
Ch
arlo

TTe STa
D

ler    Tow
ards subcellular localization of the hum

an proteom
e using bioim

aging
KTh

 2012www.kth.se

ISBN: 978-91-7501-483-8 
TRITA-BIO Report: 2012:19 

ISSN: 1654-2312
Towards subcellular  

localization of the human  
proteome using bioimaging

Doctoral Thesis in Biotechnology 
Stockholm, Sweden 2012

C h a r l oT T e  S Ta D l e r



	  

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Towards subcellular localization of the human 
proteome using bioimaging 

 
 

CHARLOTTE STADLER 
 
 
 
 
 

Royal Institute of Technology 
School of Biotechnology 
Stockholm 2012 
 

	  

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Towards subcellular localization of the human 
proteome using bioimaging 

 
 

CHARLOTTE STADLER 
 
 
 
 
 

Royal Institute of Technology 
School of Biotechnology 
Stockholm 2012 
 



 
 
 
 
 

 
 

 
 
 
 
 

 

 
 

 
© Charlotte Stadler 
Stockholm 2012 
Royal Institute of Technology                                                                                                     
School of Biotechnology  
 
Science for Life Labory 
SE-171 21 Solna 
Sweden 
 
Printed by: E-PRINT 
Oxtorgsgatan 9-11 
SE-111 57 Stockholm 
Swedden   
        
ISBN:  978-91-7501-483-8 
TRITA-BIO Report: 2012:19 
ISSN: 1654-2312 
 
Cover illustration: High-resolution immunofluorescence image of U-2 OS cells stained for the mitochondrial 
protein ACAT1 (green), the microtubules (red) and the nucleus (blue). 

 
 
 
 
 

 
 

 
 
 
 
 

 

 
 

 
© Charlotte Stadler 
Stockholm 2012 
Royal Institute of Technology                                                                                                     
School of Biotechnology  
 
Science for Life Labory 
SE-171 21 Solna 
Sweden 
 
Printed by: E-PRINT 
Oxtorgsgatan 9-11 
SE-111 57 Stockholm 
Swedden   
        
ISBN:  978-91-7501-483-8 
TRITA-BIO Report: 2012:19 
ISSN: 1654-2312 
 
Cover illustration: High-resolution immunofluorescence image of U-2 OS cells stained for the mitochondrial 
protein ACAT1 (green), the microtubules (red) and the nucleus (blue). 



	  

Abstract 
Since the publication of the complete sequence of the human genome in 2003 there has been great interest 

in exploring the functions of the proteins encoded by the genes. To reveal the function of each and every 

protein, investigation of protein localization at the subcellular level has become a central focus in this 

research area, since the localization and function of a protein is closely related. The objective of the studies 

presented in this doctoral thesis was to systematically explore the human proteome at the subcellular level 

using bioimaging and to develop techniques for validation of the results obtained.  

A common imaging technique for protein detection is immunofluorescence (IF), where antibodies are used 

to target proteins in fixated cells. A fixation protocol suitable for large-scale IF studies was developed and 

optimized to work for a broad set of proteins. As the technique relies on antibodies, validation of their 

specificity to the target protein is crucial.  A platform based on siRNA gene silencing in combination with 

IF was set-up to evaluate antibody specificity by quantitative image analysis before and after suppression of 

its target protein. As a proof of concept, the platform was then used for validation of 75 antibodies, proving 

it to be applicable for validation of antibodies in a systematic manner.  

Because of the fixation, there is a common concern about how well IF data reflects the in vivo subcellular 

distribution of proteins. To address this, 500 proteins were tagged with green fluorescent protein (GFP) and 

used to compare protein localization results between IF to those achieved using GFP tagged proteins in live 

cells. It was concluded that protein localization data from fixated cells satisfactory represented the situation 

in vivo and together exhibit a powerful approach for confirming localizations of yet uncharacterized 

proteins. 

Finally, a global analysis based on IF data of approximately 20 % of the human proteome was performed, 

providing a first overview of the subcellular landscape in three different cell lines. It was found that the 

intracellular distribution of proteins is complex, with many proteins occurring in several organelles. The 

results also confirmed the close relationship between protein function and localization, which in a way 

further strengthens the accuracy of the IF approach for detection of proteins at the subcellular level.   

	  
Keywords: Antibody, antibody validation, automated image analysis, automated microscopy, cell line, 

confocal microscopy, fixation, green fluorescent protein (GFP), immunofluorescence (IF), organelle, 

protein expression, siRNA, subcellular localization. 

© Charlotte Stadler 

	  

Abstract 
Since the publication of the complete sequence of the human genome in 2003 there has been great interest 

in exploring the functions of the proteins encoded by the genes. To reveal the function of each and every 

protein, investigation of protein localization at the subcellular level has become a central focus in this 

research area, since the localization and function of a protein is closely related. The objective of the studies 

presented in this doctoral thesis was to systematically explore the human proteome at the subcellular level 

using bioimaging and to develop techniques for validation of the results obtained.  

A common imaging technique for protein detection is immunofluorescence (IF), where antibodies are used 

to target proteins in fixated cells. A fixation protocol suitable for large-scale IF studies was developed and 

optimized to work for a broad set of proteins. As the technique relies on antibodies, validation of their 

specificity to the target protein is crucial.  A platform based on siRNA gene silencing in combination with 

IF was set-up to evaluate antibody specificity by quantitative image analysis before and after suppression of 

its target protein. As a proof of concept, the platform was then used for validation of 75 antibodies, proving 

it to be applicable for validation of antibodies in a systematic manner.  

Because of the fixation, there is a common concern about how well IF data reflects the in vivo subcellular 

distribution of proteins. To address this, 500 proteins were tagged with green fluorescent protein (GFP) and 

used to compare protein localization results between IF to those achieved using GFP tagged proteins in live 

cells. It was concluded that protein localization data from fixated cells satisfactory represented the situation 

in vivo and together exhibit a powerful approach for confirming localizations of yet uncharacterized 

proteins. 

Finally, a global analysis based on IF data of approximately 20 % of the human proteome was performed, 

providing a first overview of the subcellular landscape in three different cell lines. It was found that the 

intracellular distribution of proteins is complex, with many proteins occurring in several organelles. The 

results also confirmed the close relationship between protein function and localization, which in a way 

further strengthens the accuracy of the IF approach for detection of proteins at the subcellular level.   

	  
Keywords: Antibody, antibody validation, automated image analysis, automated microscopy, cell line, 

confocal microscopy, fixation, green fluorescent protein (GFP), immunofluorescence (IF), organelle, 

protein expression, siRNA, subcellular localization. 

© Charlotte Stadler 



	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

 

 

 

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

 

 

 



	  

List of publications 
	  
This thesis is based upon the following publications, which are referred to using the Roman 

numerals shown below (I-IV).  

 
I. Stadler, C., Skogs M.,  Brismar H., Uhlén M. Lundberg, E. (2010).    

A single fixation protocol for proteome wide immunofluorescence studies.  

J Proteomics, April 18:73 (6):1067-78 

 

II. Stadler, C.; Hjelmare M., Neumann B., Jonasson K,. Pepperkok R., Uhlén M., 
Lundberg, E. (2012).  

Systematic validation of antibody binding and protein subcellular localization using 
siRNA and confocal microscopy. 

J Proteomics, April 3:75 (7):2236-51 

 

III. Stadler, C.,  Simpson J., Pepperkok R., Uhlén M., Lundberg (2012) 

Immunofluorescence and fluorescent protein-tagging are complementary techniques 

with high correlation for subcellular investigation of the human proteome in 

mammalian cells 

Submitted 

 

IV. Stadler, C*.; Fagerberg, L*.; Skogs, M., Hjelmare M.; Jonasson K., Wiking M., 
Abergh A., Uhlén M., Lundberg, E. (2011). 

Mapping the subcellular protein distribution in three human cell lines.  

J Proteome Res. August 5;10 (8):3766-77.  

• Authors contributed equally to the work 

 

All publications are reproduced with permission of the respective copyright holders 

	  

List of publications 
	  
This thesis is based upon the following publications, which are referred to using the Roman 

numerals shown below (I-IV).  

 
I. Stadler, C., Skogs M.,  Brismar H., Uhlén M. Lundberg, E. (2010).    

A single fixation protocol for proteome wide immunofluorescence studies.  

J Proteomics, April 18:73 (6):1067-78 

 

II. Stadler, C.; Hjelmare M., Neumann B., Jonasson K,. Pepperkok R., Uhlén M., 
Lundberg, E. (2012).  

Systematic validation of antibody binding and protein subcellular localization using 
siRNA and confocal microscopy. 

J Proteomics, April 3:75 (7):2236-51 

 

III. Stadler, C.,  Simpson J., Pepperkok R., Uhlén M., Lundberg (2012) 

Immunofluorescence and fluorescent protein-tagging are complementary techniques 

with high correlation for subcellular investigation of the human proteome in 

mammalian cells 

Submitted 

 

IV. Stadler, C*.; Fagerberg, L*.; Skogs, M., Hjelmare M.; Jonasson K., Wiking M., 
Abergh A., Uhlén M., Lundberg, E. (2011). 

Mapping the subcellular protein distribution in three human cell lines.  

J Proteome Res. August 5;10 (8):3766-77.  

• Authors contributed equally to the work 

 

All publications are reproduced with permission of the respective copyright holders 



Related publications 
	  
	  
I. Hjelm B, Forsström B, Igel U, Johannesson H, Stadler C, Lundberg E, Ponten F, 

Sjöberg A, Rockberg J, Schwenk JM, Nilsson P, Johansson C, Uhlén M. (2011). 
 
Generation of monospecific antibodies based on affinity capture of polyclonal 
antibodies.  
Protein Sci. 2011 Nov; 20(11):1824-35. 

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

Related publications 
	  
	  
I. Hjelm B, Forsström B, Igel U, Johannesson H, Stadler C, Lundberg E, Ponten F, 

Sjöberg A, Rockberg J, Schwenk JM, Nilsson P, Johansson C, Uhlén M. (2011). 
 
Generation of monospecific antibodies based on affinity capture of polyclonal 
antibodies.  
Protein Sci. 2011 Nov; 20(11):1824-35. 

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  



	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Allt är möjligt till det har visat sig omöjligt – och även det omöjliga kanske bara är det 

för tillfället. 
	  
	  

	   	   Pearl	  S.	  Buck	  
	   	  

	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Allt är möjligt till det har visat sig omöjligt – och även det omöjliga kanske bara är det 

för tillfället. 
	  
