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Abstract 

 
 
The human cell is complex, with countless process ongoing in parallel in 
specialized compartments, the organelles. Cells can be studied in vitro by 
using immortalized cell lines, which represent cells in vivo to a varying 
degree. Gene expression varies between different cell types and an average 
cell line express around 10,000-12,000 genes, as measured with RNA 
sequencing. These genes encode the cell’s proteome, which is the full set of 
proteins that performs functions in the cell. In paper I we show that RNA 
sequencing is a necessary tool for studying the proteome of the human cell. 
 
By studying the proteome, and proteins’ localization in the cell, information 
can be assembled on how the cell functions, and what its role is in healthy 
and diseased states. Protein abundance and localization can be detected using 
mass spectrometry, a method that allows for quantification of protein levels, 
but cannot resolve proteins localizing to multiple compartments. Another 
approach is to use image-based methods, which allow for detailed spatial 
resolution of protein localization as well as enable the study of temporal 
events. Visualization of a protein can be accomplished by using either a cell 
line that is transfected to express the protein with a fluorescent tag, or by 
targeting the protein with an affinity reagent such as an antibody. In paper II 
we present subcellular data for a majority of the human proteins, showing 
that there is a high degree of complexity in regard to where proteins localize 
in the cell. 
 
Cellular energy is generated in the mitochondria, an important organelle that 
is also active in many other different functions, including apoptosis and 
calcium homeostasis. Although the mitochondria contain their own genome, 
most of its proteins are encoded in the nucleus and imported into the 
mitochondria. Today approximately only a third of the estimated 
mitochondrial proteome has been validated experimentally, indicating that 
there is much more to understand with regard to the functions of the 
mitochondria. In paper III we explore the mitochondrial proteome, based on 
the results of paper II, and show that mitochondrial proteins also localize to 
other organelles in a high degree. We also present a method for sublocalizing 
proteins to subcompartments that can be performed in a high-throughput 
manner.  
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To conclude, this thesis shows that transcriptomics is a useful tool for 
proteome-wide subcellular localization, and presents high-resolution spatial 
distribution data for the human cell with a deeper analysis of the 
mitochondrial proteome. 

 

 
Keywords: Fluorescence imaging, Human proteome, Human Protein Atlas, 
Immunofluorescence, Mitochondria, Organelles, Spatial distribution. 
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Populärvetenskaplig sammanfattning 

 
 
Den mänskliga cellen är oerhört komplex, och miljontals processer sker 
parallellt. Ett sätt för cellen att möjliggöra detta är genom att dela in arbetet i 
olika rum, organeller. Det är proteiner i cellen som utför allt arbete, och 
genom att studera cellen och dess olika delar kan vi få en ökad förståelse för 
hur olika proteiner samverkar och hur dessa kan påverka cellen vid olika 
tillstånd, t.ex. vid sjukdom. 
 
Vårt DNA är identiskt i alla celler, så vilka proteiner som finns i en cell 
bestäms av vilka gener i DNA som uttrycks – i en cancercell är vanligen 
omkring 10-12 000 gener uttryckta, av de ca 20 000 gener som finns totalt. I 
artikel I visar vi att för att kunna studera en cells alla proteiner (dess proteom) 
är kunskap om genuttryck ett viktigt verktyg. 
 
Antikroppar är en typ av prob som reagerar specifikt mot ett visst protein, 
och genom att använda antikroppar kan vi studera proteiners lokalisation i 
celler, ett protein i taget. Antikropparna kan färgas in och med hjälp av 
högupplösta bilder med konfokalmikroskop kan vi direkt se var i cellen som 
proteinet finns. I artikel II har vi gjort så för mer än 12 000 proteiner, och 
sammanställt data för dessa i en Cell Atlas, en fritt tillgänglig databas som 
används av forskare världen över. 
 
Cellens energi produceras i mitokondrierna, men mitokondrierna har många 
fler funktioner än så. De är den enda organellen i cellen som har ett eget litet 
DNA, men trots det så importeras de allra flesta proteinerna in i 
mitokondrien. I artikel III så använde vi data som genererats i artikel II för att 
studera mitokondrien i närmare detalj. Slutsatserna var att proteiner som 
finns i mitokondrier också kan finnas i andra delar i cellen, och vi tror att 
proteinernas funktion påverkas starkt av var i cellen de finns. 
 
Sammanfattningsvis så visar vi att det är värdefullt att utgå från information 
om genuttryck i en cell för att studera cellens proteiner. Vi har skapat en 
databas som innehåller data för de flesta mänskliga proteiner, och som ökar 
förståelsen för hur cellen fungerar. Data härifrån har använts för att analysera 
och kartlägga en av cellens viktigaste komponenter, mitokondrien. 
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Introduction 

 
 
Our genome was defined in the early 21st century, outlining the code in our 
DNA1,2. The discovery that only four bases is enough for encoding 
approximately 20,000 genes, and similarly, that the proteins they encode are 
made up of combinations of only 20 amino acids was a revelation unlike any 
before3,4. Although the DNA contains the code for who we are, it is the proteins 
that it encodes that are the working force of our cells. 
 
Characterization of the molecular components of the human body, its tissues 
and cells facilitates the understanding of its functions in health and disease, as 
introduced in chapter 1. The complexity of the body is mirrored in the cell; 
how elements are spatially organized has great impact on their function. By 
assigning proteins to compartments in the cell we can begin to map their 
interaction partners and understand their functions. 
 
