures. To 
refine these manual protein annotations, Paper II uses a combination of citizen science and 
deep learning to recognize delicate protein localization patterns in IF images, such as nuclear 
substructures. The results from Paper I and Paper II enabled the more detailed studies of 
proteins both in interphase and mitosis presented in Paper III and Paper IV. In Paper III, we 
aimed to further decipher the nuclear landscape by drafting the nucleolar proteome, including 
the proposal of a distinct nucleolar component, the nucleoli rim. We additionally show spatial 
relocation to the mitotic chromosomes during cell division for 65 proteins, that also are enriched 
for disordered domains. In Paper IV, we investigated the proposed cell-to-cell variable 
proteins from Paper I in the context of cell cycle dependency. Through a combination of IF-
based proteomics and single-cell transcriptomics we identified hundreds of previously unknown 
cell cycle dependent genes and analysis of potential temporal RNA cycling.  
 
Several systematic studies of subcellular partitioning were reported prior the publication of 
Paper I-IV, mostly MS-based in various species and cell types98,99,102,116,117, but imaging 
approaches have also been described107,109,118,119. Additionally, the manually curated database 
UniProt summarizes protein data from literature and other databases120. Despite this, 
localization data for many human proteins are still lacking, especially data at single cell 
resolution and data considering multilocalizing proteins. A major reason is that fractionation 
methods isolating single organelles do not have the possibility to detect multilocalizing proteins 
across cellular compartments and is performed on cells in bulk, potentially masking cell-to-cell 
heterogeneity.
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Paper I – A subcellular map of the human proteome 

As mentioned previously, knowledge about the spatial distribution of proteins allows a better 
understanding of protein function and interactions. In Paper I we present the HPA Cell Atlas, 
an image-based subcellular map of the human proteome. The HPA Cell Atlas (version 16) 
consists of IF image data for 12 003 proteins, mapped to 30 different subcellular structures  
(Fig. 12). For almost half of these proteins, no experimental human subcellular localization data 
had been reported previously. Additionally, the database contains transcriptomics data for 56 
cell lines of different origin.  

 
Figure 12 – The 30 subcellular structures included in the HPA Cell Atlas. Protein of interest is shown in green, 
nucleus in blue and microtubules in red. The side of each image is 64 μm. 
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Thanks to the imaging data, we could detect proteins that reside in more than one subcellular 
compartment. We revealed that half of the localized proteins are multilocalizing (51%, 6 163 
proteins). This is similar to what has been concluded for the yeast proteome118. Grouping the 30 
substructures into meta compartments: nucleus, cytoplasm and secretory pathway, reveals that 
a lot of the multilocalization occurs within each meta-compartment (Fig. 13).  
 
 

 
Figure 13 – Grouping of the proteins in the HPA Cell Atlas into meta-compartments: nucleus (red), cytoplasm (blue) 
and secretory pathway (yellow). Each node represents one protein location annotation, while the edges connect 
the other annotations for a multilocalizing protein. A) Connections for all compartments and proteins. B) Connections 
within the meta-compartments. C) Connections across the meta-compartments. 
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Organelles with similar functions, such as the nuclear substructures, should have partially 
overlapping proteomes and this probably reflects dynamic protein translocations between close 
organelles. One such example is the protein LEO1, which localizes to both the nucleoplasm and 
the fibrillar center. It is known to be a part of the transcription factor PAF1 complex in the 
nucleoplasm121,122, but we also demonstrate a nucleolar localization of LEO1 using both 
antibodies and a GFP-tagged cell line (Fig. 14a). Many proteins also localize across the three 
meta-compartments, pointing to possible involvement in cellular processes spread across 
different organelles or moonlighting proteins. For instance, the ribosomal protein RPL13 is 
localized to both the cytosol, ER and nucleoli (Fig. 14b).  
 