	  

	   	   Pearl	  S.	  Buck	  
	   	  



Contents 

1. INTRODUCTION ............................................................................................ 1 

2. THE HUMAN PROTEOME ............................................................................. 3 
PROTEINS ............................................................................................................................................... 3 
COMPLEXITY OF THE HUMAN PROTEOME ......................................................................................... 4 

3. CELLS ............................................................................................................... 6 
 CELLS IN THE HUMAN BODY ............................................................................................................... 6 
ORGANIZATION AT THE SUBCELLULAR LEVEL ................................................................................. 7 
TISSUE CULTURES AND CELL LINES FOR IN VITRO STUDIES .......................................................... 10 

4. ANTIBODIES AND THE HUMAN PROTEIN ATLAS ................................. 13 
ANTIBODIES ........................................................................................................................................ 13 
THE HUMAN PROTEIN ATLAS .......................................................................................................... 16 
SUBCELLULAR MAPPING OF THE HUMAN PROTEOME .................................................................... 17 

5. MICROSCOPY ................................................................................................ 19 
CONTRAST AND RESOLUTION ........................................................................................................... 19 
FLUORESCENCE MICROSCOPY .......................................................................................................... 21 
CONFOCAL MICROSCOPY ................................................................................................................... 22 
AUTOMATED IMAGE ACQUISITION FOR HIGH-THROUGHPUT STUDIES ....................................... 23 
AUTOMATED IMAGE ANALYSIS ......................................................................................................... 24 

6. FLUORESCENCE-BASED DETECTION OF PROTEINS IN LIVE AND 
FIXATED CELLS ............................................................................................... 25 

IMMUNOFLUORESCENCE FOR PROTEIN DETECTION IN FIXATED CELLS .................................... 25 
CELL PREPARATION FOR IMMUNOFLUORESCENCE STUDIES ........................................................ 26 
LIVE CELL IMAGING AND THE USE OF FLUORESCENT PROTEINS ................................................. 27 

7. SIRNA AND SCREENING ............................................................................. 29 
THE RNAI PATHWAY AND GENE REGULATION ............................................................................ 29 
SIRNA SCREENING FOR GENE FUNCTION STUDIES ....................................................................... 30 
PROTEIN TURNOVER RATES, TRANSCRIPT STABILITY AND EXPRESSION LEVELS ....................... 31 

 

8. PRESENT INVESTIGATIONS ...................................................................... 32 
OBJECTIVE .......................................................................................................................................... 32 
MINIMIZING ARTIFACTS BY OPTIMIZING SAMPLE PREPARATION FOR IMMUNOFLUORESCENCE 
(PAPER I) ............................................................................................................................................. 33 
VALIDATION OF ANTIBODIES AND PROTEIN SUBCELLULAR LOCALIZATION (PAPER II) .......... 36 
COMPARISON OF IMMUNOFLUORESCENCE WITH COMPLIMENTARY TECHNIQUES (PAPER III) 40 
A GLOBAL ANALYSIS OF THE SUBCELLULAR LANDSCAPE (PAPER IV) ......................................... 43 

Contents 

1. INTRODUCTION ............................................................................................ 1 

2. THE HUMAN PROTEOME ............................................................................. 3 
PROTEINS ............................................................................................................................................... 3 
COMPLEXITY OF THE HUMAN PROTEOME ......................................................................................... 4 

3. CELLS ............................................................................................................... 6 
 CELLS IN THE HUMAN BODY ............................................................................................................... 6 
ORGANIZATION AT THE SUBCELLULAR LEVEL ................................................................................. 7 
TISSUE CULTURES AND CELL LINES FOR IN VITRO STUDIES .......................................................... 10 

4. ANTIBODIES AND THE HUMAN PROTEIN ATLAS ................................. 13 
ANTIBODIES ........................................................................................................................................ 13 
THE HUMAN PROTEIN ATLAS .......................................................................................................... 16 
SUBCELLULAR MAPPING OF THE HUMAN PROTEOME .................................................................... 17 

5. MICROSCOPY ................................................................................................ 19 
CONTRAST AND RESOLUTION ........................................................................................................... 19 
FLUORESCENCE MICROSCOPY .......................................................................................................... 21 
CONFOCAL MICROSCOPY ................................................................................................................... 22 
AUTOMATED IMAGE ACQUISITION FOR HIGH-THROUGHPUT STUDIES ....................................... 23 
AUTOMATED IMAGE ANALYSIS ......................................................................................................... 24 

6. FLUORESCENCE-BASED DETECTION OF PROTEINS IN LIVE AND 
FIXATED CELLS ............................................................................................... 25 

IMMUNOFLUORESCENCE FOR PROTEIN DETECTION IN FIXATED CELLS .................................... 25 
CELL PREPARATION FOR IMMUNOFLUORESCENCE STUDIES ........................................................ 26 
LIVE CELL IMAGING AND THE USE OF FLUORESCENT PROTEINS ................................................. 27 

7. SIRNA AND SCREENING ............................................................................. 29 
THE RNAI PATHWAY AND GENE REGULATION ............................................................................ 29 
SIRNA SCREENING FOR GENE FUNCTION STUDIES ....................................................................... 30 
PROTEIN TURNOVER RATES, TRANSCRIPT STABILITY AND EXPRESSION LEVELS ....................... 31 

 

8. PRESENT INVESTIGATIONS ...................................................................... 32 
OBJECTIVE .......................................................................................................................................... 32 
MINIMIZING ARTIFACTS BY OPTIMIZING SAMPLE PREPARATION FOR IMMUNOFLUORESCENCE 
(PAPER I) ............................................................................................................................................. 33 
VALIDATION OF ANTIBODIES AND PROTEIN SUBCELLULAR LOCALIZATION (PAPER II) .......... 36 
COMPARISON OF IMMUNOFLUORESCENCE WITH COMPLIMENTARY TECHNIQUES (PAPER III) 40 
A GLOBAL ANALYSIS OF THE SUBCELLULAR LANDSCAPE (PAPER IV) ......................................... 43 



	  

9. CONCLUSIONS AND FUTURE PERSPECTIVES ........................................ 47 

ABBREVIATIONS ............................................................................................. 50 

ACKNOWLEDGEMENTS ................................................................................ 51 

REFERENCES ................................................................................................... 54 
 

 
	  
	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

 

 
	  

	  

9. CONCLUSIONS AND FUTURE PERSPECTIVES ........................................ 47 

ABBREVIATIONS ............................................................................................. 50 

ACKNOWLEDGEMENTS ................................................................................ 51 

REFERENCES ................................................................................................... 54 
 

 
	  
	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

 

 
	  



 
	  
	  
	  
	  
	  
	  
	  

 

 

 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

 
	  
	  
	  
	  
	  
	  
	  

 

 

 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  



Charlotte Stadler 

	  

1 

1. Introduction 
	  

Since the publication of the complete sequence of the human genome in 2003 (McKusick, 

1989), there has been great interest in exploring the functions of the proteins encoded by the 

genes. That is to say, the focus of research has shifted somewhat to a higher level of the central 

dogma – from the genome to the proteome. While the genes can be regarded as templates that 

carry information about how to build the human body, the proteins are the physical building 

blocks and the executors of many cellular processes that are required for each cell to function. 

The absence or malfunction of any given protein is likely to affect one or more biological 

processes, and most known non-infectious diseases are caused by the failure to express a 

specific protein with complete normal functionality. In fact, more than 80% of all medical drugs 

on the market act by targeting a specific protein (Drews, 2000; Hopkins and Groom, 2002; 

Overington et al., 2006). However, the majority of drugs approved every year target already 

known proteins (>60%) whereas new protein targets are more rarely introduced (Yildirim et al., 

2007). This reflects the fact that much is still to explore about the human proteome, and as the 

function and localization of each and every protein is revealed, the conditions for designing 

drugs for more specific targets is likely to improve.  

To understand the biology at the molecular level within our cells during both normal conditions 

and in different disease, it is vital to know the functions of all proteins encoded our genes. Since 

the human proteome is very complex, this is a challenging task. Its complexity is due to several 

factors. First, the proteome contains many more proteins than there are genes in the genome 

because the RNA produced from a single gene can be spliced in multiple ways to produce 

different protein isoforms. Second, proteins often undergo extensive post-translational 

modification (PTM), which may include glycosylation and the phosphorylation of specific side 

chains. Third, proteins encoded by different genes can be joined together to form larger 

complexes of multiple proteins known as quaternary structures, while other proteins are cleaved 

by proteases before folding into their active forms. Because of all these modifications and 

processes, it is estimated that there may be several million different proteins in the human 

proteome (Uhlen and Ponten, 2005), derived from approximately 21,200 protein coding genes 
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only (Ensemble vs. 68.37). Due to this complexity, one of the primary objectives of proteomics 

studies is to identify and characterize at least one protein from each of the protein-coding 

genes.  

Although the human genome was fully sequenced over ten years ago, there remains much to 

learn about the proteins it encodes. For instance, almost 30% (6,700 out of 20,231) of the 

proteins with entries in the Universal Protein Knowledgebase (UniProtKB) (Magrane and 

Consortium, 2011) have never been proven to exist other than at the RNA level, according to 

the current version of the database. In order to fully understand the human proteome, one 

would ideally want to know the structure of all its proteins along with their levels of expression, 

subcellular localization, functions, interaction partners and potential associations with specific 

diseases.  

Different strategies can be used to study proteins. Mass spectrometry (MS) is the most 

extensively used technology for proteomics studies as it is suitable for large scale experiments 

and with the possibility to quantity protein expression levels. However, the proteins are digested 

and identified by its peptide pattern, meaning that the protein cannot be detected directly within 

the cell.  

A different approach for proteomics studies is to use affinity reagents such as antibodies that 

specifically bind to the target protein. Antibodies can be used in a variety of applications and in 

combination with imaging techniques such as immunohistochemistry (IHC) and 

immunofluorescence (IF), the protein can be detected in situ within tissues and at the subcellular 

level respectively. 

The investigation of proteins at the subcellular level is of great importance because their 

distribution is closely related to their cellular functions and is thus a crucial piece of information 

in their characterization. Information on the subcellular locations at which different proteins are 

found is also important for the investigation of protein pathways and networks.  

The following chapters describe the tools and techniques used to characterize the human 

proteome at the subcellular level using bioimaging techniques. 
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2. The Human proteome 

	  
The mapping of proteins to different cells, tissues and organelles is an essential first step 

towards a complete characterization of the human proteome and is required in order to 

understand the functioning of the cellular machinery and to eventually cure disease. This 

chapter describes the basic structure of proteins and the factors responsible for the high 

complexity of the human proteome.  

Proteins 
Proteins account for the largest fraction of mass of individual cells and are the executors of 

cellular processes (Alberts B, 2008). They are the macromolecules at the highest level of the 

central dogma – a concept that was first postulated by Francis Crick (Crick, 1970). Put simply, the 

central dogma states that deoxyribonucleic acid (DNA) is replicated and transcribed into 

ribonucleic acid (RNA), which is in turn translated into proteins. While DNA consists of four 

different nucleotides (adenine, thymine, cytosine and guanine)(Dahm, 2005) proteins are built 

from twenty different amino acids. Each amino acid in the sequence of the protein is encoded 

by a specific triplet of nucleotides in the corresponding DNA sequence (Crick et al., 1961; 

Nirenberg, 1963). In 1838, the Swedish scientist Jöns Jacob Berzelius introduced the term protein 

to describe the polymer of amino acids that eventually folds into a functional protein. (Hartley, 

1951). 

Since all amino acids have different chemical properties, the structure (and thus the function) of 

each protein depends on its amino acid sequence (Anfinsen, 1973), which is referred to as the 

protein’s primary structure. The polypeptide chain then folds into a secondary structure, forming 

alpha helices and beta strands that are joined together by loops. These structures are further 

folded into a three-dimensional structure - the tertiary structure - to produce the functional protein 

with its specific interaction- and binding sites. Different proteins encoded by different genes 

can be assembled into large complexes of multiple proteins that are known as quaternary structures 

(Brenden, 1999). In this way, the number of different proteins and the processes in which they 
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are involved is extremely complex and the systematic exploration of these molecular executors 

within our cells has just started. 