There are several approaches for how to map the human proteome, and a 
subset of them will be discussed in chapter 2. Mass spectrometry enable 
quantification of protein levels in a sample, and also allow for assigning 
proteins to some cellular compartments. A complementary method is to use 
antibody-based imaging, further discussed in chapter 3, that does not quantify 
protein levels. It does, however, allow for detailed assessment of the spatial 
distribution of proteins in situ in a cell, and facilitate localization of proteins to 
subcompartments in the cell. Several studies have been published in the field 
of proteomics, utilizing these methods with the ultimate goal of characterizing 
tissues and cells5–8. 
 
Chapter 4 describes the Human Protein Atlas8 (HPA), a research project that 
generates antibodies to study proteins in tissues and cell and makes the results 
publically available in a online database. Currently 25,682 antibodies have 
publically available data in the atlas, targeting 16,998 unique proteins – 
corresponding to 86% of all protein-coding genes. The HPA is divided into 
three sub-atlases, each with different focus, and chapter 4 goes more into detail 
about the Cell Atlas9,10, which shows the subcellular localization of 12,003 
human proteins. 
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1. The Human Cell 

Introduction  
 
The human cell is a wondrous thing. Within its borders, countless parallel 
ongoing processes lay the ground for its functions, and ultimately human life.  
Ever since it was first described in the 17th century by Hooke11, it has been 
intensely studied and centuries of research have been adding more and more 
data, leading to a better understanding of it. Yet, despite this collected 
knowledge we still do not fully understand how the cell works on a systems 
level. One key starting point of achieving this goal is to explore the different 
parts of the cell. If we can assemble detailed information on the elements of the 
cell; connecting data on how its proteins are localized and interacting in 
pathways, we can begin to understand the cell’s functions and roles in the 
human body and its diseases.  

	
Compartmentalization	of	cellular	processes	
 
A way of creating order in this chaos of parallel reactions in the cell is to 
confine certain reactions into defined spaces – organelles (Figure 1). By 
compartmentalizing processes within the cell, molecules needed for a certain 
reaction can be enriched where they are needed, and byproducts of other 
reactions can be collected and handled. This organization also allows for 
protection of sensitive material in the cell, e.g. is the DNA (deoxyribonucleic 
acid) contained in the nucleus, to which the access is restricted. 
 

Cell lines 
 
Cell lines that can be cultivated in vitro can be used as a proxy to a generic 
human cell. Human cells that can survive and divide outside the body for a 
longer period of time were first successfully created in 1952, with the 
establishing of the HeLa cell line12. By unlimited access to cells, the possibilities 
of studying human cells in vitro increased enormously, allowing for example 
real time monitoring of cellular perturbations, cell division and the effect of 
drugs on live cells. Although the first cells cultivated this way were cancer 



	

	
	
	

4	

cells and cell lines derived from tumor samples still are a viable option, it is 
possible to create cell lines from almost any type of cell. Non-cancerous cells 
can be immortalized by insertion of the gene coding for hTERT, the catalytic 
subunit of the telomerase reverse transcriptase enzyme.13  
 
Today cell lines originating from most tissues in the human body are 
commercially available, enabling researchers to choose the one best suited as 
their model system. Important to consider is that although cell lines may 
represent tissues, there are clear differences between them. The environment of 
cells that are grown in a plastic petri dish clearly differs from that in the body 
in many ways; the oxygen levels are higher, the firmness of the substrate on 
which they grow is different, and a homogenous cell culture is clearly different 
from cells in the body where there is a mixture of cell types interacting14.  
 
 

 
Figure 1. Schematic illustration of the human cell, visualizing a subset of the locations annotated in the 
Cell Atlas. Image adapted from the Cell Atlas. 

 

Genes 
 
Our DNA, located in the cell’s nucleus, holds our genetic information. The 
DNA is organized into chromosomes, and normal somatic cells contain 23 
pairs. Short elements of the DNA, called genes, carries the information that can 
be translated into proteins through the mediator molecules mRNA (messenger 
ribonucleic acid) and tRNA (transfer RNA). The cell can thus control which 
protein, and the amount of it, to be synthesized by controlling the amount of 
mRNA that is transcribed. All genes for a species are referred to as its genome. 
 
Deep RNA sequencing (RNAseq) quantifies the amount of mRNA for all genes 
in a cell population, and is a method for determining which genes are active 
and presumably will result in production of proteins. Data resulting from RNA 
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sequencing is often used for measuring the relative abundance across different 
biological conditions, such as cells and tissues of various origin, but whether 
RNA quantification can be used to estimate the amount of specific proteins in a 
cell is still debated15,16. 

 
Proteins 
 
If genes are the recipes in the DNA cookbook, then proteins are the actual 
dishes. In the cell, it is proteins that are responsible for functionalities such as 
enzymatic reactions, transport and signaling, just to mention a few. The 
proteome refers to all proteins in a system, such as a cell or tissue. Proteins’ 
locations in the cell correlate strongly to their function, e.g. is a nuclear protein 
more likely to be interacting with the DNA than one located in the 
endoplasmic reticulum10. 
 