 
Figure 14 – The subcellular localization for LEO1 and RPL13. Scale bar 10 μm. A) LEO1 localizes to the nucleoplasm 
and fibrillar center in GFP-tagged HeLa cells (magenta). The same localization is seen for the IF staining (green). 
B) The ribosomal protein RPL13 (green) localizes to both nucleoli, ER and cytosol in MCF-7 cells. Nuclear marker 
DAPI in blue. 

 
Apart from detecting multilocalizing proteins, the single-cell imaging approach gives the 
opportunity to study cell-to-cell variations. Among the 12 003 proteins, 15% (1 855 proteins) 
exhibited single cell variations in at least one of the cell lines stained. The variations are 
manifested as differences in expression levels or spatial relocations of the protein. The first is 
exemplified by the cell cycle regulator Cyclin B1 (Figure 15a), and the latter by the nucleolar 
protein GNL3 that relocates to the chromosomes during cell division (Figure 15b). Since the 
cells belonged to an asynchronous population, we hypothesized that several of these protein 
variations could be attributed to cell cycle progression and sought to further investigate this in 
Paper IV. 
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In summary, Paper I presents a subcellular image-catalogue of the human proteome, 
describing a high number of multilocalizing proteins. This resource provides a basis for future 
investigations into the dynamics within and between organelles, but also how protein location 
and expression vary between cells. 
 

 
Figure 15 – Cell-to-cell protein variability in the HPA Cell Atlas. Protein of interest in green, nuclear marker DAPI in 
blue and microtubules in red. Scale bar 10 μm. A) The expression of CCNB1 varies in intensity between U-2 OS 
cells. B) GNL3 shows a spatial redistribution from the nucleoli to mitotic chromosomes during cell division in U-2 
OS cells. White arrow indicates the mitotic cell. 

Paper II – Deep learning is combined with massive-scale citizen science to 

improve large-scale image classification 

Despite the extensive manual protein location annotations from Paper I, the classification of 
proteins into more delicate substructures would benefit from being less labor intensive. For 
instance, in earlier versions of the HPA Cell Atlas, no distinction between the nucleolar 
substructures were made, despite being distinguishable in IF images. Therefore, Paper II used 
a combination of citizen science and unsupervised machine learning to solve the task of 
classifying protein locations from images, ultimately leading to a refinement of the organellar 
proteomes in the HPA Cell Atlas. The image data from the HPA Cell Atlas was integrated into 
the video game EVE online as a mini game. The players assessed the protein stainings and were 
rewarded in-game currency. For one year, we collected 33 million subcellular localization 
classifications from 322 006 unique players.  
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The F1 score, the harmonic mean between precision and recall, was used to evaluate the 
performance of the players. The community consensus resulted in an overall F1 score of 0.68 
compared to the annotations from the HPA Cell Atlas presented in Paper I, which was 
considered the ground truth. In general, the players performed good on common organelle 
classes such as nucleoplasm and cytosol. Similarly looking classes, for instance microtubule 
organizing center and centrosome, were more challenging to classify and were often confused 
(Fig. 16). 
 

 
Figure 16 – IF stainings with similar appearance, often confused by the players. Protein of interest shown in green, 
nuclear marker DAPI in blue and microtubules in red. Scale bar 10 μm. A) Microtubule organizing center (MTOC). 
B) Centrosome. 

 
The players contributed localization refinement for 2 902 proteins from Paper I, especially for 
the nucleolar substructures. Originally, 99% of these annotations were labeled as nucleoli, 
indicating correct but more detailed assignment from the players.  
 