Complexity of the human proteome 
Because a gene typically contains both non-coding introns and protein coding exons that can be 

combined in different orders due to splicing events that occur during transcription, many 

different protein variants (also known as isoforms) can be produced from a single gene. The 

folded protein can be further modified by processes that are collectively known as post-

translational modification (PTM). Common PTMs include glycosylation, acylation, 

phosphorylation and disulfide bond formation (Mann and Jensen, 2003). As a result, the 

number of different proteins that can be produced is much greater than the total number of 

protein coding genes, and current estimates are that the human proteome contains between one 

million (Humphery-Smith, 2004) and ten million different proteins (Uhlen and Ponten, 2005). 

For comparative purposes, according to the latest version of Ensemble (68.37, released in July 

2012), there are only 21,200 protein-coding genes in the human genome. The term proteome was 

introduced to describe the complete set of proteins produced by a given organism in 1996 

(Wilkins et al., 1996). The term proteome can however be used to define all proteins expressed 

in a certain organ, cell type or organelle. 

Unlike the genome, which is constantly replicated and maintained within the cell nucleus of 

most cell types, the proteome is highly dynamic and its expression is regulated at both the 

transcriptional- and post-transcriptional levels. By regulating the spatial and temporal expression 

patterns of proteins, the specialized functions of both individual cells and entire organs can be 

tightly controlled. Protein expression levels can vary between different cell types and can for 

instance be regulated by signals originating from the environment surrounding the cell, like the 

production and secretion of insulin by the beta cells of the pancreas in response to elevated 

glucose levels in the blood. Moreover, the expression of a protein can vary with the progress of 

the cell cycle whereas other proteins are expressed over short periods of time by very specific 

subsets of cells, such as specific differentiation factors produced by pluripotent stem cells 

during embryonic development.  
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This dynamics and regulation of each and every protein in time and space make the 

characterization of the human proteome a very challenging task. Besides a common house 

keeping proteome required for basic cellular processes like metabolism and cell division, each 

cell type express its specific proteome that enables them to carry specialized functions like the 

production and secretion of antibodies by the B-cells of the immune system, or the production 

of the core component bone sialoproteins and osteocalcin in the bone by the osteoblasts. For 

this reason the selection of what cell samples to use has to be carefully considered to ensure the 

expression of the proteins of interest. In order to completely characterize the human proteome, 

it would be necessary to sample a broad set of tissues and cell lines to increase the chances of all 

proteins being expressed in at least one cell type. Even so, detection of each and every protein 

cannot be taken for granted as many proteins are expressed at lower levels than the analytical 

method might detect. In addition to protein abundance, the individual properties of a protein 

might make it more or less easily detected in a certain application. In IF for instance, a low 

abundant protein requires a high local concentration to generate a sufficiently high fluorescence 

signal for detection. In contrast, a WB might be sensitive enough to detect proteins of even 

lower concentration but it will not provide the spatial information in situ as obtained using IF. 

To conclude, the use of different analysis methods for detection of proteins in a broad range of 

samples would have to be used to obtain information of all human proteins. 
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3. Cells 
	  
The best way to study proteins and their functions is to analyze them in their natural 

environment – the living cell. This chapter describes the structures and functions of the various 

cellular organelles as well as the benefits and problems of in vitro cell cultivation.  

Cells in the human body 
The human body contains trillions of cells that are highly organized to form different tissues, 

which are in turn combined to form specialized organs such as the liver, brain and skeleton. 

The cells also produce and secrete the proteins that build up our nails, hair and other types of 

connective tissues. The number of different cell types within the human body is 

currently estimated to be 411, including 145 different kinds of neurons 

(Vickaryous and Hall, 2006). All cell types originate from one of a few different 

progenitor cells that differentiate into the large number of specialized cell types that can be 

distinguished either by general morphological differences or by more subtle differences like the 

expression of certain cell surface receptors. 

Every cell is enclosed by a plasma membrane that defines its outer border and serves as a wall 

separating the interior of the cell from its surroundings. Everything that is transported in or out 

of the cell must pass across this membrane, which makes it possible to control and maintain the 

biochemical properties of the cell interior. The plasma membrane contains a wide range of 

different receptors needed not only for transport of molecules across the membrane, but also 

for transmitting signals to and from the cell exterior and for direct interaction with other cells. 

Because different cell types receive different signals and also interact with different types of 

cells, the cell surface proteome and the secreted proteome are thought to be particularly cell 

type-specific (Lundberg et al., 2010; Ramskold et al., 2009; Stadler et al., 2011) and many cell 

types are distinguished by their expression of certain cell differentiation markers (CD-markers). 

For example, different T-lymphocyte subtypes can be distinguished by their expression of CD4 

or CD8 (Jiang and Chess, 2004). Because of this, the majority of therapeutic drugs target cell 
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surface proteins (Yildirim et al., 2007) as it enhance the selective treatment of a particular cell 

type as well as being easily accessible targets. For example, the monoclonal antibody 

trastuzumab (also known as Herceptin) used for treatment of breast cancer, targets the 

epidermal growth factor receptor 2 (HER2) that is overexpressed a subtype of breast cancer 

diagnosed patients (Le et al., 2005; Lohrisch and Piccart, 2001).  

Despite the vast number of cell types, each with distinct functions and protein expression 

levels, most cells are organized in similar ways at the subcellular level, as described in the 

following section. 

Organization at the subcellular level 
Just as different cell types are organized to form different tissues and organs that have 

specialized functions in the human body as a whole, the cell interior is organized into different 

structures or organelles with specialized functions and biochemical properties suitable for 

different processes at the subcellular level. An overview of the cellular organelles is shown in 

Figure 1.  

	  	  	  	   	  
	  

Figure 1. Overview of the major cellular organelles. Vesicles include endosomes, 
peroxisomes and lysosomes, and the cytoskeleton consists of microtubules, intermediate 
filaments and actin filaments. This illustration is printed with kind permission of Annica 
Åberg. 
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In brief, the cell can be divided into two meta-compartments - the cell nucleus and the 

cytoplasm. The cell nucleus contains the genome and is the site of DNA replication and RNA 

synthesis. 

Within the nucleus further organization is achieved by non-membrane bound substructures, 

each with more specialized functions like the nucleoli where one of the central functions is the 

transcription of ribosomal DNA and the pre-processing to ribosome subunits (Stoykova et al., 

1985). The cytoplasm, contains all other membrane bound organelles and the cytosol, which is 

the space that the organelles are suspended in. By organizing the cytoplasm into membrane 

bound organelles, specific functions can be performed in a certain region of the cell and the 

molecules and proteins that enter each organelle can be regulated by organelle specific 

membrane proteins that only transport proteins with a specific tag across the membrane. In this 

way, proteins often carry specialized signal peptides that enable them to be transported across 

the membrane and into the designated organelle to take part in the cellular processes it is 

specialized for (Blobel, 1980; Schatz and Dobberstein, 1996). It is estimated that approximately 

30 % of the human proteome consists of membrane proteins that are found in the plasma 

membrane or internal organelle membranes (Fagerberg et al., 2010; Liu and Rost, 2001; Stevens 

and Arkin, 2000).  

The major membrane-bound organelles in the cytoplasm are the mitochondria, the endoplasmic 

reticulum (ER), the Golgi apparatus and a number of vesicle-like structures such as the 

peroxisomes, lysosomes and endosomes. These organelles host specific functions including 

energy production in the mitochondria, protein synthesis and modification as well as the 

synthesis of lipids and other metabolites in the endoplasmic reticulum, protein sorting and 

transportation to different organelles by the Golgi apparatus, and macromolecule degradation in 

the lysosomes.  

Just like the human body has a skeleton, every cell has a cytoskeleton that keeps it from 

collapsing. The cytoskeleton consists of three major types of structures - actin filaments, 

microtubules and intermediate filaments. Although these structures are all part of the 

cytoskeleton and contribute to cell rigidity and movement, they also have some more 
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specialized functions and are distributed differently within the cell. The microtubules are 

essential factors in organizing the other membrane-bound structures and the chromosomes 

during cell division, while the actin filaments are more heavily involved in anchoring the cell to 

its surroundings via their connections to the focal adhesion sites. The intermediate filaments 

give the cell much of its mechanical strength. All of these structures are built from a relatively 

small set of core proteins that assemble into polymers to form the dynamic fibers. However, 

there are a large number of other proteins that are associated with the cytoskeletal proteins and 

are involved in transporting molecules along the fibers or the locomotion of the cell itself (Bray, 

2001; Howard, 2001). As discussed above, the plasma membrane encloses the cell and contains 

proteins that are needed for signaling, adhesion and transport into and out of the cell. It also 

contains anchoring sites for cytoskeletal structures that span the cell interior and keep it from 

collapsing while facilitating its movement.  In addition to the major structures described, there 

are several sub-structures within the cell that are part of the organelles described, like the 

nuclear membrane that connects the nuclear interior with the ER interior, the focal adhesion 

sites of the actin filaments, the centrosome which is part of the microtubule network and from 

which the mitotic spindle is forms during mitosis, or the cell junctions that connects cells with 

each other.  

As the main functions for most cellular organelles are known, the subcellular localization of a 

protein is likely an indicator of the biological processes it is involved in. However many smaller 

cellular structures discovered more recently as a result of more advanced imaging techniques, 

are not as well characterized.  Within the cell nucleus for example, a tenfold of different 

subnuclear structures or domains have been identified using electron microscopy (Spector, 1993, 

2006; Spector and Gasser, 2003). A thorough localization of all human proteins may therefore 

not only provide important knowledge about the protein function but may also help 

understanding the functions of these so far uncharacterized domains. 
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Tissue cultures and cell lines for in vitro studies 
Tissue cultures were first developed and used in the beginning of the twentieth century. As the 

name implies, a tissue culture is just a tissue fragment isolated from a living organism and which 

contains many different types of cells. The first examples were isolated from frogs and chickens 

(Freshney, 2005). To maintain the cultures for longer periods of time, they were sub-cultivated 

by micro-dissection before the use of enzymatic digestion with trypsin was introduced in 1916 

and enabled the expansion and cultivation of a specific cell type, or a primary cell culture 

(Freshney, 2005). In 1943, the first continuous cell line was established (a mouse fibroblast), and in 

1955 the first human cell line, HeLa, was isolated and continuously cultivated from a cancer 

tumor sample (Freshney, 2005; Puck and Marcus, 1955). Today, a huge number of specialized 

continuous cell lines of both “normal” and malignant origin have been established and are used 

for all kinds of cellular research. In addition, the range and effectiveness of the available 

biochemical stimuli for prolonging the survival of primary cells of different tissues in vitro and 

promoting their differentiation into various cell types has increased dramatically and a range of 

tissue engineering techniques for preparing samples suitable for transplantation have been 

developed (Atala, 2002; Nomi et al., 2002). One of the most important recent advances in this 

area is the development of methods for reprogramming adult cells into pluripotent stem cells 

(Kim et al., 2008).  

The major advantage of using primary cells for most studies is the fact that they are directly 

isolated from a living organism and thus reflect its in vivo circumstances. However, when these 

“normal” primary diploid cells are removed from the complex in vivo environment, they are only 

capable of sustaining a finite number of population doublings before they enter senescence 

(Hayflick, 1965). This is partly because the in vitro conditions lack various essential growth 

factors that would be released by other cells in vivo (Baserga, 1985; Tumber et al., 2000). 