Proteins are synthesized in the cytoplasm, where ribosomes translate the RNA 
code into an amino acid sequence. Following this synthesis is the folding of the 
protein into its final conformation, where its intermediate stages often are 
arranged into alpha-helices and beta-sheets.  
 

Mitochondria	
 
The mitochondrion is a well-studied organelle across many species5,17,18. First 
described by Altmann19 in 1890, its function and importance for production of 
cellular energy was not revealed until more than 50 years later. The results of 
several studies were then published in a short time span of a few years, 
together adding to what we now know to be an essential function of the 
mitochondria in eukaryotic cells20. Since then, countless studies have been 
performed, aiming to map both its structure and function; for a good 
overview, see Friedman & Nunnari 201421. The number of mitochondria varies 
with cell types, e.g. have liver cells been estimated to contain as many as 1,000-
2,000 mitochondria per cell3. The number of mitochondria in a cell, and also 
their morphology and protein content, is closely correlated to the cell’s energy 
consumption. For example do muscle cells in rat have much higher levels of 
pyruvate dehydrogenase phosphatase 1 than liver cells, due to their higher 
need of adenosine triphosphate (ATP).6 
 
The structure of the mitochondrion was first visualized with micrographs in 
195322,23 which showed that mitochondria indeed have a highly structured 
inner, something previously only suggested based on their behavior as 
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“enzymatic systems”22. Figure 2 shows an electron micrograph of a 
mitochondrion, as well as a model built from such images, and a confocal 
image showing a multitude of mitochondria in a human cancer cell. 
 

 
Figure 2. A. Electron micrograph of a single mitochondrion in chicken cerebellum. B. 3D model of the 
mitochondrion. (A and B adapted from Frey et al. 200224). C. Immunofluorescent staining of 
mitochondrial protein citrate synthase (green) and nucleus (blue), in A-431 cells, using antibody 
HPA038460 in the Cell Atlas. The scale bar represents 10 µm. 
 
 
Each mitochondrion is enclosed by double membranes; the inner one (IM) is 
separated from the outer membrane (OM) by the small gap of the 
intermembrane space (IMS). The folds of the IM form the characteristic cristae. 
The double membranes of the mitochondria allow for a selective transport of 
molecules. Localized in the OM are the voltage-dependent anion channels 
proteins, which forms channels that are permeable to molecules up to the size 
of approximately 3 000 Dalton25. However, both the inner and outer 
membranes contain transport protein complexes, such as translocases, which 
actively transports proteins across the membranes26. 
 
Within the mitochondrial matrix (MM), protected by the inner membrane, the 
citric acid cycle converts pyruvates and fatty acids into the intermediate acetyl 
CoA, and through this cycle generates the energy rich molecules NADH and 
FADH2. These are subsequently used in the process of oxidative 
phosphorylation in the electron transport chain (ETC), localized in the inner 
membrane of the mitochondria. The transport of electrons from NADH and 
FADH2 through ETC generates a proton gradient across the IM, which is used 
to generate the cell’s “fuel”, ATP, mediated by the protein complex ATP 
synthase that is also localized in the IM.3 
 
Commonly agreed to be the result of the endosymbiosis between a bacteria 
and a eukaryotic cell approximately two billion years ago27, the mitochondrion 
is the only non-nuclear organelle that contains its own DNA, a remembrance 
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of its bacterial ancestor. In contrast to nuclear DNA, mitochondrial DNA 
(mtDNA) is organized in small, circular genomes that exist in multiple copies 
within each mitochondrion, and where each copy may vary in the number of 
genes it contains28. Of the 37 genes in the mtDNA, 13 codes for proteins, 22 
encode transfer RNAs and 2 encode mitochondrial ribosome-coding RNAs29. 
 
Although the human mitochondrial genome only codes for 13 proteins, its 
proteome has been estimated to contain around 1000 to 1500 proteins, most of 
which are nuclear encoded, synthesized on cytoplasmic ribosomes and 
imported into the mitochondria18,21,30. Recent research has also shown that 
proteins residing in the mitochondria may be transferred to other cellular 
compartments, e.g. has it been shown that human pyruvate dehydrogenase 
seems to be transported, fully assembled, from the mitochondria to the 
nucleus, where it plays an important role in regulating cell growth31–33. This is a 
clear indication that the cell may utilize the same proteins for very different 
functions in different cellular compartments.  
 
The mitochondrion is commonly referred to as “the powerhouse of the cell”, 
highlighting its importance for producing the cellular energy ATP through the 
process of cellular respiration known as oxidative phosphorylation Despite the 
attention given to the mitochondria for this essential function, recent advances 
in the mitochondrial research field have highlighted that the mitochondria are 
involved in a multitude of different functions in the cell18. The role of 
mitochondria in apoptosis has been well studied, and the function through 
caspase activation is relatively clearly understood34–36. There is also research 
indicating that mitochondria are involved in e.g. synthesis of heme and Fe-S 
clusters as well as Ca2+ homeostasis37,38. Mitochondria has also been reported to 
play a role in several diseases, including Parkinson’s disease, Alzheimer’s 
disease and amyotrophic lateral sclerosis39,40. 