To compare player performance to classifications derived from machine learning models, we 
used a deep neural network to create an automated Localization Cellular Annotation Tool (Loc-
CAT). Cell features were extracted from individual segmented cells in the HPA Cell Atlas images 
and fed into the model. The ground truth was as previously defined as the HPA annotations 
from Paper I. To tackle the major challenge of morphological differences between cell lines, 
the model was trained on several cell lines. This model still performed well on each single cell 
line in the HPA Cell Atlas, despite their morphological differences, during testing. The overall 
mean F1 score for Loc-CAT was 0.65. The players hence slightly outperformed the algorithm, 
but Loc-CAT was generally more accurate on the common classes where a lot of training data 
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was available. However, the players performed better on rare classes, such as microtubule ends 
where the availability of training data was scarce (Fig. 17a). When the player annotations were 
fed into the model using transfer-learning, the performance of Loc-CAT increased. Nevertheless, 
experts within the HPA Cell Atlas team still outperformed both players and the algorithm in a 
blinded randomized annotation test (overall F1 = 0.76) (Fig. 17b), so there is room for further 
improvement. 

 

 
Figure 17 – Performance of the players compared to Loc-CAT and expert annotators. A) True positives (recall) in 
percent for each class. Loc-CAT performance in pink and players in purple. Overlapping annotations in yellow. 
Abbreviations of the annotations: NUC – Nucleus, NP – Nucleoplasm, NB - Nuclear bodies, NS – Nuclear speckles, 
NUI – Nucleoli, NUI-FC – Fibrillar center, NM – Nuclear membrane, CP – Cytoplasm, AGG – Aggresome,  
MIT – Mitochondria, IF – Intermediate filaments, MT – Microtubules, MT-E – Microtubule ends, AF – Actin filaments,  
CKB – Cytokinetic bridge, MTOC – Microtubule organizing center, CEN – Centrosome, ER – Endoplasmic reticulum, 
GA – Golgi apparatus, VES – Vesicles, CJ – Cell junctions, FA – Focal adhesions and PM – Plasma membrane. B) 
Average per-class precision versus recall for all images in the HPA Cell Atlas, version 14. Performance of HPA 
experts, bias corrected players (PD) and different versions of Loc-CAT. The grey dots represent each individual 
player.  
 
Apart from contributing to scientific outreach, Paper II presents the first integration of a 
research project into a video game with an already existing player base, significantly increasing 
player participation possibilities. Combined with the Loc-CAT classifications, the time spent on 
the refinement of existing protein annotations from Paper I was drastically decreased - despite 
the images facing several difficulties, such as multilocalizing proteins, cell line variations, and 
rare classes. Finally, it facilitated the classification of the nucleolar sub-proteomes, paving the 
way to an in-depth investigation of the nucleolar proteome in Paper III. 
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Paper III – Mapping the nucleolar proteome reveals a spatiotemporal 

organization related to intrinsic protein disorder 

As mentioned previously, the nucleolus is an extensively studied organelle that is responsible 
for ribosome biogenesis and many other cellular processes such as cell stress responses. Several 
efforts have been made to draft the nucleolar proteome17–20. Apart from being difficult to 
retrieve information about the detected proteins in these studies, a more complete view of the 
spatial organization of nucleolar proteins in single cells has been lacking. Building on the 
classifications of nucleolar proteins from Paper I and Paper II, Paper III presents a 
spatiotemporal map of the nucleolar proteome. The resource consists of 1 318 proteins, of which 
287 were assigned a refined localization to the fibrillar center (Fig. 18a-b). In total, 541 proteins 
had no previous human experimental location data reported in Gene Ontology123–125. 
 

 
Figure 18 – Nucleolar proteins localizing to the whole nucleoli and the fibrillar center. Protein of interest in green, 
nuclear marker DAPI in blue and microtubules in red. Scale bar 10 μm. A) Localization to the whole nucleoli, 
exemplified by UTP6 in U-2 OS cells. B) Fibrillar center staining, exemplified by UBTF in U-2 OS cells. 
 