Furthermore, while important physiological variables such as pH, temperature, osmotic 

pressure and the levels of O2 and CO2 are tightly regulated in vivo, such precise control is not so 

easily maintained in vitro. The extracellular matrix (ECM) is another important factor in 

maintaining cell viability that is not readily mimicked in vitro on a plastic or glass slide. Finally, 
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since the cells are taken directly from a living organism, ethical considerations may restrict the 

use of and further manipulation of the material. 

To circumvent these problems, primary cells have largely been replaced in some applications in 

favor of continuous cell lines that grow indefinitely and with less severe requirements for 

continued growth. Their unlimited number of cell doublings and relatively high rates of growth 

facilitate cell cultivation and make it easier to perform many types of experiments to study 

things such as cellular responses to different drugs over time or the functions of certain 

proteins by knock-down of the corresponding gene (Elbashir et al., 2001).  

The similarity of a cell line to the corresponding primary cell type within a tissue is partly 

dependent on how it was immortalized. Immortalization can be achieved by introducing the 

hTERT (human telomerase reverse transcriptase) genetic element, which encodes the catalytic 

subunit of telomerase that prevents the shortening of the telomeres and replication arrest 

(Nakamura and Cech, 1998). Alternatively, the cell line may be derived from a tumor sample 

and may then also exhibit chromosomal instability, making it more susceptible for further 

transformation. The importance of the cell line’s resemblance to the corresponding primary cell 

and tissue depends on the biological question that is to be addressed. However, regardless of 

how similar a cell line is to its tissue of origin or primary culture when it is established, 

continuous growth in vitro is known to introduce differences over time due to the line’s 

adaptation to its culture conditions. Notably, when the proteomes of primary cells were 

compared to those of cell lines derived from the same tissue types, it was found that the 

proteomes of the immortalized cell lines clustered together rather than forming clusters with 

primary cells of their ‘parent’ tissues (Fagerberg, dedifferentiation of cells in vitro, unpublished). 

Another problem related to in vitro cultivation is that even cells originating from the same vial 

will adapt to the specific culture condition used in a particular laboratory to become highly 

heterogeneous. This can be a problem in cases where a precise molecular and cellular 

phenotype is required, such as when studying stem cells and their differentiation potential. For 

example, investigators studying mesenchymal stem cells (MSC) have observed differences at 
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both the proteome and transcriptome levels in response to the different culture conditions used 

in different laboratories (Wagner et al., 2006; Wagner and Ho, 2007).  
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4. Antibodies and The Human Protein Atlas	  
	  

Antibodies 
Antibodies are specialized binding proteins that are produced by the B-cells of the immune 

system in response to infection and exhibit high affinities for their targets in the complex 

mixture of our own proteome. The possibility to produce an antibody towards every theoretical 

protein comes from genetic rearrangements of several genes encoding the variable loop regions 

of the antibody-binding site. Upon a pathological infection each B-cell will make its own genetic 

recombination (somatic recombination) of different segments in the several genes encoding the 

heavy and light chain of antibodies, to produce an antibody with certain binding properties 

(Kindt, 2007). 

If this antibody successfully binds the foreign protein, that particular B-cell will reproduce 

rapidly to produce a cellular clone, which will secrete large quantities of the antibody targeting 

the foreign protein to facilitate its elimination. The antibodies produced by such B-cell clone 

will all target the same epitope (i.e. the same part of the target protein) and are described as 

monoclonal antibodies. Usually, multiple B-cells will produce antibodies that successfully bind to 

the foreign protein. A single infection can therefore give rise to multiple different monoclonal 

antibodies, each of which will target a different epitope of the foreign protein. Such collections 

of different monoclonal antibodies are described as polyclonal antibody mixtures.  

Antibodies are used extensively in various in vitro assays because they can be used to specifically 

detect a target protein of interest in applications such as WB, IHC or IF. Most of the antibodies 

used when studying human proteins are produced in rabbits or mice after immunization against 

the antigen (i.e. the purified whole target protein or parts thereof) and are thus polyclonal 

antibodies. However, it is possible to purify a polyclonal antibody pool using the different 

epitopes as affinity ligands to elute epitope-specific antibodies that are pseudo-monoclonals or 

monospecific (epitope specific antibodies that do not necessarily originate from a single B-cell 

clone). Separation of this type is useful because antibodies in a polyclonal pool can vary in their 

suitability for different applications depending on the epitope to which they bind. In addition, if 
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multiple monospecific antibodies can be purified and used successfully in a given application, it 

substantially improves the quality and reliability of the results obtained from using them.  

This approach is illustrated in Figure 2, where a polyclonal pool of antibodies targeting RBM3 

was affinity purified and fractionated according to their epitopes and then used for WB, IHC 

and IF (Hjelm et al., 2011)(Related publications I).  

All antibodies should be carefully validated in the application they are used to ensure accurate 

results as a non-specific antibody could potentially generate misleading information. For 

example staining of another but the intended target protein might give false protein 

localization(s) and any study of a protein involving antibodies for its detection would be useless 

if the antibody appears to bind another but the expected protein. This is especially important 

for investigation of uncharacterized proteins when there is no “correct answer” to compare the 

obtained results with. In such cases a second antibody towards the same protein or the use of 

another validation strategy, should be applied to strengthen or reject the initial finding. 
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Figure 2. An illustrative example of antibody performance in different applications for a polyclonal 
antibody and each of the mono specific antibodies after affinity purification of the polyclonal pool.   

  

Antibody	  
fraction 

WB IHC IF 

Charlotte Stadler 

	  

15 

	  
	  
	  

	  
	  
Figure 2. An illustrative example of antibody performance in different applications for a polyclonal 
antibody and each of the mono specific antibodies after affinity purification of the polyclonal pool.   

  

Antibody	  
fraction 

WB IHC IF 



Towards subcellular localization of the human proteome using bioimaging 

	  

16 

The Human Protein Atlas 
The Human Protein Atlas project was initiated in 2003 with the aim of generating antibodies 

towards at least one protein from each human protein-coding gene and of using these 

antibodies to systematically map the distribution of human proteins in cells and tissues. By 

using the generated antibodies for immunohistochemistry (IHC) in a multitude of different 

tissues and cells, a global expression profile for each protein can be obtained and used to 

determine which proteins are expressed in which cell types and to what extent.  

Since the expression of certain proteins has been shown to change in different diseases, 

expression profiles from normal tissue samples are also compared to those for tissue samples 

derived from patients with different types of cancer (Uhlen et al., 2010; Uhlen and Ponten, 

2005). Within the frame of the Human Protein Atlas project, several interesting proteins with 

such specific expression profiles have been identified and are undergoing further pre-clinical 

investigations.  

Each antibody generated within the Human Protein Atlas project, is used to stain 46 normal 

tissues, 20 different types of cancer and 47 cell lines. Besides, the protein distribution at the 

subcellular level is investigated in three different cell lines using immunofluorescence (IF) and 

high-resolution confocal microscopy (Barbe et al., 2008).  

The reliability and performance of each antibody is tested using a variety of different assays, 

including protein arrays that evaluate the specific binding of the antibody to the protein 

fragment against which it was generated (Nilsson et al., 2005). Western blots are also used to 

assess the antibody’s ability to bind the target in the presence of a complex mixture of proteins 

from a cell lysate. The expression profiles of each protein is carefully compared to literature and 

evaluated according to its congruence with existing knowledge. However, since the information 

of many proteins is still limited, the findings are often scored as uncertain, which illustrates the 

need for additional validation methods that could strengthen the results independently of 

existing literature. 

All of the images generated in these experiments, together with validation data for the 

antibodies and information relating to their production are publically available at the protein 
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atlas web portal (www.proteinatlas.org). To date, the protein atlas contains more than 17,200 

antibodies, targeting proteins encoded by more than 14,000 human genes (~65% of all human 

protein-coding genes). The goal is to have a complete draft of the human proteome available by 

2015.  

Subcellular mapping of the human proteome 
In the Human Protein Atlas project and the work of mapping proteins to subcellular organelles, 

three cell lines of different origin have been selected and used in a systematic and standardized 

manner. That includes an osteosarcoma cell line (U-2 OS) of mesenchymal phenotype, a glioma 

cell line (U-251 MG) to represent the cell types within the brain and to study the expression of 

several brain-specific proteins, and an epithelial carcinoma cell line (A-431). Each protein to be 

analyzed is stained all three cell lines to increase the chances of a positive result (detected 

protein) in at least one of them. To facilitate the annotation of the protein, and to ensure proper 

cell morphology and fixation, common markers for the microtubules, the ER and the nucleus 

are used besides staining of each and every target protein. This set-up is exemplified in Figure 3, 

showing the markers and staining of a mitochondrial protein.  

When planning experiments using cell lines, there are many parameters to consider. As 

discussed, both the in vitro cultivation procedure and the nature of the cells used (i.e. whether 

they come from an immortalized source or were isolated from a tissue) can affect the outcome 

of an experiment. For basic research aimed at mapping proteins to their subcellular 

compartments, as in the Protein Atlas and in this thesis, the most important issue is whether the 

target protein is expressed in the analyzed cells. A study using RNA sequencing (RNA-Seq) has 

reported that approximately 75% of all human protein-coding genes are expressed in most 

tissues (Ramskold et al., 2009) and a similar study based on RNA sequencing of the three cell 

lines used routinely for IF in the protein atlas, has shown that most of the identified proteins 

have consistent RNA expression levels in all three lines, and 83 % of the approximately 4000 

analyzed proteins were detected in all cell lines using IF (Lundberg et al., 2010). 
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Figure 3. Cells stained with four different markers for simultaneous detection of 
the nucleus, microtubules, endoplasmic reticulum (ER) and the mitochondria. Scale 
bar: 15 µm. 

	  
These results indicate that these three lines comprise a good panel for the analysis of most 

proteins, although it would be desirable to use a broader panel to cover the remaining proteins 

that were not detected in any of the three studied lines, approximately 20 % of all 12,600 

proteins analyzed in IF so far.  

Information of the protein expression in different tissues obtained from the more extensive 

IHC analysis within the protein atlas could be useful in the selection of additional lines for a 

certain protein. However, not all proteins have such data available and it would still not be 

certain that the proteins are expressed in the corresponding cell line. Instead, a more stringent 

strategy would be to look at the transcriptome for each potential cell line, and use the transcript 

levels as basis for selection of a suitable cell line. Recently, the transcriptome of additional cell 

lines have been sequenced and the panel of cell lines available for IF studies have increased 

from the original three to eleven, covering a broader range of tissue origins.  
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5. Microscopy 
	  
Imaging is a powerful tool for visualizing proteins in their cellular environments and for 

efficiently determining their subcellular localization. This chapter focuses on fluorescence- and 

confocal microscopy, which were the main techniques used in the studies presented in this 

thesis. The benefits and challenges of automated image acquisition and image analysis are also 

discussed. 

Contrast and resolution 
When studying any kind of specimen by microscopy, the quality and information received 

depends on the incident light and how its properties change upon interaction with the 

specimen. The contrast that we see when looking through the ocular of a conventional light 

microscope is a direct consequence of the differences in the optical paths taken by the light 

illuminating the specimen and the light passing by.  

