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Abstract 

Post-translational modifications are covalent processing events that change the 
properties, location, and function of proteins. One the most common and well-
known modification is protein phosphorylation that is a reversible process where 
protein kinases add a small phosphate group to their substrate, which in turn can be 
removed by the action of phosphatases. The overall aim of this thesis is to study the 
function of protein kinases in various cellular aspects, such as cell signalling, cell 
development and cancer development. We focus on elucidating the function of 
Nemo-like kinase and JNK kinase in these biological settings. Nemo-like kinase is 
an evolutionary conserved atypical MAP kinase-related kinase that is most known 
as a negative regulator of the Wnt signalling pathway. The JNK kinases are part of 
a subgroup of the MAPK family and are often activated by stress-related stimuli, 
such as UV radiation, DNA damage, or oxidative stress. Both protein kinases play 
important roles in regulating cellular responses including proliferation, 
differentiation, and migration.  

In papers I-III we examine the role of Nemo-like kinase (NLK) in various cellular 
settings. In paper I we explored the function of NLK in mouse embryonic fibroblast 
cells and found that deletion of NLK resulted in increased cell proliferation. 
Furthermore, we could describe a novel way for NLK to negatively regulate Wnt 
signalling by directly phosphorylating HDAC1. This in turn represses TCF/LEF 
target gene transcription thereby decreasing cell proliferation. Wnt signalling is 
known to play an important role in all aspects of the developing immune system. In 
paper II we conditionally deleted NLK in early T-cell progenitors to study its role 
in developing T-cells. We found that deletion of NLK resulted in the loss of CD8+ 
single positive (SP) thymocytes due to increased cell death, without affecting the 
CD4+ SP thymocyte population. Furthermore, we found that in NLK-deficient mice 
the phosphorylated levels of HDAC1 and LEF1 were reduced compared to wild-
type mice, indicating that NLK is necessary for maintaining the balance of Wnt 
signalling in developing thymocytes. Previously, we have found that conditional 
deletion of NLK resulted in a lethal phenotype in mice, where pups died within 12-
36 hours after birth due to aberrant lung development. In paper III, we wanted to 
investigate the role of NLK in non-small cell lung cancer (NSCLC) development. 
NSCLC is one of the leading causes of cancer related deaths worldwide. It was 
found that mice harbouring deleted NLK had more lung tumour growth compared 
to control mice expressing NLK. Additionally, we found increased Ki-67 staining 
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in mice lacking NLK compared to wild-type mice. These preliminary data indicate 
that NLK under normal circumstances functions as a tumour-suppressor with 
regards to lung cancer development. In paper IV we examined the role of the JNK 
signalling pathway in the development of colorectal cancer. One major concern 
regarding colorectal cancer is that patients are often diagnosed at late stages where 
tumours have been metastasised. By using small molecules to target the JNK 
proteins we observed that inhibition of JNK1 resulted in decreased migration and 
invasion in colorectal cancer cells. Treatment of animals with JNK1 inhibitor 
reduced tumour metastasis in liver and lung confirming our in vitro data. Taken 
together, we have shown novel functions of the protein kinases NLK and JNK in 
various biological circumstances. By further studying the functions of these protein 
kinases, new roles could be discovered for NLK and JNK kinases to be used as 
diagnostic tools or new therapeutic treatment strategies.  
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Popular Scientific Summary 

 

Protein phosphorylation is a reversible process where protein kinases modify their 
substrate, which can be undone by phosphatases. Protein kinases are important 
modulators of proteins for all aspects of cellular biology, including cell 
proliferation, migration, invasion, cell death, differentiation, as well as regulating 
functions of proteins within the immune system. Even though protein kinases have 
been shown to be important regulators of almost all biological functions of proteins, 
many questions remain regarding the function of these enzymes. This thesis focuses 
on gaining understanding of how protein kinases function under normal, 
developmental and disease conditions.  