	

	
	
	

8	

	
	



	

	
	
	

9	

	

 

2. Methods for detection of protein localization 

Mass spectrometry 
 
A commonly used method for mapping proteomes is the use of mass 
spectrometry (MS). Organelles or cellular structures are purified by 
fractionation, e.g. through centrifugation; the analysis is thus dependent on a 
successful fractionation step, free from any contaminants41. The sample is 
cleaved into shorter peptides, which are then ionized and in the MS instrument 
separated on their mass-to-charge ratio (m/z). The resulting spectra are 
compared to databases containing data on the native proteins. MS enables 
simultaneous detection of thousands of proteins in the cellular compartment; 
given that the sample purification is of high quality, it can provide novel data 
on proteins in cellular compartments, as well as quantify the protein content in 
the same sample41,42. A drawback is that the number of organelles and cellular 
structures that can be isolated with high purity is limited42, and the results do 
not always give precise information of the protein location. MS approaches 
also struggle to reliably localize multilocalizing proteins. 
 
Another option for protein detection is the use of Localization of Organelle 
Proteins by Isotope Tagging (LOPIT), which was initially developed for the 
detection of membrane proteins43. However, although enabling precise 
differentiation of proteins localizing to different membrane-enclosed 
compartments, it cannot detect e.g. proteins localizing to the cytoskeleton, or 
soluble proteins. 

 
Image-based approaches 
 
Another possibility is to use an image-based approach that, given that the 
resolution is high enough, allows for a detailed spatial resolution of the protein 
distribution in the cell. By using microscopy as a means for protein 
localization, finer substructures of the cell such as the centrosome can be 
resolved. High-resolution microscopy also allows for visualization of temporal 
events, for example is the midbody only visible for a short period in the cell 
cycle, in the last step of mitosis. Compared to MS based methods, which relies 
on studying the average protein expression in a bulk of cells, image-based 
approaches, described below, allows for single cell detection of protein 
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expression. This higher spatial resolution of protein localization also allows for 
visualization of proteins located to multiple compartments, as well as temporal 
events such as the cell cycle and other single cell variations observable in a 
sample.10 
 
Different methods for image-based subcellular localization of proteins exists, 
all which have advantages and disadvantages; depending on the research 
question, one or the other may be more suitable. One of the first questions that 
need to be addressed is whether there’s a need to work with live cell imaging, 
or whether end-point imaging of a fixed cell sample is better suited.  
 
A common way to study protein localization in cells is to tag the target protein 
with a fluorescent protein (FP). By fusing the FP to a protein (normally to its N 
or C termini), the protein may be visualized in live cells without the need for 
any further processing of it. However, it has been shown that the tagged 
protein may need further enhancement by antibody staining in fixed samples44. 
There is also the risk that the FP-tag may interfere with signal peptides, such as 
the mitochondrial targeting signal, causing an incorrect protein localization45. 
 
Live cell imaging enables the study of a protein’s localization during temporal 
events such as the cell cycle, or whether the localization is affected by exposure 
to perturbations. It is dependent on tagging the protein of interest in order to 
visualize it, and might also require tagging or staining of a marker. There are 
dyes available that can enter live cells where they associate with a structure or 
organelle in the cell, such as Hoechst for staining of the nucleus and 
Mitotracker for staining of mitochondria. Live cell imaging requires more 
advanced imaging equipment, for example does the microscope have to be 
equipped with an incubator in order to allow for continuous cell cultivation 
during the imaging. There is a risk of harming the cells both due to the toxicity 
of the probes, and also with the laser radiation46. 
 
Fixed cell samples are limited in the way temporal events can be studied. For 
some research questions this may possibly be addressed by utilizing a large 
enough cell population that all events are likely to appear in the sample. 
Another major drawback of using fixed cell samples is that fixation and 
permeabilization may affect the protein epitopes, and thus lead to either a 
falsely negative staining, or an incorrect interpretation of protein localization47. 
An advantage is that the endogenous protein expression is studied without 
any interfering tag. It is also less time-consuming than live cell imaging and 
standardized protocols may be used for either protein classes, or full 
proteomes48,49. Immunofluorescence will be further discussed in chapter 3. 
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3. Immunofluorescence  

Antibodies 
 
Antibodies are essential for the immune system in mammals. Produced in 
response to the detection of a foreign presence in the body, their objective is to 
attach themselves to presumably pathogenic elements. By binding to a 
pathogen the antibody can either neutralize, e.g. by inhibiting its growth and 
replication, or act as a signal for other components of the immune system50. 
 
Almost any substance can be used to create antibodies, by utilizing how they 
are produced as a response to a perceived pathogen. By exposing a host animal 
to an antigen – a protein, or part thereof – an immune response can be elicited, 
resulting in a spectrum of antibodies. These antibodies can be collected and 
purified, resulting in a polyclonal antibody sample. A polyclonal antibody 
sample thus contains a mixture of antibodies that all are specific for the 
antigen, but may target different epitopes on it. Another possibility is to extract 
the antibody-producing cells, merge those with tumor cells and from the 
resulting hybridoma cells select cells that produce antibodies with high affinity 
and specificity for the antigen. Each hybridoma cell will then produce only one 
type of antibody that will bind only one epitope on the antigen50. 

 
Immunofluorescence staining protocol 
 
When immunostaining a sample, the aim is to preserve its structure and 
morphology, while at the same time make it accessible for antibodies. Fixating 
the cell sample is a crucial step in achieving the preservation, and there are 
several fixation methods available that may be adapted to suit the protein of 
interest.  
 