The resolution of a system is limited by the diffraction of light, as postulated by Ernst Abbe 

(Abbe, 1873). This diffraction depends on the wavelength of the light, and is smaller for light of 

higher energy. In addition to the nature of the light used and the diffraction limit, the resolution 

of the microscope depends on its optics and how well its lenses are aligned to minimize 

scattered light while allowing as much light as possible to reach the ocular (or camera, if images 

are to be acquired). The magnification and numerical aperture (NA) of the objective lens is the 

most important property of a microscope because it determines the degree of detail that can be 

visualized (the higher the NA, the better the resolution). However, there is a technical problem 

in that high NA values necessitate a shorter working distance between the specimen and 

objective lens, which may restrict the scope for automation. In practical terms, the resolution is 

the shortest distance between two points that is needed to see the points as separate objects. 

The best resolution is obtained when using light of a short wavelength in combination with an 

oil immersion objective of high NA (1.5). This gives a resolution of ≈ 200 nm, which is 1000 

times better than can be resolved by the naked human eye (Ross, 2003).  
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Even the largest organelle in the human cell – the nucleus – that is approximately 10 µm in 

diameter is too small for the naked human eye to see, while easily resolved by a simple light 

microscope and as illustrated in Figure 4 a fluorescence microscope enables the detection of 

most major subcellular structures. 

	  
	  

	  
	  

Figure 4.  IF images of cells stained for each of the major sub-cellular structures (green) and 
counterstained with the nuclear marker DAPI (blue). Scale bar: 10 µm. 
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However, many structures are too small to be resolved even with the best objectives, and it is 

necessary to use more sophisticated and high-resolution techniques such as electron 

microscopy, photoactivated localization microscopy (PALM), or stimulated emission depletion 

(STED) to pinpoint the positions of proteins within organelles more precisely (Brown et al., 

2010; Hell and Wichmann, 1994; Willig et al., 2006). 

Fluorescence microscopy 
By enhancing the contrast, the degree of visible structures within the studied specimen can be 

increased. In samples that have a high water content or are relatively thin (such as cells), it can 

be difficult to get enough contrast to even distinguish the sample from the background. There 

are various techniques that can be used to increase contrast in conventional light microscopy, 

such as dark field illumination or differential interference contrast (DIC)(Foster, 1997). 

However a much more powerful approach for visualizing specific structures or molecules in the 

cell is to use fluorescence.  

Fluorescence occurs when a molecule absorbs light following illumination and then emits light 

of a different wavelength, a process first observed by Alexander Jablonski (R.Lakowicz, 2006). 

The difference between the absorption wavelength and the wavelength of the emission is 

known as the Stokes shift (Rost, 1992). Fluorescence microscopy exploits this difference by 

detecting only the emitted fluorescent light while ensuring that the incident light from the 

source does not reach the detector. This results in a greatly reduced background and increased 

sensitivity. To separate the emitted light from the source of illumination, fluorescence 

microscopes contain dichroic mirrors that will reflect light of a shorter wavelength (the 

excitation light) while allowing the longer wavelengths to pass through (the fluorescence). The 

light that is permitted to pass by the dichroic mirror can be further separated by placing 

additional filters in front of the ocular or detector.  

While it is certainly not the case that all molecules are fluorescent, there are many that have 

been modified to create a palette of fluorophores with different absorption and emission 

spectra that can be used to label a sample. In the ideal case, the emission and absorption spectra 

of a fluorophore should have narrow peaks with a large Stokes shift to enable their separation 
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without filtering away too much of the signal. Narrow absorption and emission spectra also 

facilitate the use of several fluorophores in a single sample, making it possible to study different 

proteins or structures simultaneously and in relation to each other. By choosing fluorophores 

with specific biochemical properties or coupling the fluorophore to a specific marker such as an 

antibody, it is possible to selectively label and detect several structures simultaneously in a cell 

(multicolor imaging), as in the set-up applied in IF within the Human protein Atlas program 

(Figure 3 on page 25) where markers for the nucleus, endoplasmic reticulum and the 

microtubules are used in combination with each and every target protein. The greatest 

advantage of fluorescence microscopy compared to conventional light microscopy is thus its 

much greater sensitivity and specificity towards specific structures and proteins.   

Confocal microscopy 
Even when using fluorescence microscopy to obtain high contrast images, the majority of the 

detected light still comes from out of focus planes (Conchello and Lichtman, 2005). This is a 

problem when analyzing thicker samples, because it generates a lot of blur. To circumvent this 

problem, optical sectioning that removes the scattered light from the out-of focus planes can be 

applied. While several optical sectioning techniques have been developed, confocal microscopy 

is the most widely used and was pioneered by Marvin Minsky in 1955 (Minsky, 1988). 

Confocal microscopy is based on the use of point-by-point illumination of the specimen and a 

pinhole in front of the detector to discard the out of focus photons (Lucitti and Dickinson, 

2006). This arrangement reduces the cross-sectional area from which light is detected from 

approximately 2-3 um in wide field microscopy to about 500 nm (Sandison et al., 1995),Pawley, 

2006). When studying proteins within cells that are approximateley 15 µm thick, the reduction 

of scattered light is a significant improvement that makes it possible to focus more tightly on 

smaller structures that are concentrated in a particular section of the cell, such as focal adhesion 

sites in the plasma membrane attached to the glass slide, or proteins in the centrosomes, which 

are usually positioned closer to the middle of the cell.  
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Automated image acquisition for high-throughput 
studies  
To meet the growing desire to perform large-scale systematic studies, many microscope 

manufacturers have developed and improved automated image acquisition systems, since 

manual acquisition is both time-consuming and not always as objective as might be desired. 

Increasing numbers of assays for studying processes such as protein dynamics over time involve 

live cells, and for such studies, automated imaging is even more desirable as it minimizes the 

interference on the cell sample during the experiment and also enable tracking of specific cells. 

Another benefit of automation is its greater reproducibility and objectiveness, which can both 

be hard to achieve with manual image acquisition. The biggest advantage of automated imaging 

techniques over the more traditional mass spectrometry and protein array technologies that are 

often used for high-throughput proteome studies is that imaging can provide temporal and 

spatial resolution that directly indicates whether the molecule has a functional role in the cellular 

process under investigation (Pepperkok and Ellenberg, 2006).  

A challenge in automated image acquisition is to achieve a sufficiently high resolution, since the 

oil or water immersion objectives with short working distances that give the highest resolutions 

are sensitive to evaporation of the immersion media which can cause problems for experiments 

performed over a longer time period. Another general problem is drifting in the z-plane, which 

moves the specimen out of focus and thus produces blurred images. Because of the narrow 

focal plane of high-resolution objectives and the pinhole used in confocal microscopes to 

improve resolution, a proper auto-focus function is required in order to ensure that the 

precision of the image remains throughout the experiment. Another challenge in automated 

fluorescence microscopy is to apply the right amplifying gain (amplification of the signals from 

the detected photons) and laser power (determines the number of photons emitted) to get as 

much information from the images as possible. A weak amplification may generate signals that 

are too weak to be detected, while a high laser power or amplification gain will give saturated 

pixels and mask smaller differences in intensity due to the decreased dynamic range.  
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Automated image acquisition for high-throughput 
studies  
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Microscopy has become a very powerful tool for studying fundamental processes within cells, 

and several large-scale functional studies using fluorescence microscopy has been published 

over the last decade, using both live and fixated cells (Mayer et al., 1999; Perlman et al., 2004).  

Although fluorescence microscopy has been extensively adapted to meet the demands of high-

throughput studies, technologies for increasing its automation and quantitative applications are 

under ongoing development and there is undoubtedly more to come in this area.  

Automated image analysis 
Together with the need for automated image acquisition comes the need for automated image 

analysis and quantitative output data to more easily draw conclusions from the experiments. 

Besides the obvious benefits of reduced time, higher reproducibility and quantitative results, 

automated image analysis is superior to the human eye when it comes to distinguish between 

patterns, intensities and textures (Bengtsson and Nordin, 1993). As many more features can be 

extracted from the images, even subtle phenotypic changes between cells can be discovered and 

clustered based on quantitative results of a certain feature. The possibility to apply thresholds 

and perform significance testing is also a big advantage with automated image analysis, and a 

prerequisite if the data generated should have a clinical use.  

Today, hundreds of different features extracted from the images can be used to distinguish 

between objects in regard to a few specific features that will reflect the biological question to be 

answered (Conrad et al., 2004; Hu and Murphy, 2004; Huang and Murphy, 2004). As an 

example, a protein stained in IF can be assigned to a certain structure without manual 

annotation, based on pattern recognition of the fluorescence signal (Newberg et al., 2009). 
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6. Fluorescence-based detection of proteins in 
live and fixated cells 
	  
As described in the previous chapter, fluorescence microscopy is a powerful tool that enhances 

contrast and facilitates the selective detection of structures or molecules of interest. 

Fluorescence-based microscopy can be applied to both live and fixated cells, although the 

strategies used to visualize the target protein are different in the two cases. This chapter 

describes these two approaches and their different possibilities, advantages and constraints.  

	  

Immunofluorescence for protein detection in fixated 
cells 
Immunofluorescence (IF) uses fluorescently labeled antibodies to target the protein of interest 

in cells or tissues, facilitating its selective detection. Its greatest advantage over live cell 

approaches is that it can be used to detect the endogenous protein within the cell. Other 

advantages are the scope for easy multicolor imaging and its suitability for high-throughput 

applications. However, because of the size of the antibodies (≈150 kDa), the cell membranes 

have to be permeabilized in order for the antibody to enter. Consequently, IF is only suitable 

for fixated cells. Because the cells are fixated, it cannot be used to study protein dynamics over 

time; instead, it visualizes the distribution of the target protein(s) at the time point when the 

cells were fixated (the fixation strategy will be described in the following section). However, as 

long as antibodies conjugated to fluorophores with different spectral properties are used for 

detection, many proteins can be studied simultaneously using appropriate markers to enable co-

localization studies. There are a large number of fluorescent dyes with different chemical 

properties and emission spectra that diffuse freely over the cell membrane and thus can be used 

to probe different parts of both live and fixated cells (R.Lakowicz, 2006). The antibody based 

approach used in IF for detection is illustrated in Figure 5. 
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Cell preparation for immunofluorescence studies 
IF requires the cells to be fixated and permeabilized in order for the antibodies to gain access to 

the target protein within the cell. The purpose of fixation is to retain the intracellular structures 

and prevent them from collapsing while opening up the structure of the cell membrane and 

enabling the antibodies to pass through. Several fixation and permeabilization strategies exist, 

and determining which will be optimal in any given situation is highly dependent on the target 

protein and its localization within the cell. There is no protocol that is optimal for all proteins. 

However certain strategies can be optimized to work for a relatively wide range of proteins with 

diverse properties.  

Paraformaldehyde (PFA) or formalin can be used to effectively preserve all intra cellular 

structures by forming methylene bridges between proteins and thus cross-linking them. The 

longer the incubation time with PFA, the more bridges will form and thus the more extensive 

the fixation and the better the preservation of the structures (Jamur and Oliver, 2010a). 

However, long PFA incubation times also increase the risk of blocking the epitopes on the 

target proteins, which can lead to weaker signals or prevent detection entirely, depending on 

how many epitopes remain available for antibody binding. Although PFA crosslinking is 

effective for fixating cellular structures, it does not contribute to the permeabilization of the cell 

membranes and so a separate permeabilization step is required after the fixation procedure. 