In papers I-III the focus lies on the protein kinase: Nemo-like kinase (NLK), which 
is an evolutionary conserved kinase; meaning it can be found in all organisms from 
worm, to mouse, to humans. NLK is mostly known to be a negative regulator of the 
Wnt signalling pathway. A signalling pathway controls and relays the 
communication between proteins within and between cells. When the Wnt 
signalling pathway is dysregulated, resulting in the activation or deactivation of 
proteins, it can cause the development of several diseases such as cancer, metabolic, 
and neurodegenerative diseases. 

In paper I, we show that deletion of NLK in mouse embryonic fibroblast (MEF) 
cells results in increased cell proliferation. However, no differences were found in 
cell migration, invasion, or survival in MEF cells lacking NLK compared to MEF 
cells expressing NLK. We found a new way that NLK can negatively regulate the 
Wnt signalling pathway, which results in decreased cell proliferation when NLK is 
present in the cells.   

The role of NLK within the immune system has not been investigated and in paper 
II our goal was to examine what the function of NLK in early T-cell development 
is. T-cells are white blood cells that play an important role in adaptive immunity, 
which is the part of the immune system that creates a memory of what kind of 
bacteria or viruses our bodies have encountered. The way T-cells develop follows a 
very strict order, as in cell A develops into cell B that develops into cell C. 
Eventually, they turn into mature T-cells, of which one type is called CD8 T-cells. 
These CD8 T-cells are important for killing cells, such as cancer cells, cells infected 
by bacteria/viruses, or damaged cells. When we remove NLK in T-cells, we found 
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that the number of CD8 T-cells were reduced by 50% due to them dying. We found 
that NLK plays an important role in maintaining the normal balance for developing 
CD8 T-cells.  

Dysregulated Wnt signalling has been shown to be involved in the development and 
progression of many types of cancer, such as lung cancer. In Sweden, lung cancer 
is the 6th most common type of cancer but the most common type of cancer-related 
deaths with a relative 5-year survival of approximately 20%. The most common 
type of lung cancer is called non-small cell lung cancer (NSCLC) that accounts for 
80% of all types of lung cancer. The role that NLK plays in the development of 
NSCLC is still very much debated, where some claim that NLK contributes to 
NSCLC development and some claim that NLK hampers development of NSCLC. 
In paper III we created various genetically engineered mouse models to study NLK 
in the development of NSCLC. By removing NLK in the lung we found that these 
mice developed more lung tumours and cells within these tumours were dividing 
faster compared to mice that still expressed NLK. Our preliminary data suggest that 
NLK might protect the lungs from developing tumours, but more research needs to 
be done to explain how NLK can contribute to less tumour growth. 

Finally, in paper IV we examined the role that the JNK signalling pathway plays in 
colorectal cancer (CRC). CRC is the 3rd most common type of cancer in Sweden 
with a 5-year survival rate of approximately 65%. However, CRC is often diagnosed 
at late stage disease where the tumours often have metastasised to distant organs. 
JNK proteins are protein kinases that function by modifying other proteins thereby 
affecting their function within the cell. By treating CRC cell lines with small 
molecules that block the action of the JNK signalling pathway we could show that 
these molecules caused a decrease in cell migration and invasion, which are 
important for cell metastasis.  

In summary, we have shown that protein kinases play important roles in cell 
signalling, cell development, and disease progression. This makes them interesting 
targets to study as novel cellular process regulators, but also for the use as prognostic 
tools and targeted treatment strategies.  
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Populärvetenskaplig sammanfattning 

Proteinfosforylering är en reversibel process där proteinkinaser modifierar sitt 
substrat vilket kan återställas av fosfataser. Proteinkinaser gör viktiga förändringar 
på proteiner som påverkar alla aspekter av cellulär biologi, inklusive 
cellproliferation, migration, invasion, celldöd, differentiering, såväl som reglerande 
funktioner hos proteiner inom immunsystemet. Även om proteinkinaser har visat 
sig vara viktiga regulatorer av nästan alla biologiska funktioner hos proteiner, 
kvarstår många frågor angående funktionen hos dessa enzymer. Denna avhandling 
fokuserar på att få förståelse för hur proteinkinaser fungerar under normala, 
utvecklingsmässiga och sjukdomsmässiga förhållanden. 