Organic solvents, such as alcohols and acetones, dehydrate the cell whilst also 
extracting lipids and thus in one step not only fixate the sample but also 
permeabilize it. These fixation solvents are known to wash out soluble 
proteins, which make them unsuitable for proteins not bound to any structure, 
whereas structures such as the cytoskeletons may appear more clearly. 
However, they may also cause artifacts such as shrinkage of the cell due to the 
harsh dehydration.48 An alternative fixation method is to use cross-linking of 
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proteins using aldehyde, commonly formaldehyde or glutaraldehyde. These 
cross-linking processes preserve the cell’s internal structure, but may give rise 
to a higher background staining and also require permeabilization of the cell 
membrane in order to facilitate staining of intracellular structures10,47,48. 
 
The two most common methods to permeabilize the cell membrane to allow 
entry of antibodies during immunostaining, is to use detergents such as triton 
or saponin. Triton X-100 causes an irreversible permeabilization by forming 
micelles around proteins and possibly also causing extracting of phospholipids 
from membranes, whereas saponin reversibly binds to cholesterol in the cell 
membrane48,51. Since the inner mitochondrial membrane does not contain 
cholesterol, saponin cannot provide antibodies access to the mitochondrial 
matrix and is thus unsuitable for staining of proteins localizing there. On the 
other hand saponin is considered to be a more gently permeabilizing agent, for 
example has it been reported to better preserve certain subcellular structures, 
such as endosomes, compared to triton52. Saponin’s reversibility can be also 
utilized e.g. for sequentially staining intra- and extracellular proteins using 
antibodies produced in the same species53. It is important to be aware that the 
choice of fixation and permeabilization agents may affect the resulting staining 
as e.g. protein epitopes may be masked. A masking of protein epitopes 
increases the risk of cross-reactivity of the antibody, i.e. that it will bind an 
incorrect protein and result in a false positive result45. 

 
Direct and indirect immunofluorescence assays 
 
Immunostainings utilize antibodies that have been coupled to fluorescent 
molecules. Fluorescent molecules can be excited by light at certain 
wavelengths and will emit light at a higher one, which can be detected in a 
microscope. A strong advantage of using fluorophores instead of enzymes is 
the possibility to combine several ones in the sample, given that their 
excitation and emission spectra do not overlap. This may otherwise result in 
crosstalk, i.e. that both fluorophores are excited and detected simultaneously.  
 
When performing immunostaining it is possible to do either a direct assay, or 
what is referred to as an indirect assay (figure 3). In the first case, the antibody 
targeting the protein of interest is directly labeled with a fluorescent molecule. 
This assay has the advantages of a shorter staining protocol, no risk of cross-
reactivity between antibody species and possibly a lower degree of 
background staining. In the latter case of indirect staining an antibody is used 
bind the target protein, but the fluorescent signal is achieved by using a 
fluorescently tagged secondary antibody that specifically targets antibodies 
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from the same species that the primary one was generated in. Using an indirect 
assay results in a more sensitive assay as multiple secondary antibodies can 
attach, thus amplifying the fluorescent signal. Just as direct assays easily can be 
multiplexed with multiple antibodies, so can indirect assays, by utilizing 
primary antibodies raised in different species54. 
 
 

 
 
Figure 3. Difference between a direct immunoassay (left), where the antigen is targeted by a labeled 
antibody and an indirect assay (right), where the antigen is detected by a primary antibody that in turn 
is bound by secondary, fluorescently labeled, antibodies. 
 

Fluorescence imaging 
  
Eukaryotic cells are typically around 30-50 µm in size55, thus requiring some 
sort of magnification to be studied. The basic light microscope, or brightfield 
microscope, uses a lamp to illuminate and lenses to magnify the sample. 
However, a higher degree of magnification is necessary in order to extract 
detailed spatial information from images. 
 
The basic principle for fluorescence microscopy is that by exposing a certain 
molecule to light of a certain wavelength, it can be excited and reach a higher 
energy state. When relaxing to a lower state, energy will be emitted in form of 
light at higher wavelength, known as fluorescence. In an IF sample antibody 
stainings can be multiplexed, by using fluorophores with different absorption-
emission spectra.  
 
There are some issues that need be considered when working with 
fluorophores; (i) The Stokes shift for each fluorophore needs to be as large as 
possible, i.e. the wavelength for the maximum excitation and emission need to 
be clearly separated, so that the signal can be captured without interference 
from the excitation light. (ii) Overlaps in the absorption-emission spectra 
between fluorophores may result in crosstalk (also known as bleedthrough), 
i.e. that the light source, or the excitation energy from one fluorophore, may 
cause excitation of another. This would result in the measured signal 
originating from several fluorophores. Other than carefully choosing 
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fluorophores, which spectra do not overlap, sequential scanning is another 
way to decrease the crosstalk. (iii) When imaging fluorophores over a longer 
period of time there is a high risk of photobleaching; depending on the type of 
microscopy, photostability of the fluorophore may be of importance56.  
 
When using a conventional wide-field fluorescence microscope the whole 
field-of-view is illuminated, rendering an often indistinct and out-of-focus 
staining. This is caused by fluorescence from below/above the focal plane 
contributing to the rendered image, distorting the resolution. For some 
locations in the cell a wide-field image might provide enough detail, for 
example when studying larger structures such as the cytoskeletons. However, 
smaller substructures such as nuclear bodies or the centrosome require a 
higher degree of resolution in order to resolve the finer details. 
 