Non-ionic detergents such as Triton X-100, Tween 20 and Brij are commonly used (Jamur and 

Oliver, 2010b; Melan, 1999) and will extract all kinds of lipids from the membrane structures. In 

contrast, mild detergents such as saponin and digitonin selectively extract cholesterol alone and 

may thus be considerably less effective for permeabilization, depending on the membrane’s 

cholesterol content. For example, the mitochondrial inner membranes are low in cholesterol 

and so protocols involving these detergents are unsuitable for studying inner mitochondrial 

proteins (Stadler et al., 2010). Similarly, several publications have described poor 

permeabilization of the nuclear envelope when using saponins (Goldenthal et al., 1985; Hannah 

et al., 1998).   
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Another strategy for fixation is to use organic solvents such as methanol, ethanol or acetone 

that fixate and simultaneously permeabilize the cell by precipitation of proteins and extraction 

of lipids. Although this strategy is not as effective when it comes to preservation of the internal 

structures due to the lack of cross-linking, this strategy can be useful for studying proteins in 

cytoskeletal and nuclear structures but is less suitable for soluble proteins as they will be 

extracted (Hoetelmans et al., 2001). Since organic solvents extract and precipitate a lot of the 

cellular content, they often cause cell shrinkage.  

Live cell imaging and the use of fluorescent proteins 
Many biological questions benefit from live cell experiments because they make it possible to 

study the behavior of a process over time and in response to different outside stimuli. Live cell 

imaging in combination with photobleaching, energy transfer and fluorescence correlation 

microscopy can further provide information on movements and interactions at the protein- or 

cellular level (Capoulade et al., 2011; Lippincott-Schwartz et al., 2001; McIntosh et al., 2012)  

Because antibodies need permeabilized cell membranes to enter the cell, they cannot be used 

for live cell studies. Instead, a fluorescent protein in fusion with the target protein has to be 

expressed by the cells. The most commonly used fluorescent protein for this purpose is the 

green fluorescent protein (GFP) that is naturally expressed by the jellyfish Aequorea victoria. 

(Misteli and Spector, 1997; Tsien, 1998; Zimmer, 2002). The discovery and application of GFP 

was rewarded with the Nobel Prize in 2008 (Weiss, 2008) and today many variants of the 

fluorescent protein exist with both blue- and red-shifted absorption and emission peaks, 

allowing  them to be used in combination with in a broad range of fluorescence markers (Heim 

et al., 1994; Ormo et al., 1996). GFP and its spectral variants do not require or necessarily 

undergo any specific post-translational modification, enabling them to be expressed in different 

types of cells without losing their fluorescent properties (Haseloff, 1999). They have therefore 

become the most popular reporter genes in cell biology (Misteli and Spector, 1997; Tsien, 1998). 

However, the fluorescent proteins (GFP and the spectral variants) are between 27 and 30kDa in 

size (Chalfie, 1995), the fusion of it might interfere with the function of the target protein and 

its transport within the cell to the designated organelle. Therefore, the fusion of the reporter to 
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the target protein should be done at both the N- and C-terminal respectively to increase the 

chances of a functional protein even after fusion. Another potential disadvantage of this 

technique is that it is far more time-consuming than simply fixating cells and labeling the target 

protein with antibodies. 

	  
	  
	  
	  
	  

	  
	  

Figure 5. A schematic illustration of protein detection by the use of fluorescently labeled 
antibodies in fixated cells (IF) and the expression of a fluorescent reporter protein in fusion with 
the target (N- or C-term GFP). 

 

	  
In conclusion, techniques based on live and fixated cells have different advantages and 

constraints, and several large scale functional studies based on both approaches have been 

performed in the last few decades (Mayer et al., 1999; Perlman et al., 2004; Pepperkok and 

Ellenberg, 2006; Poser et al., 2008; Simpson et al., 2000). As the two techniques use different 

approaches for protein detection (simply illustrated in figure 5) they could potentially be used as 

complimentary techniques to confirm the protein localization obtained which would be a useful 

validation approach for the investigation of yet uncharacterized proteins.   
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7. siRNA and screening 
	  
Loss-of-gene function studies are powerful tools for obtaining new insights into the cellular 

functions of genes and the proteins they encode, and for determining which proteins are the 

key executors of different cellular processes. This chapter describes cellular RNA interference 

(RNAi) and how it can be used in combination with synthetic small interfering RNA (siRNA) 

to provide information on protein function.  

	  

The RNAi pathway and gene regulation 
The RNA interference pathway (RNAi) is a well-conserved mechanism in most eukaryotes and 

is a central part of the cellular gene expression control system (Tuschl et al., 1999). The 

different roles of the RNAi pathway in humans are not fully understood, although many studies 

in other organisms such as C.elegans, have revealed regulatory functions that are likely to also be 

relevant in the human RNAi pathway. RNAi has a central role in maintaining genomic stability 

by blocking the transcription of transposons (mobile elements in the genome) that could cause 

disturbance in the function of the genome if expressed (Ketting et al., 1999; Tabara et al., 1999).  

In plants, RNAi has been shown to protect cells from viral infections by degrading transcribed 

viral DNA that becomes incorporated into the genome (Ratcliff et al., 1997) and it has been 

proposed to represent an immune defense mechanism that might also be present in the human 

genome (Bagasra and Prilliman, 2004; Plasterk, 2002). RNAi is also involved in keeping 

chromatin condensed and thereby regulates protein synthesis and the development of 

organisms (Lagos-Quintana et al., 2001; Lee and Ambros, 2001). Overall, RNAi is clearly a 

central regulatory process at both the gene and transcript levels. 

Although it was already known that RNA could have regulatory effects on gene expression, the 

mechanisms underpinning it were far from well understood. In 2006 Andrew Fire and Craig 

Mello received the Nobel Prize for their discovery that double stranded RNA (dsRNA) was the 

suppression of gene activity and that the suppression occurred only in a homology-dependent 
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manner, meaning that the dsRNA sequence had to match the mRNA of the gene to be 

suppressed (Bernards, 2006; Matzke and Matzke, 2006). The term RNA interference was 

introduced by Fire and Mello to describe the process of phenotypic changes as a result of 

injection of a specific dsRNA into C. elegans (Fire et al., 1998).  

Briefly, the RNAi process can be summarized as follows. Initially, dsRNA fragments are cut 

into short pieces of 21-23 base pairs by the endonuclease Dicer (Zamore et al., 2000). The anti-

sense strand is then loaded into the RNA-induced-silencing complex (RISC) complex and 

directs the complex to a homologous mRNA strand by base-pairing (Parrish et al., 2000). 

Finally the RISC complex cuts the mRNA strand, resulting in the degradation of the target 

mRNA and thus silencing of the corresponding gene.  

siRNA screening for gene function studies 
The Dicer and RISC complexes in mammalian cells can process both endogenous and synthetic 

RNA, and this has led to the production and injection of synthetic dsRNA for selective gene 

silencing as a tool for studying gene function. Such studies typically use small interfering RNAs 

(siRNA) with a length of 21-23 base pairs. Genome-wide siRNA screening studies have been 

performed in both cell lines and organisms such as C.elegans to identify genes required for 

mitosis, secretion of proteins in the secretory pathway machinery or the effects of non-

functional or suppressed proteins in certain disease among others (Gosai et al., 2010; Neumann 

et al., 2010; Simpson et al., 2012). In these investigations, the phenotypic consequences of 

silencing each of the target organism’s genes independently are recorded in order to determine 

their functions and developmental effects.  

Although studies using the RNAi technique have significantly increased our knowledge about 

which genes are involved in specific processes and how the suppression of a certain protein 

might affect a certain phenotype, there are several technical and biological challenges that must 

be addressed in RNAi studies and the potency of any given siRNA can be hard to predict due 

to several factors that are discussed in the next section.  
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Protein turnover rates, transcript stability and 
expression levels 
It can be hard to predict the extent to which a given gene transcript will be affected by the 

transfection of a specific siRNA and how long it will take before a reduction can be seen at the 

transcript and protein level, even for a potent siRNA with no off-target effects. 

The variable degree of successful gene silencing can be explained by several mechanisms 

including protein turnover rates, which have been reported to vary from less than ten minutes 

to over one hundred hours (Ohsumi, 2006).  In a recent study, the average lifetime of proteins 

in HeLa cells was found to be ≈ 20 h (Boisvert et al., 2012). The expression level of the target 

protein is another important parameter: in the same study of the HeLa proteome, protein 

expression levels varied over up to seven orders of magnitude, with highly expressed proteins 

generally having lower turnover rates (Boisvert et al., 2012). At the transcript level, short-lived 

transcripts seem to be harder to silence than long-lived transcripts (Larsson et al., 2010), and 

other studies indicate that the sequence of the mRNA target and the pre-existing levels of 

endogenous micro-RNA regulation also affect the degree of silencing achieved with synthetic 

dsRNA (Khan et al., 2009). These results indicate that ideally, the time required to detect gene 

suppression should be determined and optimized for every transcript of interest, which is not 

possible in large-scale systematic studies using thousands of different dsRNAs.   

In most studies, reductions in transcript levels are detected after 24h by qRT-PCR, and 

phenotypic changes due to reductions in the abundance of the corresponding protein are 

usually detected between 24 and 72 h after the start of the experiment, depending on the assay 

format and the biological question addressed. 

More effective silencing is usually preferable when attempting to draw conclusions from loss-

of-gene function studies. However, if the silenced gene is essential for cell survival, less potent 

silencing might be preferable unless the read-out is the fraction of apoptotic cells.  In general, 

any read-out from a screen should preferentially be quantitative to ensure un-biased and 

objective results.  
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objective results.  
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8. Present investigations 
Objective 
	  
The objective of the studies presented in this thesis has been to systematically characterize the 

human proteome at the subcellular level using bioimaging techniques. Although both live and 

fixated cells were used, most of the work was done using fixated cells and antibodies, making 

immunofluorescence (IF) the key technology used.  

Since many proteins are far from fully characterized, existing information about their subcellular 

distribution is often limited. The need for alternative validation strategies to strengthen novel 

findings, in this case subcellular localization of proteins, is therefore desired. This thesis 

presents different approaches for validation of protein subcellular localizations.  

This involves optimizing of a suitable cell fixation protocol to minimize artifacts (Paper I), the 

use of siRNA to investigate the specificity of an antibody for its intended target protein (Paper 

II) and a systematic study comparing protein localization results between fixated and live cells, 

using fluorescent protein tagging (Paper III). In the last study (Paper IV) a global analysis based 

on IF data for approximately 20 % of the human protein coding genes, describes the subcellular 

distribution of the human proteome in three different cell lines. This chapter briefly describes 

the studies performed used and the results obtained. The full-length articles can be found in 

appendices I-IV. 
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Minimizing artifacts by optimizing sample preparation 
for immunofluorescence (Paper I)  
	  
When working with immunofluorescence, cells have to be fixated and permeabilized in order 

for the antibodies to gain access to the cell’s interior and the target proteins. One of the key 

challenges in such studies is to effectively permeabilize the internal cellular structures to enable 

antibody penetration while retaining their form and composition, and minimizing the leakage of 

proteins. Because of the fixation itself and potential artifacts, there are concerns about IF 

studies could give misleading information and several studies have reported on changes in 

protein localization depending on the fixation strategy or in comparison with live cell 

experiments (Haseloff, 1999; Schnell et al., 2012; Shibata et al., 2009). 

In this work, different fixation strategies were evaluated to identify a fixation protocol suitable 

for proteome-wide localization studies, i.e. for accurately localizing proteins to any and all of the 

major cellular structures that are routinely annotated in the Human Protein Atlas.  