Additionally, 157 proteins were detected in a potential fourth nucleolar compartment named 
nucleoli rim. The localization pattern, similarly to the fibrillar center proteins and other nuclear 
substructures, show a distinct cluster in a UMAP (uniform manifold approximation and 
projection for dimensionality reduction) visualization126 based on image features from all HPA 
Cell Atlas images127 (Fig. 19a). Although visually well-recognized, this staining was previously 
thought to emerge from an antibody artifact, where abundant proteins were sterically hindering 
antibodies to access the inner core of the nucleoli and thus giving rise to this characteristic 
membranous looking staining128,129 (Fig. 19b). To test whether the staining was biological or 
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artifactual, we created a cell line expressing mNeon-Green-tagged Ki-67 at endogenous levels 
and although less prominent, the nucleoli rim staining could still be seen during live cell imaging 
and in fixed cells (Figure 19c-d). This result led to the conclusion that the nucleoli rim 
characteristic cannot simply be considered an antibody artifact, but instead propose that the 
nucleoli rim compartment has a distinct proteomic profile. 
 

 
Figure 19 – Nucleoli rim proteins. A) UMAP visualization of the IF images generated in the HPA Cell Atlas. The 
images from singularly localizing nuclear proteins are highlighted in purple (nucleoli), blue (fibrillar center), green 
(nucleoli rim), brown (nuclear speckles), and orange (nuclear bodies). Multilocalizing nucleolar proteins are 
highlighted in yellow. Other organelle clusters in grey. B) The nucleoli rim localization of Ki-67 in antibody stained 
U-251 cells. Protein of interest in green and microtubules in red. Scale bar 10 μm. C)-D) Validation of the nucleoli 
rim localization in HEK 293T cells expressing endogenous levels of N-terminal mNeon-Green-Ki-67. The protein is 
shown in green and nuclear marker DAPI in blue. Scale bar 10 μm. C) Live-cell image of the rim localization shows 
a visible, although more faint, nucleoli rim localization. White arrows indicate cells where the rim can be seen. D) 
Fixed HEK 293T cells expressing mNeon-Green-tagged Ki-67 show a clear nucleoli rim localization. 

 
It is known that several, at least 50, nucleolar proteins relocate to the chromosomal periphery 
in mitotic cells39–47. However, the functional rationale for this rearrangement is still unknown, 
and listing the nucleolar constituents of the MCPC is important to elucidate their role. We 
therefore stained a subset of nucleolar proteins in fixed mitotic cells. In total, we localized 65 
proteins to the chromosomal periphery during cell division, of which 36 had no previous data 
for localizing to this compartment. Furthermore, these 65 proteins could be stratified into two 
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different recruitment phenotypes, early (prometaphase, 46 proteins) and late (after metaphase, 
19 proteins) (Fig. 20a-b). This result suggests phase-specific functions, but further 
investigations are needed.  
 

 
Figure 20 – The two recruitment phenotypes of nucleolar proteins to the mitotic chromosomes. Protein of interest 
shown in green, nuclear marker DAPI in blue, and microtubules in red. Scale bar 10 μm. Images of interphase cells 
were acquired from a different experiment, and staining intensities cannot be compared between interphase and 
mitotic cells. A) Early recruitment of Ki-67, detected on the chromosomes through all mitotic phases. B) Late 
recruitment of NOL12, where it is identified on the mitotic chromosomes after metaphase. 

 
Additionally, we repeated the previous experiments in a Ki-67 knock-out (KO) HeLa cell line. 
All 65 mitotic chromosome show disrupted localization patterns upon Ki-67 depletion (Fig. 21a-
b), confirming the previous hypothesis that Ki-67 is required for MCPC formation46. 
 