A clear advantage with confocal microscopy compared to wide-field 
illumination is the decreased distortion from fluorophores above/below the 
focal plane, rendering a sharper and more detailed image. By using a pinhole 
to remove out-of-focus light and ensure that only light from the focal plane of 
the sample reaches the detector, the optical resolution is improved compared 
to wide-field illumination microscopy. The use of optical sectioning of the 
sample in confocal microscopy enables rendering of 3D images (Figure 4). 
However, laser scanning confocal microscopes the capture time of an image is 
much longer as it needs to be scanned one point at the time; whereas spinning 
disc confocal microscopes enable a faster image acquisition but at the cost of a 
lower confocality. 
 
The resolution of confocal microscope is, just like all other light microscopes, 
limited by physical properties of light. Abbe’s law states that the diffraction 
limit is dependent on the wavelength of the light and the numerical aperture of 
the objective. Based on this, the theoretical resolution that can be reached for a 
confocal microscope is approximately 180 nm in the lateral plane (XY) and 500 
nm in the axial plane (Z). Super-resolution microscopy breaches the diffraction 
limit and may theoretically reach resolutions around 20 nm (XY)57. Although 
the interior of a human cell can be visualized with a high level of detail using 
confocal microscopy, studying the finer structures of the organelles such as the 
mitochondria (which have a width of around 250-500 nm) requires super-
resolution microscopy or electron microscopy58. 
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Figure 4. Schematic layout highlighting the difference between widefield fluorescence microscopy (left) 
and confocal microscopy (right). A light source/excitation source, e.g. a UV light or a laser, is used to 
excite the fluorophores in the samples. A dichroic mirror allows for specific transmission or reflection of 
light depending on its wavelength. In widefield fluorescence microscopy all light emitted from the 
sample is detected, whereas in confocal microscopy only light from the focal plane will pass through the 
pinhole, which is thus blocking signal from outside of the focal plane. 
 

Validation of antibody-based data 
 
In all research validation and reliability of obtained results is crucial. When 
working with antibody-based methods the specificity of antibodies is of 
utmost importance, as is validating their lack of cross-reactivity to other 
proteins. 
 
In a recent paper by the International Working Group for Antibody Validation 
(IWGAV)59, it was suggested that a formal standard for application-specific 
validation of antibodies should be established. The validation would be based 
on at least one of five distinct pillars: The first pillar would be genetic 
strategies, with gene silencing using siRNA60 or knock-out of the target gene 
with CRISPR-Cas9. The second pillar is termed “orthogonal strategies”, and 
relies on comparison with antibody-independent methods. The third one relies 
on the usage of independent antibodies, which target different epitopes on the 
same protein. If a similar staining is obtained using independent antibodies, it 
can be argued that the likelihood of obtaining this by chance is small. The 
fourth pillar suggested by IWGAV relies on co-localization of the antibody 
staining with that of the tagged protein (the tag being e.g. a fluorescent 
protein)44,45. The fifth and last suggested pillar for antibody validation is 
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immunocapture followed by MS, where the target protein is captured using an 
antibody, followed by MS for identification and validation.  
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4. The Human Protein Atlas 

Thanks to the Human Genome Project (HUGO) in the 1990’s and early 21st 
century, the sequence of the human genome was mapped and published in 
20011,2, providing novel insight into the code that defines who we are. After 
mapping the sequence of our genome, the next logic step would be to 
understand our proteome. Several large-scale studies have been carried out in 
the context of outlining the human proteome8,61,62. These are, however, aiming 
to study the proteome in tissue samples and do not offer a spatial resolution in 
situ on single cell level. Recent research has also been performed with the 
intent of characterizing the cell, and mapping proteins to cellular 
compartments in both human63 and murine cells7,64. Despite these efforts, there 
is still no complete spatiotemporal map of the human proteome. 
 
The Human Protein Atlas8 (HPA) is a Swedish research project that aims to 
map the spatial distribution of the full human proteome in tissues and cells 
using an antibody-based approach. A freely accessible database, the current 
version (HPA 16.1) is divided into a Tissue Atlas, a Cancer Atlas and a Cell 
Atlas.  
 
Antibodies are generated within the project by first selecting a suitable 
fragment of the protein, normally 80-100 amino acids long, denoted Protein 
Epitope Signature Tag (PrEST). Each PrEST is expressed with a His6-ABP-tag 
in E.coli, and after purification used for immunization and generation of rabbit 
antibodies. The polyclonal antibodies in the resulting serum are purified in 
two steps; first by removing antibodies specific for the His6-ABP-tag, followed 
by a purification step where the antigen is used to isolate monospecific 
polyclonal antibodies. The antibodies are tested for specificity on protein 
microarrays of PrESTs, a quality control they need to pass in order to be used 
for immunohistochemistry and immunofluorescence stainings, as well as 
western blots65. 
 
The v16.1 Tissue Atlas contains data for more than 25,000 antibodies, targeting 
proteins from more than 17,000 genes (~86% of the human protein-coding 
genes), showing the spatial distribution of proteins in 44 normal tissue 
samples, representing all major tissues and organs. The Cancer Atlas contains 
samples from 216 patients, representing 20 cancer types, allowing for a 
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comparison between healthy and diseased tissue. The Cell Atlas visualizes the 
subcellular protein localization in up to three different cell lines, along with 
RNA-profiles for 56 cell lines of different origin.  
 