I artiklarna I-III ligger fokus på proteinkinaset: Nemo-like kinase (NLK), som är 
ett evolutionärt bevarat kinas; vilket betyder att det kan hittas i alla organismer från 
mask, till mus, till människa. NLK är mest känt för att vara en negativ regulator av 
Wnt-signalvägen. En signalväg styr och vidarebefordrar kommunikationen mellan 
proteiner inom och mellan celler. När Wnt signalvägen är oreglerad, som resulterar 
i att proteiner aktiveras eller stängs av kan det resultera i utvecklingen av flera 
sjukdomar, såsom cancer, metabola sjukdomar och neurodegenerativa sjukdomar. 

I artikel I visar vi att borttagning av NLK i musembryonala fibroblastceller (MEF) 
resulterar i ökad celldelning. Emellertid hittades inga skillnader i cellmigrering, 
invasion eller överlevnad i MEF celler som saknar NLK jämfört med MEF celler 
som uttrycker NLK. Vi hittade ett nytt sätt hur NLK negativt kan reglera Wnt 
signalvägen som resulterar i minskad cellproliferation när NLK finns i cellerna. 

NLK:s roll inom immunsystemet är inte alls undersökt, så i artikel II var vårt mål 
att undersöka vad NLK har för funktion i tidig T-cellsutveckling. T-celler är vita 
blodkroppar som spelar en viktig roll i adaptiv immunitet, vilket är den del av 
immunsystemet som skapar ett minne av vilken typ av bakterier eller virus våra 
kroppar har mött. Hur T-celler utvecklas följer en mycket strikt ordning, där cell A 
utvecklas till cell B som utvecklas till cell C. Så småningom förvandlas de till mogna 
T-celler, varav en typ kallas CD8 T-celler. Dessa CD8 T-celler är viktiga för att 
döda celler, såsom cancerceller, celler infekterade av bakterier/virus eller skadade 
celler. När vi tar bort NLK i T-celler fann vi att antalet CD8 T-celler minskade med 
50 % på grund av att de dog. Vi fann att NLK spelar en viktig roll för att upprätthålla 
den normala balansen för utvecklingen av CD8 T-celler.  
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Avvikande Wnt signalering har visat sig vara involverad i utvecklingen och 
fortskridningen av många typer av cancer, såsom lungcancer. I Sverige är 
lungcancer den 6:e vanligaste typen av cancer men den vanligaste typen av 
cancerrelaterade dödsfall med en relativ 5-årsöverlevnad på cirka 20 %. Den 
vanligaste typen av lungcancer kallas icke-småcellig lungcancer (NSCLC) som står 
för 80 % av alla typer av lungcancer. Den roll som NLK spelar i utvecklingen av 
NSCLC är fortfarande mycket omdiskuterad, där vissa påstår att NLK bidrar till 
NSCLC-utveckling och vissa påstår att NLK hämmar utvecklingen av NSCLC. I 
artikel III skapade vi olika genetiskt modifierade musmodeller för att studera NLK 
i utvecklingen av NSCLC. Genom att ta bort NLK i lungan fann vi att dessa möss 
utvecklade fler lungtumörer och celler i dessa tumörer delades snabbare jämfört med 
möss som fortfarande uttryckte NLK. Våra preliminära data tyder på att NLK kan 
skydda lungorna från att utveckla tumörer, men mer forskning behöver göras för att 
förklara hur och om NLK kan bidra till mindre tumörtillväxt.  