This study also presents the first proteome-wide analysis of intrinsic protein disorder for the 
human nucleolus. As one common trait among proteins involved in liquid-liquid phase 
separation in membraneless organelles is the occurrence of disordered protein sequences, we 
used the prediction tool IUPRED2A130 to estimate the disorder level for the nucleolar proteins. 
We conclude that nucleolar proteins are more disordered than cytosolic proteins (median 20%, 
compared to 14%) confirming previous knowledge for single proteins29,32,33. Additionally, 
proteins localizing to MCPC are disordered to an even larger extent (median 36%), suggesting 
liquid-like properties of the perichromosomal layer.  
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Figure 21 – Mitotic chromosome proteins in Ki-67 KO HeLa cells, exemplified by PES1 in green. Nuclear marker 
DAPI in blue. Scale bar 10 μm. A) PES1 localizes to protein aggregates around the chromosomes in the Ki-67 KO 
cells compared to the wild-type (WT) cells. B) Colocalization analysis between the protein and DAPI stainings. The 
WT cells show higher overlap and Pearson correlation with DAPI than the KO cells. Biological replicate 1 in gray 
and replicate 2 in green. A two-tailed unpaired Wilcoxon test was used to compute the statistical significance. 
 
In summary, Paper III provides an image-based resource of the human nucleolar proteome, 
including refined spatial resolution of the fibrillar center and the newly proposed 
subcompartment nucleoli rim. Furthermore, we show temporal data for 65 nucleolar proteins 
relocating to the chromosomal periphery during mitosis. These proteins are enriched for 
intrinsically disordered domains, opening up for investigations of a potential liquid-like 
behavior of the MCPC.  
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Paper IV – Spatiotemporal dissection of the cell cycle with single-cell 

proteogenomics 

Despite being genetically identical, the protein expression varies between cells. In Paper I, we 
concluded that almost one fifth of the proteins display cell-to-cell expression variability. In 
Paper IV, we dug deeper into the variability between single cells. To do this, 1 180 variable 
proteins from the HPA Cell Atlas were selected for in-depth analysis, which was performed 
using a combination of IF-based proteomics and single-cell transcriptomics to elucidate the 
possible origins for the observed proteomic variability. To investigate the potential cell cycle 
dependency, the proteins were immunofluorescently labeled using the FUCCI cell model95 and 
then imaged. By fitting the two FUCCI markers to a polar model, the temporal position within 
the cell cycle could be related to the mean protein and RNA expression for each cell (Fig. 22). 
 

 
Figure 22 – Overview of the single-cell imaging proteogenomic workflow. A polar coordinate model was fitted to the 
FUCCI protein marker intensities, allowing the creation of a linear representation of RNA and protein expression 
over cell cycle time. In this way, the measurements of the RNA and protein temporal expression for individual cells 
could be compared. 

 
To start with, 230 proteins could be defined as cell cycle dependent, since they localize to mitotic 
structures (Fig. 23a). Of the 1 180 proteins analyzed, the expression of 320 proteins were 
correlated to interphase cell cycle progression (Fig. 23b). In total, 301 of the proteins had no 
previous description of being cell cycle dependent (CCD). Despite the detection of several novel 
CCD proteins, the variability of 846 proteins could not be explained by the cell cycle (Fig. 23c). 
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This variability could be caused by stochastic events, metabolic activities or cell stress to name 
a few, but this has to be further investigated. 
 

 
Figure 23 – Cell-to-cell heterogeneity in interphase and mitosis. A) Selection of proteins localizing to mitotic 
structures. Protein of interest in green, nuclear marker DAPI in blue and microtubules in red. Scale bar 10 μm. 
INCENP localizes to kinetochores, BMS1 to mitotic chromosomes, KIF20A to cleavage furrow and C12orf66 to 
cytokinetic bridge. B)-C) Output of the IF experiment in FUCCI cells revealing cell cycle dependent proteins. From 
left: IF image, mocked-up bulk protein expression quantification, single-cell temporal protein expression and single-
cell temporal RNA expression. A one-sided Kruskal Wallis test was performed to compute the statistical significance. 
B) ANLN is increasingly expressed in the nucleus throughout the cell cycle and has a similar mode of variation at 
RNA level. C) The nuclear expression of SCIN exhibits cell-to-cell heterogeneity, although not correlated to cell 
cycle progression. 
 