The Cell Atlas 
 
The Cell Atlas9,10 (see paper II) has the ultimate aim to spatially localize all 
human proteins in the cell, and in the v16.1 release contained protein data 
corresponding to more than 12,000 genes, using almost 15,000 antibodies.  
 
The data in the Cell Atlas has been analysed and is presented to the users of 
the atlas in the form of knowledge pages, summarizing the results on both four 
cellular and 13 major organelle proteomes. The cellular proteomes are as 
follows: the cell line transcriptome, organelle proteome, multilocalizing 
proteome and the cell cycle dependent proteome. The organelle proteomes and 
the 34 different subcellular structures and organelles that are annotated in the 
Cell Atlas are summarized in table 1 and figure 5.  
 
 
Table 1. Overview of available knowledge pages on the Cell Atlas, as well as the organelles 
and structures annotated in the Cell Atlas, organized according to their organelle proteome 
knowledge page. 

Organelle proteome Annotations in the Cell Atlas 
Nuclear membrane Nuclear membrane 
Nucleoli Nucleoli 

Nucleoli fibrillar center 
Nucleoplasm Nucleoplasm 

Nuclear bodies 
Nuclear speckles 
Nucleoplasm 
Nucleus 

Actin filaments Actin filaments 
Focal adhesion sites 

Centrosome Centrosome 
Microtubule organizing center 

Cytosol Aggresome 
Cytoplasmic bodies 
Cytosol 
Rods & rings 

Intermediate filaments Intermediate filaments 
Microtubules Cytokinetic bridge 

Microtubule ends 
Microtubules 
Midbody 
Midbody ring 
Mitotic spindle 
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Organelle proteome Annotations in the Cell Atlas 
Mitochondria Mitochondria 
Endoplasmic reticulum Endoplasmic reticulum 
Golgi apparatus Golgi apparatus 
Plasma membrane Cell junctions 

Plasma membrane 
Secreted proteins Secreted proteins 
Vesicles Endosomes 

Lipid droplets 
Lysosomes 
Peroxisomes 
Vesicles 

 
 
The data in the Cell Atlas is based on high-resolution confocal immuno-
fluorescent (IF) images, generated using the antibodies available in the HPA 
project. For each protein RNAseq data is used to cherry-pick the two highest 
expressing cell lines66 to be stained together with the osteosarcoma cell line U-2 
OS, which is always used. The results of using RNAseq data for subcellular 
localization of the human proteome is discussed in paper I.  
 
Every image in the Cell Atlas shows the protein of interest, together with three 
markers outlining the nucleus, the microtubules and the endoplasmic 
reticulum, respectively. The images are annotated blindly for their 
localizations, after which an antibody-based view is used to curate the 
annotations and also compares them to experimental data for subcellular 
locations available in the UniProt database67. A final, gene-centric view takes 
into account all the antibodies used to stain the corresponding protein. For the 
antibodies that are deemed specific and passed, a manual summary of the 
localizations is made, and the locations are classified as “main” or “additional” 
based on their occurrences as well as their staining intensity. Each location is 
also scored on its reliability, based on the five pillars suggested by the 
IWGAV59. The Cell Atlas and the data available in it are further described in 
paper II. 
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Figure 5. Examples of the locations annotated in the Cell Atlas. Green shows the subcellular 
structures and organelles, microtubules are labeled in red and the nucleus is labeled in blue. The side 
of an image represents 64 µm. Image adapted from the Cell Atlas. 

Nucleus Nucleoplasm Nuclear speckles Nuclear bodies Nucleoli

Fibrillar center Rim of nucleoli Nuclear membrane Cytosol Cytoplasmic bodies

Rods and rings Lipid droplets Aggresome Mitochondria Microtubules

Microtubule end MTOC Centrosome

Midbody Midbody ring

Cytokinetic bridgeMitotic spindle

Intermediate filaments Actin filaments Focal adhesions

ER Golgi apparatus Vesicles Plasma membrane Cell junctions
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5. Present investigation 
 
The objective of this thesis was to show that antibody-based proteomics is a 
viable way to generate detailed spatial information on protein localization. 
Such information is crucial to understand protein function and cellular 
processes. The thesis describes the creation of the Cell Atlas, containing the 
data generated on protein localization in human cells, by means of 
immunofluorescent staining and confocal microscopy. This thesis further 
aimed to show that using transcriptomics data as a means of choosing in which 
cell line to study a certain protein increases the success rate. By using the data 
available in the Cell Atlas we show that by exploring a subset of the data, 
proteins localizing to the mitochondria, we have a high quality data set that 
can contribute with novel information on the mitochondrial proteome, and 
thus increase our understanding of it.  

 

Paper I  
 
In order to map the full human proteome, one must use cells that express the 
protein of interest. Previous studies have shown that cell lines on average 
express 10,000-12,000 protein coding genes. For IF, using a cell line not 
expressing the protein greatly increases the risk for false positive results due to 
antibody cross-reactivity. 
 
In this paper we studied whether mRNA expression, generated from deep 
RNA-sequencing data, could be used as a tool for selecting suitable cell lines in 
order to study the full human proteome on a subcellular level. Eleven human 
cell lines, corresponding to different tissues, were cultivated and subsequently 
RNA-sequenced. The RNA-data (in the form of Fragments Per Kilobase of 
transcript per Million mapped reads, FPKM) was correlated to IF stainings of 
the corresponding proteins.  
 