Six different protocols (Table 1) based on crosslinking with paraformaldehyde (PFA) in 

combination with different concentrations of the detergents Triton X-100 or saponin as 

permeabilizing agents, or based on dehydration with the organic solvents methanol, ethanol and 

acetone, were tested for 18 well-studied proteins representing a variety of different organelles. 

Also, the overall morphology of the cells after treatment with the different fixatives was 

evaluated by staining of the microtubules, actin filaments and the endoplasmic reticulum. Based 

on the results for the 18 proteins in this study, the fixation based on cross-linking with 

paraformaldehyde (PFA) in combination with the non-ionic detergent Triton X-100, was shown 

to best preserve the intracellular landscape whil achieving sufficient permeabilization for 

antibody penetration into all membrane bound structures. These two requirements were not 

simultaneously fulfilled for all 18 proteins with any other protocol. For example, the saponine 

protocol was insufficiently effective in permeabilizing the inner mitochondrial membrane, 

resulting in a negative staining of the inner mitochondrial protein Tim9 (Figure 6A). This has 

also been reported in previous studies, and is explained by the low cholesterol content in the 

inner membrane of mitochondria (Garcia-Ruiz et al., 2009).  
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Table 1.	  Fixation protocols in study. 
	  

	  
 
	  
However, saponine treatment is sufficient for detection of proteins localized in the outer 

mitochondrial membrane, as represented by the TOM22 protein in this study. 

Among the dehydration-based fixation protocols, methanol was the most successful and 

showed satisfactory staining patterns for most of the organelle structures as represented by the 

proteins in this study. However, many soluble proteins present in both the cytoplasm and the 

nucleus were extracted with this less complete fixation strategy (Figure 6B). Due to the 

limitations of organic solvents for staining of soluble proteins, and the insufficient 

permeabilization of the mitochondrial inner membrane with saponine, crosslinking fixation in 

combination with Triton X-100, was decided to become the standard protocol used for 

proteome-wide IF localization studies within the Human Protein atlas.  

Another observation from this study was that different proteins localized within the same 

organelle, could give different results even with the same fixation protocol. This demonstrates 

that the success in localizing a protein depends both on the individual properties of the protein, 

and antibody accessibility to the epitope. In case of a negative or unexpected IF result, the use 

Protocol Fixation agent Permeabilization agent Concentration 
(%) 

Treatment 
time (min) 

I PFA Triton X-100 0,5 % 3x5 

II PFA Triton X-100 0,01 % 2x3 

III PFA Saponine 0,1 % 
During 

antibody 
incubation 

IV Methanol - 99 % 5 

V Ethanol - 99 % 5 

VI Acetone - 99 % 5 
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of an additional fixation protocol, or a different antibody targeting the same protein could be 

tested to confirm the result, or to rule out why the first protocol failed 

	  
A. 

 

B. 

 

Figure 6. Staining of the mitochondrial inner membrane protein Tim9 (A) and the soluble protein 
superoxide dismutase (B) with six different fixation protocols. 
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Validation of antibodies and protein subcellular 
localization (Paper II) 
	  
Apart from minimizing fixation artifacts by using a proper protocol, the use of antibodies with 

high specificity to their targets is of outmost importance for obtaining accurate IF results. This 

is particularly important, since even a cross-reactive antibody can give the perfect staining to 

one or several structures. To further increase the reliability of the IF results, a technique for 

validation of the antibody specificity using siRNA was developed.  

Because siRNA specifically degrades the mRNA of its homologous sequence and thereby 

decreases the expression of the corresponding protein (Fire et al., 1998), the staining intensity 

of that protein should also be reduced only if the antibody binds to that particular protein. By 

developing a platform where the cells were transfected with a specific siRNA prior to IF 

analysis, both the specificity of the antibody and the subcellular localization of the protein could 

be validated. 

As the degree of mRNA degradation upon siRNA transfection, and the extent to which this 

affects protein expression levels can range from subtle decreases to complete knock-downs, 

quantitative analyses of the fluorescence signal were used to reliably detect smaller changes 

between knock-downs and controls. Both image acquisition and image analysis were automated 

to ensure the collection of reproducible and objective data. To circumvent potential problems 

related to automating image acquisition such as the evaporation of immersion media and 

drifting, a 10X/0,3NA or 40X/0,85NA air objective (depending on whether the antibody to be 

validated showed one or several localizations where the latter case required higher resolution) 

was used and an auto-focus job based on contrast was performed prior to the acquisition of 

each image to ensure proper focus on the cells.  

Image analysis was performed using CellProfiler (Carpenter et al., 2006) to first segment the 

individual cells using the DAPI staining to find a primary object, and then microtubule staining 

to define a secondary object and thus the cell borders. In a second step, the integrated 

fluorescence intensity of the antibody under validation was quantified independently within the 

Towards subcellular localization of the human proteome using bioimaging 

	  

36 

Validation of antibodies and protein subcellular 
localization (Paper II) 
	  
Apart from minimizing fixation artifacts by using a proper protocol, the use of antibodies with 

high specificity to their targets is of outmost importance for obtaining accurate IF results. This 

is particularly important, since even a cross-reactive antibody can give the perfect staining to 

one or several structures. To further increase the reliability of the IF results, a technique for 

validation of the antibody specificity using siRNA was developed.  

Because siRNA specifically degrades the mRNA of its homologous sequence and thereby 

decreases the expression of the corresponding protein (Fire et al., 1998), the staining intensity 

of that protein should also be reduced only if the antibody binds to that particular protein. By 

developing a platform where the cells were transfected with a specific siRNA prior to IF 

analysis, both the specificity of the antibody and the subcellular localization of the protein could 

be validated. 

As the degree of mRNA degradation upon siRNA transfection, and the extent to which this 

affects protein expression levels can range from subtle decreases to complete knock-downs, 

quantitative analyses of the fluorescence signal were used to reliably detect smaller changes 

between knock-downs and controls. Both image acquisition and image analysis were automated 

to ensure the collection of reproducible and objective data. To circumvent potential problems 

related to automating image acquisition such as the evaporation of immersion media and 

drifting, a 10X/0,3NA or 40X/0,85NA air objective (depending on whether the antibody to be 

validated showed one or several localizations where the latter case required higher resolution) 

was used and an auto-focus job based on contrast was performed prior to the acquisition of 

each image to ensure proper focus on the cells.  

Image analysis was performed using CellProfiler (Carpenter et al., 2006) to first segment the 

individual cells using the DAPI staining to find a primary object, and then microtubule staining 

to define a secondary object and thus the cell borders. In a second step, the integrated 

fluorescence intensity of the antibody under validation was quantified independently within the 



Charlotte Stadler 

	  

37 

primary (nucleus) and secondary objects (cytoplasm) and normalized against the microtubule 

staining. The distribution of fluorescence intensity in each cell population (the control and the 

knocked cell populations) was presented in box-plots and the median fluorescent signal 

between the populations was compared to define the relative fluorescent intensity (RFI) signal 

and statistical analysis was performed for significance testing of the reduced signal. The 

workflow is illustrated in Figure 7. 

	  

	  
	  
	  
Figure 7. A schematic overview of the validation platform using siRNA and IF incombination with 
automated imaging and quantitative image analysis. 

 

In this pilot study, 65 human proteins were silenced using 130 siRNAs, and 80 % of the 

corresponding 75 antibodies were successfully validated based on significant reductions in the 

corresponding fluorescence signals compared to the negative controls. We were thus able to 

confirm the IF-based localizations of the corresponding proteins achieved using the studied 
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antibodies. Several of the confirmed protein targets were previously uncharacterized and had 

previously only been identified at the transcript level. This work thus represents the first 

confirmation of their existence at protein level. 

Since the fluorescence of the nucleus and the cytoplasm were quantified independently, cross-

reactivity among the studied antibodies could be identified in cases where the fluorescent signal 

decreased in only one of the multiple stained organelles (exemplified in Figure 8).  

	  
	  
	  

	   	   	  
 

 

Figure 8. Revealed cross-reactivity for an antibody targeting ILF3. Both IF images and the quantification of 
the results show significant reduction of the nuclear staining but no reduction of the mitochondrial (in 
cytoplasm) staining. 
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However, since only two meta-compartments (the nucleus and the cytoplasm) were analyzed 

independently, the scope for discovering cross-reactivity is limited for antibodies showing 

staining in both of these compartments. Manual inspection of images could potentially identify 

cross-reactivity to a specific organelle among others in the same compartment, but this would 

require a clear knock-down of the true target and images of higher resolution to give a more 

detailed view of the structures. To reveal cross-reactivity in a more subtle case of down-

regulation of the target protein, the segmentation and quantification of different organelles 

would have to be extended.  The process of reverse-phase cell transfection used in this system, 

made the platform suitable for high-throughput applications and based on the high success rate 

achieved in this pilot study, the platform is currently implemented in the Human Protein Atlas 

project to validate the majority of its antibodies and the subcellular localization results obtained 

using them.  
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Comparison of immunofluorescence with 
complimentary techniques (Paper III)	  
	  
As described in a previous chapter, the drawbacks of using IF are the artifacts that may arise 

from cell fixation and the risk of misleading information if unspecific antibodies are used. 

Although these potential problems have been discussed in the two previous studies in this 

thesis, the fact that protein distribution is detected at a single time point and may not fully 

reflect the situation in vivo, remains to be evaluated.   

The aim of this study was therefore to compare subcellular protein localization in fixated cells 

to live cells, using cells expressing the corresponding target proteins in fusion with a fluorescent 

protein (FP) at the N-and C-terminals respectively. This was done in collaboration with the 

cDNA-GFP effort project (Simpson et al., 2000), where open reading frames where cloned into 

HeLa cells in a systematic manner to express the protein in fusion with GFP (or spectral 

variants thereof) for detection of the protein using fluorescence microscopy.  

The localizations of over 500 proteins representing most major organelles, were obtained from 

our IF experiments and from live cell imaging by the collaborators, and compared to define the 

frequency of overlapping locations within each category. The fraction of proteins detected in 

multiple organelles with each detection method (IF, N- and C-terminal tagged protein 

respectively) was also compared. In addition, the overlap between the N- and C-terminus 

tagged proteins was analyzed because protein tagging is known to potentially affect protein 

localization. 

Overall, the overlap between live and fixated cells in terms of protein localization was 80 %, 

which was comparable to that between proteins tagged at the N- and C-terminals. It was also 

shown that the overlap does not depend on the organelle in which the protein is found, since 

similar degrees of overlap were observed for most organelles. A few examples of proteins with 

overlapping localizations are shown in Figure 9. When comparing the fraction of proteins with 

multiple localizations, the equal result of 60 % was seen for all three datasets, indicate that there 

is a true complex distribution of proteins to several organelles. Taken together, the results based 
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on these 500 proteins show that IF can be used to study the subcellular localization of proteins 

with accuracy comparable to that achieved with live cell imaging.  

Due to the high correlation between these two imaging approaches in live and fixated cells, they 

are both reliable techniques and used in combination a powerful tool to assign protein 

localizations to yet uncharacterized proteins. Among the 500 proteins included in this study, the 

localizations of over 250 proteins with no previous information on subcellular distribution 

could be confirmed by the overlap of IF and any of the two fusion proteins expressed. 
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Figure 9. Illustrative examples of overlapping localizations for a variety of cellular structures in live and 
fixated cells.  Scale: bar 10 um 
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Figure 9. Illustrative examples of overlapping localizations for a variety of cellular structures in live and 
fixated cells.  Scale: bar 10 um 
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A global analysis of the subcellular landscape (Paper 
IV) 
	  
In this study, a global analysis based on the subcellular localization of approximately 20 % (n= 

4,005 proteins) of the human proteome was performed in three human cell lines (U-251 MG, 

A-431 and U-2 OS) of different origin (brain, epithelial and mesenchymal). The results obtained 

provide a first draft of the subcellular landscape in terms of protein distribution between the 

cellular organelles. To visualize the distribution of all proteins in each cell line, a network plot 

showing each individual protein and its localization(s) was created; the plot representing the U-2 

OS cell line is shown in Figure 10.  