CCD proteins in general should affect cell proliferation and be essential for cell survival, and 
dysregulation of cell growth and division might eventually lead to cancer development. To verify 
the functional importance of the novel CCD proteins, five previously unknown CCD proteins 
where silenced through siRNA-mediated gene knockdowns. The silencing of SOX12, CD2BP2, 
DUSP18 and KLHL38 remarkably decreased cell proliferation, while the silencing of JPH3 
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increased cell proliferation (Fig. 24a). Additionally, several proteins among the novel CCD 
proteins implies tumor suppressing or oncogenic functions, for instance FAM50B and CD2BP2. 
FAM50B expression is associated to favorable outcomes in renal cancer, while the expression 
of CD2BP2 in liver tumors was related to reduced survival131. This is also reflected through 
immunohistochemistry analysis of normal and cancerous tissue (Fig. 24b-c). 
 

 
Figure 24 – Functional features of novel CCD proteins. A) siRNA mediated silencing of SOX12, CD2BP2, JPH3, 
DUSP18 and KLHL38. Top image shows the untreated control cells, bottom image siRNA treated. Scale bar 10 μm. 
Top plot shows the cell count of control versus siRNA treated cells. Bottom plot shows the measured protein staining 
intensities. A one-sided binomial test was used to compute the significance. B) Immunohistochemistry staining of 
FAM50B with low expression in renal cancer tissue compared to healthy kidney tissue. C) Immunohistochemistry 
staining of CD2BP2 showing low expression in healthy liver tissue and higher in liver tumor. 

 
Additionally, scRNA-seq was performed to estimate the temporal RNA cycling. In total, 3% of 
the transcripts (401 of 13 450) were identified to vary in a cell cycle dependent manner. 105 of 
these had not been connected to the cell cycle before. However, a remarkably small fraction of 
the CCD proteins had cycling transcripts (15%, 73 of 478). This indicates that the proteomic 
cycling is largely regulated translationally or post-translationally and not at a transcriptional 
level. Among the CCD proteins with cycling transcripts, we observed a peak expression delay of 
8.6h. Hence, most transcripts peaked in G1 while the proteins peaked in late S or early G2. 
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In summary, Paper IV offers the first systematic investigation of cell-to-cell proteomic 
variability. We identified hundreds of proteins with no previous connection to the cell cycle, 
including several that have oncogenic functions. Despite this, the cell cycle explains only a 
fraction of the expression variability of the investigated proteins, and the scRNA-seq data 
indicates that the proteins are most often regulated post-transcriptionally. 

Limitations 

No technology or methodology is free from limitations or biases. However, being aware of these 
is a first step to prevent drawing inaccurate scientific conclusion and for choosing proper 
validation techniques. Although difficult to avoid, the studies presented here are mainly based 
on cell lines. Apart from cancer cells not being fully representative for cells in vivo, using a 
limited number of cell lines will affect the result. For instance, the reference proteomes 
presented in Paper I and Paper III will not necessarily perfectly predict the location for all 
proteins in all cell types. Although dramatic cell line variations are rare, the results are based on 
consensus location annotations from several cell types, and the reference locations will not fully 
apply to all protein locations in all cell lines. 
 
Although there are many positive aspects of using antibodies, the result is still strongly 
dependent on good antibody quality. Cross-validation of results using complementary methods, 
such as GFP protein tagging or gene silencing, is therefore valuable. Apart from this, the HPA 
protein localization data is accompanied with a location score, indicating how well it complies 
with already existing localization data from UniProt120. However, no protein location is added 
to the HPA database if all previous literature is conflicting the localization data. Developing 
high-throughput protocols for large-scale studies is always a trade-off and will inevitably result 
in some proteins being handled under suboptimal conditions. For instance, fixation using PFA 
will not be ideal for all proteins. Therefore, flexibility is still important, and alternative fixatives 
should be used when needed. 
 