Slutligen, i artikel IV undersökte vi rollen som JNK signalvägen spelar i kolorektal 
cancer (CRC). CRC är den 3:e vanligaste cancerformen i Sverige med en 5-
årsöverlevnad på cirka 65 %. Men CRC diagnostiseras ofta i ett sent stadium av 
sjukdomen där tumörerna har metastaserat till avlägsna organ. JNK-proteiner är 
proteinkinaser som fungerar genom att modifiera andra proteiner och därigenom 
påverka deras funktion i cellen. Genom att behandla CRC cellinjer med droger som 
blockerar verkan av JNK signalvägen kunde vi visa att dessa droger orsakade en 
minskning av cellmigration och invasion, vilket är viktigt för cellmetastaser.  

Sammanfattningsvis har vi visat att proteinkinaser spelar viktiga roller i 
cellsignalering, cellutveckling och sjukdomsutveckling. Detta gör dem till 
intressanta mål att studera som nya cellulära processregulatorer, men också för 
användning som prognosverktyg och riktade behandlingsstrategier.  
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Populairwetenschappelijke 
samenvatting 

Eiwitfosforylering is een omkeerbaar proces waarbij eiwitkinasen hun substraat 
wijzigen, wat ongedaan kan worden gemaakt door fosfatasen. Eiwitkinasen brengen 
belangrijke veranderingen aan in eiwitten die alle aspecten van cellulaire biologie 
beïnvloeden, waaronder celproliferatie, migratie, invasie, celdood, differentiatie, 
evenals regulerende functies van eiwitten binnen het immuunsysteem. Hoewel is 
aangetoond dat eiwitkinasen belangrijke regulatoren zijn van bijna alle biologische 
functies van eiwitten, blijven er veel vragen bestaan over de functie van deze 
enzymen. Dit proefschrift richt zich op het verkrijgen van inzicht in hoe 
eiwitkinasen functioneren onder normale, ontwikkelings- en ziekteomstandigheden. 

In papers I-III ligt de focus op het eiwitkinase: Nemo-like kinase (NLK), een 
evolutionair geconserveerd kinase; wat betekent dat het kan worden gevonden in 
alle organismen, van worm, tot muis, tot mensen. NLK is vooral bekend als een 
negatieve regulator van de Wnt signaalroute. Een signaalroute controleert en stuurt 
de communicatie tussen eiwitten binnen en tussen cellen. Wanneer de Wnt 
signaalroute ontregeld is, wat resulteert in het activeren of deactiveren van eiwitten, 
kan dit de ontwikkeling van verschillende ziekten veroorzaken, zoals kanker, 
stofwisselingsziekten en neurodegeneratieve ziekten.  

In paper I laten we zien dat het verwijderen van NLK in embryonale 
fibroblastcellen (MEF) van muizen resulteert in verhoogde celproliferatie. Er 
werden echter geen verschillen gevonden in celmigratie, invasie of overleving in 
MEF-cellen zonder NLK in vergelijking met MEF-cellen die NLK tot expressie 
brengen. We hebben een nieuwe manier gevonden waarop NLK de Wnt-
signaalroute negatief kan sturen, wat resulteert in verminderde celproliferatie 
wanneer NLK in de cellen aanwezig is. 

De rol van NLK binnen het immuunsysteem is helemaal niet onderzocht, dus in 
paper II was ons doel om te onderzoeken wat de functie van NLK in de vroege 
ontwikkeling van T-cellen is. T-cellen zijn witte bloedcellen die een belangrijke rol 
spelen bij adaptieve immuniteit, het deel van het immuunsysteem dat een 
herinnering creëert aan wat voor soort bacteriën en virussen ons lichaam is 
blootgesteld. De manier waarop T-cellen zich ontwikkelen is heel strikt, aangezien 
cel A zich ontwikkelt tot cel B die zich ontwikkelt tot cel C. Uiteindelijk worden 



24 

het “volwassen” T-cellen, waarvan één type CD8 T-cellen wordt genoemd. Deze 
CD8 T-cellen zijn belangrijk voor het doden van cellen, zoals kankercellen, door 
bacteriën/virussen geïnfecteerde cellen of beschadigde cellen. Na het verwijderen 
van NLK in T-cellen ontdekten we dat het aantal CD8 T-cellen met 50% was 
verminderd omdat ze stierven. We ontdekten dat NLK een belangrijke rol speelt bij 
het handhaven van de normale balans voor de ontwikkeling van CD8 T-cellen.  