It was found that many proteins are expressed ubiquitously in all three cell lines and that cell 

type-specific proteins are rare. Of the 4000 proteins studied, 77 % were detected in all three cell 

lines and only 7 % were found in just one cell line, suggesting that they may be cell type-

specific. In total, 89 % of the studied proteins were successfully detected in at least one cell line. 

However, the expression levels of many proteins differed between the examined cell lines. This 

is consistent with the results of a previous study looking at protein distribution across different 

tissues (Ponten et al., 2009). 

The localization of most proteins was the same in all cell lines, and a cluster analysis identified a 

series of distinct organelle proteomes that appeared conserved across the three cell lines. 

Moreover, the proteomes of organelles with similar biochemical properties and related 

functions (such as the nucleus and nucleoli or the vesicles and the Golgi apparatus) clustered 

together. 

The overall distribution of proteins observed in this study is broadly consistent with that 

reported for the yeast proteome, with the majority of the proteins occurring in the cytoplasm 

and nucleus in both species, followed by the mitochondria. (Huh et al., 2003; Kumar et al., 

2002).  
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Figure 10. A network plot showing all of the proteins detected in the U-2 OS cell line (n=3223). Each dot 
represents one protein and the nodes show the location(s) at which the protein was present. The color code 
shows the total numbers of locations at which the protein was observed.  
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Proteins that were observed in multiple locations were also most commonly found in some 

combination of these three organelles. Of the 4000 proteins in the study, 55 % were observed 

in a single subcellular location and 45 % in multiple locations. While this number is 

considerably higher than that reported for the yeast proteome (11 %; (Kumar et al., 2002), the 

fraction of proteins with multiple locations was consistent with that observed in the analyses of 

live cells reported in Paper III.  

A gene enrichment analysis of all the studied proteins for which only a single localization was 

identified was performed using Gene Ontology (GO). This revealed that protein function was 

strongly correlated to the organelle where it was localized. For example, most proteins 

annotated to the nucleus are involved in DNA replication and synthesis. More specifically, 

proteins in the nucleoli displayed functions related to rRNA synthesis and ribosome biogenesis, 

while proteins in the ER were more likely to have functions related to protein folding or 

cholesterol and sterol metabolism. Similarly, proteins in the plasma membrane were enriched 

for cell adhesion and transport activity. The fraction of proteins localized to the plasma 

membrane was lower than expected (<10 %) given that it has been estimated that 26 % of all 

proteins are membrane proteins (Fagerberg et al., 2010). This may reflect the technical difficulty 

of generating antibodies for detecting these proteins due to the transmembrane regions. 

Another problem is the permeabilization of the membranes, which may disrupt the proteins 

within. The results obtained in Paper I of this thesis indicated that the retention of these 

membrane proteins was somewhat improved when a relatively low concentration of detergent 

was employed during fixation, since their staining was somewhat stronger under such 

conditions. However, the number of proteins annotated to the plasma membrane using this 

approach was not substantially higher than that achieved with the standard method. 

The number of proteins from the Human Protein Atlas that have been analyzed at the 

subcellular level has increased to over 12,000, corresponding to more than 50 % of the 

genome’s protein-coding genes. Overall, the results obtained are consistent with the distribution 

reported in Paper IV of this thesis. In total approximately 80 % of the studied proteins were 

successfully detected in at least one of the three studied cell lines. This result seems to justify 

the decision to map the human proteome at the subcellular level using three cell lines with 
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different origins. To localize the entire human proteome and detect proteins with a higher 

degree of cell type-specificity, it would be necessary to expand the panel of cell lines used. This 

has recently been done within the Protein Atlas project and is discussed in the following 

sections of the thesis.  
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9. Conclusions and future perspectives 
	  
The antibody based approach using IF and high-resolution microscopy as employed within the 

framework of the Human Protein Atlas project has proven to be a suitable strategy for 

investigating the subcellular distribution of proteins. By optimization of the IF fixation protocol 

as described in Paper I, and the high correlation between IF data to live cell references as 

reported in Paper III, the results should are likely to reflect a true protein distribution and 

contribute to valuable information towards characterization of the human proteome. Further, 

validation of the antibodies using the siRNA approach as described in Paper II, has shown that 

the antibodies used specifically bind their intended target proteins to display accurate results, at 

the same time as antibodies displaying cross-reactivity can be detected and the results can thus 

be invalidated. 

Although the spatial and temporal distribution of the human proteome is complex and 

dynamic, the results presented in Paper IV demonstrate that it can usefully be studied even 

when using a relatively small number of cell lines. 89 % of the target proteins were successfully 

detected by IF, with 7 % of these occurring exclusively in one of the three cell lines and only 11 

% not being detected at all. Although these cell lines are of different origins, they are all cancer 

cell lines grown in vitro and the low number of cell type-specific proteins observed could 

potentially reflect their adaptation to in vitro growth. In order to complete the subcellular 

characterization of the entire human proteome, more cell lines or preferentially primary cells 

will have to be studied. The use of a wider range of cell types would probably increase the 

number of cell type-specific proteins detected and provide further insights into the spatial 

dynamics of the proteome. However, analysis of the proteome’s temporal dynamics will remain 

challenging – for example, there is currently no good way to detect proteins that are temporarily 

expressed during embryonic development. Further, since the expression level of many proteins 

has shown to vary between different cell types rather than which proteins are expressed, the 

need for absolute quantification is necessary to find differences between the cell types and for a 

deeper characterization of the proteome.  
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A possible way to quantify and possibly relate protein expression levels between cell lines would 

be to look at RNA data and the transcriptome as RNA sequencing yield quantitative numbers 

of each transcript detected. This approach can also be used to identify cell lines that express a 

certain protein before using it for IF studies. This approach has recently been applied within the 

Human Protein Atlas project, where the panel of cell lines was increased from three to eleven, 

and the three cell lines with the highest transcript level for the target gene (measured as FPKM 

values - fragments per kilobase of transcripts per million fragments mapped) are selected for IF. 

Approximately 500 proteins were analyzed using this new cell line selection approach and the 

number that were not detected was significantly lower than was the case for a set of 500 

randomly-selected proteins screened against the original three cell lines (unpublished data).  

It has been shown that many proteins are found in multiple organelles, as demonstrated by IF 

and in live cells using fluorescent proteins as reporters. This suggests that many proteins 

perform functions that are likely to be important in several organelles. Also, proteins that are to 

be secreted by the cell will pass through several organelles that are involved in the secretory 

pathway and are likely to be detected more than one of these organelles. The Gene Ontology 

enrichment analysis results for the 4000 proteins examined in Paper IV confirmed that protein 

function is related to localization and organelle proteomes are conserved across cell lines of 

different origins.  

The comparative study of protein localization in fixated and live cells demonstrated that both 

techniques provide accurate information on protein distribution. However, IF is very dependent 

on the use of well-validated antibodies and caution must be taken in regard to potential artifacts 

from fixation. Live cell studies can therefore be a useful complementary tool for confirming IF 

localization results and vice versa, especially for uncharacterized proteins. As stated in the 

introduction, 30 % of the human proteome has only been identified at the transcript level and 

an integrative approach will probably be required to accurately determine the localizations of 

these yet uncharacterized proteins. Another strategy for increasing the validity and reliability of 

IF results, is to use the siRNA technology described in Paper II. This validation platform is 

currently being incorporated into the pipeline of the Human Protein Atlas project for validating 

antibody specificity and the corresponding protein localizations.   
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The goal of the Human Protein Atlas is to produce a complete draft of the human proteome (as 

represented by the studied cell lines and tissues under the conditions used) by 2015. Once this 

information has been compiled, the work of relating individual proteins to common processes 

and interaction networks will continue. It will also probably be necessary to conduct increasing 

numbers of RNAi gene function studies in order to answer biological questions about normal 

and disease stages. Hopefully, a detailed characterization of all human proteins will increase our 

understanding of human cells as systems on the molecular level and allow the discovery of 

many protein markers that can be used for prognostic, diagnostic and therapeutic purposes with 

higher accuracy than existing biomarkers. In addition, the ongoing development of technologies 

that enable the visualization of ever-smaller structures is expected to deliver continuous new 

insights into cellular organization down to the molecular level. 

Charlotte Stadler 

	  

49 

The goal of the Human Protein Atlas is to produce a complete draft of the human proteome (as 

represented by the studied cell lines and tissues under the conditions used) by 2015. Once this 

information has been compiled, the work of relating individual proteins to common processes 

and interaction networks will continue. It will also probably be necessary to conduct increasing 

numbers of RNAi gene function studies in order to answer biological questions about normal 

and disease stages. Hopefully, a detailed characterization of all human proteins will increase our 

understanding of human cells as systems on the molecular level and allow the discovery of 

many protein markers that can be used for prognostic, diagnostic and therapeutic purposes with 

higher accuracy than existing biomarkers. In addition, the ongoing development of technologies 

that enable the visualization of ever-smaller structures is expected to deliver continuous new 

insights into cellular organization down to the molecular level. 



Towards subcellular localization of the human proteome using bioimaging 

	  

50 

Abbreviations 
	  
CD marker Cell differentiation marker 
DAPI  4',6-diamidino-2-phenylindole 
DIC  Differential interference contrast 
DNA  Deoxyribonucleic acid 
dsDNA  Double stranded deoxyribonucleic acid 
ER  Endoplasmic reticulum 
FP  Fluorescent protein 
GFP  Green fluorescent protein 
HPA  Human Protein Atlas 
IF  Immunofluorescence 
IHC  Immunohistochemistry 
mRNA  Messenger ribonucleic acid 
NA  Numerical aperture 
PALM  Photo activated localization microscopy 
PFA  Paraformaldehyde 
PM  Plasma membrane 
PTM  Post translational modifications 
qRT-PCR  Quantitative reverse transcription polymerase chain reaction 
RISC  Ribonucleic acid induced silencing complex 
RNAi  Ribonucleic acid interference 
rRNA  Ribosomal ribonucleic acid 
siRNA  Small interference ribonucleic acid 
STED  Stimulated emission depletion 
UniProt  Universal Protein Knowledgebase 
WB  Western blot 
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finns ju ett liv utanför forskningen!). 

Ett stort tack till mina föräldrar som alltid stöttat mig och uppmuntrat mig i allt jag 

gör och som alltid ställer upp och visar engagemang i det jag sysslar med! 

Eric, du är fantastisk på alla sätt! Tack för att du alltid lyssnar och vill förstå de project 

jag jobbar med. Och tack för ditt publikstöd hemma i köket när jag gått igenom mina 

presentationer. Du har många gånger hjälpt mig att hitta förklaringar på det jag gör 

när jag själv inte gjort det på ett begripligt sätt! 

	  
Detta arbete har finansiertas med anslag från knut och Alice Wallenbergs stiftelse 

samt “the 7th EU-framework project Prospects. 
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