It was noted that a stronger intensity in IF images could be seen for genes with 
a higher FPKM, suggesting that a high transcript expression is more likely to 
generate a positive IF staining. It was also shown that when using a cutoff of 
FPKM > 1 approximately 60% of the genes where expressed in all cell lines, in 
line with previous data. However, as many as 8% of the genes were only 
expressed in one cell line, clearly signaling the need for a large cell line panel 
when localizing the full human proteome. 
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Paper II 
 
A protein’s function is tightly coupled to its localization in the cell, and a 
considerable part of the human proteome is lacking information on both the 
proteins’ function and localization. In order to better understand the human 
cell, its biology and its connection to disease, one way of attaining this 
knowledge is through information on the spatiotemporal organization of its 
proteome. 
 
In this paper we describe the creation of the Cell Atlas, an image-based 
resource containing high-resolution immunofluorescence images that visualize 
the protein location of a majority of the human proteome. Almost 15,000 
antibodies targeting proteins corresponding to more than 12,000 proteins are 
presented in the Cell Atlas, and transcriptome data is available for each 
protein-coding gene.  
 
Key findings include that more than 50% of the proteins in the Cell Atlas 
localize to multiple subcellular compartment, highlighting the complexity of 
the cell and the highly increased number of possible interaction partners for 
each protein.  In addition, 15% of all proteins exhibited a single cell variation 
(SCV) pattern, where the intensity and/or protein localization differed between 
the individual cells in the same sample. It is yet to be explored whether these 
variations in protein expression are due to different cell cycle stages, or 
whether they are responses of the cells to stimuli.  

 
Paper III 
 
The mitochondrion is a highly organized organelle. The structure of several 
sub-compartments allows for spatial separation of its proteome, which has 
been estimated to contain around 1,000-1,500 proteins. Despite this high 
number, not many proteins have experimental evidence of mitochondrial 
localization. Mitochondrial diseases can be caused by proteins encoded by 
both nuclear and mitochondrial genes; thus a characterization of the 
mitochondrial proteome is of utmost importance in order to enable a greater 
understanding of how it is involved in mitochondrial disorders. 
 
The Cell Atlas, described in paper II, contains protein data for more than 
12,000 genes. As many as 5% of the proteins are localized to the mitochondria, 
and a higher number than average show SCVs. With a method of comparing 
different permeabilization methods we investigated whether we could assign 
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proteins without prior detailed data on their mitochondrial localization to 
subcompartments in the mitochondria, in a small pilot study.  
 
Of the proteins that are localizing to multiple compartments, the nucleoli and 
nucleus were overrepresented whereas the cytosol and vesicles were 
underrepresented. Using different permeabilization approaches we were able 
to separate proteins into two classes of mitochondrial subcompartment 
localization. Altogether we were able to demonstrate that the mitochondrial 
proteome is large and diverse in terms of both the number of proteins, and also 
their functions. 

 
Future perspectives  
 
Although the Cell Atlas contains data on subcellular location for 72% of the 
protein coding genes (excluding proteins that are predicted to be secreted), 
there are still many more to localize. As shown in paper I, even with an 
increase of the cell line panel to eleven cell lines, further expansion was still 
needed in order to detect all protein coding genes, and a conclusion was that 
cells of different origins needed to be included. As a result of this, the cell lines 
used for protein localization in the Cell Atlas have been doubled to contain 22 
cell lines, including hematopoietic cells and cells of a more primary lineage. 
With this effort, transcriptome analysis show that 88% of all protein coding 
genes can now be detected in at least one of the cell lines. However, there are 
still approximately 2,000 genes that are not expressed in any of the cell lines.  
 
It was shown in paper I that most cell lines express approximately 70% of all 
genes and a doubling of the cell line panel added less than 20% genome 
coverage. It thus seems as though a large part of the genome is expressed 
across all cell lines, and only a small part are cell line specific. It is therefore 
reasonable to argue that the genes still not detected are genes that have a cell 
line, or possibly tissue, specific expression. Perhaps are they only expressed in 
cell types for which there does not exist any corresponding cell line? In order 
to obtain a full coverage of the human proteome, the Cell Atlas will need to 
explore more specialized cell types, such as neurons, stem cells and perhaps 
induced cellular states.  
 
The Cell Atlas contains massive amounts of novel information on the spatial 
distribution of the human proteome, of which approximately half has been 
validated so far. In order to have a high-quality database with reliable 
information, even more efforts will be needed for validation of the remaining, 
novel, data.  
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Although we have detected more than 1,000 mitochondrial proteins – the most 
extensive mapping of the human mitochondrial proteome to date – other 
research groups have predicted that the total size might be up to 1,500 
proteins18,30. Here, there’s more work needed in order to find the missing 
proteins, but also to expand on the knowledge of the novel ones. What are 
their functions, and which other proteins do they interact with? Since many of 
them show localization to multiple locations, the number of possible 
interaction partners is greatly increased. The functions of the mitochondrial 
proteins when moonlighting in other compartments also need to be addressed 
and investigated, if we are to reach a holistic understanding of the 
mitochondrial function, and in the long-term, the human cell and 
mitochondrial diseases. 
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