Het is aangetoond dat ontregelde Wnt signalering betrokken is bij de ontwikkeling 
en progressie van vele soorten kanker, zoals longkanker. In Zweden is longkanker 
het 6e meest voorkomende type kanker, maar het meest voorkomende type kanker 
gerelateerde sterfgevallen met een relatieve 5-jaarsoverleving van ongeveer 20%. 
Het meest voorkomende type longkanker wordt niet-kleincellige longkanker 
(NSCLC) genoemd en is verantwoordelijk voor 80% van alle soorten longkanker. 
Over de rol die NLK speelt bij de ontwikkeling van NSCLC wordt nog veel 
gediscussieerd, waarbij sommigen aantonen dan NLK bijdraagt aan de ontwikkeling 
van NSCLC en anderen aantonen dat NLK de ontwikkeling van NSCLC belemmert. 
In paper III hebben we verschillende genetisch gemanipuleerde muismodellen 
gemaakt om NLK bij de ontwikkeling van NSCLC te bestuderen. Door NLK in de 
long te verwijderen, ontdekten we dat deze muizen meer longtumoren ontwikkelen 
en dat cellen in deze tumoren sneller deelden in vergelijking met muizen die nog 
steeds NLK tot expressie brachten. Onze voorlopige gegevens suggereren dat NLK 
de longen zou kunnen beschermen tegen het ontwikkelen van tumoren, maar er moet 
meer onderzoek gedaan worden om uit te leggen hoe NLK kan bijdragen aan minder 
tumorgroei.  

Ten slotte onderzochten we in paper IV de rol die de JNK-signaalroute speelt in 
colorectale kanker (CRC). CRC is de 3e meest voorkomende vorm van kanker in 
Zweden met een 5-jaarsoverleving van ongeveer 65%. CRC wordt echter vaak 
gediagnosticeerd in een laat stadium van de ziekte, waarbij de tumoren vaak zijn 
uitgezaaid naar andere organen. JNK-eiwitten zijn eiwitkinasen die functioneren 
door andere eiwitten te veranderen, waardoor hun functie in de cel wordt beïnvloed. 
Door CRC-cellijnen te behandelen met medicijnen die de werking van de JNK-
signaalroute blokkeren, konden we aantonen dat deze medicijnen een afname in 
celmigratie en invasie veroorzaakten, wat belangrijk is voor uitzaaiingen.  

Samenvattend hebben we aangetoond dat eiwitkinasen een belangrijke rol spelen bij 
cel signalering, cel ontwikkeling, en ziekteprogressie. Dit maakt ze interessante 
doelwitten om te bestuderen als nieuwe regulatoren van cellulaire processen, maar 
ook voor gebruik als prognostische instrumenten en gerichte 
behandelingsstrategieën.  
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Background 

Post-translational modifications 
In eukaryotes, proteins have a widespread range of regulatory, signalling, catalytic, 
and structural functions. Most proteins are at some point modified through covalent 
processing events by post-translational modifications (PTMs) that change protein 
structure, localization, activity, and interactions with other proteins and substrates 
[1]. There are many types of PTMs including ubiquitination, methylation, 
acetylation, glycosylation, and phosphorylation [2, 3].  

Protein phosphorylation is one of the most common PTMs that was originally 
described in 1906 by Phoebus Levene who detected phosphate in the protein Vitellin 
[4], and in 1933 together with F. A. Lipmann identified phosphoserine in the protein 
Vitellin [5]. However, it wasn’t until 1954 that the first enzymatic phosphorylation 
of proteins was described as an enzyme that catalysed the phosphorylation of a 
protein substrate by adenosine triphosphate (ATP) [6]. 