As for most research experiments, the human factor is hard to fully eliminate. Here, imaging 
and protein location annotation is the most crucial step in terms of bias introduction. To avoid 
this, it is important that truly representative cells are imaged, and that the protein staining is 
assessed in an unbiased manner, preferably blinded in several steps, including several people. 
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Conclusions and future perspectives 
________________________________________________________________ 
 
Generally, the field of spatial proteomics is driven towards integration of other ‘omics 
technologies to make new discoveries. For instance, combining transcriptomics with proteomics 
to explore the relationship between RNA and protein levels. To widen the biological horizon, 
the technologies are striving towards multiplexing and single-cell analyses to better capture cell 
heterogeneity. Also, future studies about the implications of different PTMs are needed to better 
understand protein function and disease states57,58. The proteomic landscape of human cells is 
very complex, and protein multilocalization and cell-to-cell variability adds another level of 
complexity to this system. From the results in Paper I, it would be interesting to further 
investigate the multilocalizing proteome. As much as 78% of the known moonlighting proteins 
have connections to disease132. Therefore, studying proteins localizing to several compartments, 
and whether the function is context and location specific, will be of high value to better 
understand disease mechanisms.  
 
The IF images and protein location data from Paper I and Paper II could directly be used to 
study the cell in greater detail, as presented in Paper III and Paper IV. The results in Paper IV 
show how several single-cell ‘omics-measurements can be combined to better capture complex 
cellular states that are overlooked by bulk or single ‘omics experiments. It would be valuable to 
further study the varying proteins identified here. This includes the functional implication of 
the novel CCD proteins by gene knockdowns, as well as trying to untangle the reasons for the 
expression heterogeneity of the non-CCD proteins.  
 
Looking to the future, functional studies are needed to elucidate the role of the nucleoli rim 
proteins from Paper III. As hypothesized, they could be related to tethering of perinucleolar 
heterochromatin, which has been previously proposed for the rim proteins Ki-67 and 
NPM1133,134. Changing the heterochromosomal state, for instance by histone inhibition, could
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give clues about a potential relation between nucleoli rim proteins and heterochromatin. For 
the two phenotypes seen for nucleolar proteins when relocated to the perichromosomal layer, 
tracking the expression of the late recruited proteins in tagged cells will allow a better temporal 
resolution of the recruitment. Recently, Ki-67 was shown to undergo molecular changes during 
late metaphase, promoting chromosomal clustering and transfer of cytoplasmic particles from 
the nuclear space51. Since the collapse of the Ki-67 brush-like structure coincides with the late 
protein recruitment, and that this phenotype is less evident in Ki-67 depleted cells, it is possible 
that the temporal partitioning of nucleolar proteins is promoted by this molecular switch. 
Additionally, the high disorder level for the mitotic chromosome and rim proteins suggests 
potential liquid-like properties of the perichromosomal layer and perhaps also proteins in the 
nucleoli rim. During the latest year, the understanding of membraneless organelles, such as the 
nucleolus, has increased substantially within the framework of liquid-liquid phase separation 
theory34. Applying these theories on the perichromosomal layer constituents therefore holds 
great possibilities to explain protein behavior further.  
 
The common denominator for the studies presented in Paper I-IV is the proteome-wide 
characterization and refinement of subcellular protein location in single cells. We have detected 
thousands of proteins with previously scarce experimental spatiotemporal data available. 
Although being seemingly “basic” research, knowledge about subcellular protein distribution 
allows future in-depth studies of both individual proteins and at systems level, possibly leading 
to a better understanding of health and disease. For instance, we could use this data to introduce 
new concepts that holds the potential to gain new exciting insights about cell biology, such as 
the role of the nucleoli rim proteins. As for the more unexplored parts of the proteome, for 
instance the connection between nucleolar proteins and mitotic chromosomes, the generated 
list of proteins is only the starting point in trying to understand the underlying mechanisms of 
the relocation during cell division.  
 
In conclusion, this thesis will hopefully aid the generation of more detailed yet holistic models 
of the complex biological processes occurring at a subcellular scale.  
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