Protein phosphorylation plays an important role in various cellular processes, such 
as metabolism, transcription, cell growth, cell division, cell death, immunity, and 
cell motility [7, 8]. Furthermore, deregulation of protein phosphorylation has been 
implicated to be involved in various diseases, including cancer, inflammatory 
diseases, and cardiovascular disorders [7, 9, 10].  

Protein kinases 
Protein kinases are intracellular enzymes that are responsible for protein 
phosphorylation by transferring gamma phosphate groups to various substrates. 
This mechanism is reversible by the ability of phosphatases to remove these 
phosphate groups [3, 10]. Over 500 kinases are encoded in the human genome and 
make up one of the largest family of genes in eukaryotes [11]. These protein kinases 
are subdivided into groups depending on the signalling pathway they belong to, such 
as mitogen-activated protein kinases (MAPK), cyclin-dependent kinases (CDK), 
calcium/calmodulin-dependent protein kinases (CAMK), casein kinase 1 (Ck1), and 
tyrosine kinases (TKs), among others [7, 11, 12]. 

The most common target sites of protein kinases are on Serine (Ser), Threonine 
(Thr), and Tyrosine (Tyr) residues. It has been shown that based on more than 2000 
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phosphoproteins the distribution of phosphorylated residue sites are 86.4% pSer, 
11.8% pThr, and 1.8% pTyr [13]. Certain protein kinases on only tyrosine, some on 
both serine and threonine (serine/threonine, STKs), and few on all three, which are 
dual-specificity kinases (DSKs) [7]. 

The regulation of most aspects of cellular activity is performed by protein 
phosphorylation and abnormal phosphorylation is a major contributor of disease 
development. Protein kinases themselves are regulated by phosphorylation via other 
kinases, through protein-protein interactions, and gene transcription. Since protein 
kinases can be regulated by many different actions, they have become a major target 
for therapy and many protein kinase inhibitors have been developed that either 
already are used in the clinic or are in clinical trials [14-16].  

JNK proteins 
The c-Jun N-terminal kinases (JNKs) are serine/threonine kinases, also known as 
stress-activated protein kinases (SAPK) that belong to a subgroup of the MAPK 
family of proteins. The JNK pathways are activated by a diverse array of stimuli, 
such as hormones, cytokines, pathogens, UV radiation, oxidative stress, DNA 
damage, and viral/bacterial infections [17, 18].  

The JNK kinase family is encoded by three highly homologous genes, JNK1, JNK2, 
and JNK3, with a total of 10 isoforms resulting from alternative splicing of these 
genes [19]. Furthermore, JNK1 and JNK2 are ubiquitously expressed in tissues, 
whereas JNK3 is more limited expressed in the brain and to an even lesser extent in 
the heart and testis [19-21]. JNK1 and JNK2 are important for embryonic 
development of mice, since dual deletion in mice resulted in hindbrain exencephaly 
and embryonic lethality [22]. Furthermore, JNK2 is necessary for efficient T-cell 
activation, but not B-cell activation [23]. JKN3 is highly expressed in the brain and 
regulates regeneration, differentiation, and programming of neurons [24]. 

The JNK signalling transduction pathway is a three-part pathway, where 
extracellular or intracellular stimuli activate JNK kinase kinases, which activate 
JNK kinases that in turn phosphorylate the threonine and tyrosine residues of the 
conserved Thr-X-Tyr motif [18, 25, 26]. The JNK phosphoproteins phosphorylate 
a variety of substrates that affect a range of cellular responses, including cell 
survival, cell division, immunological responses, and neuronal functions [18, 27]. 
Aberrant regulation of JNK signalling has been shown to be involved in disease 
development in animal models, including cancer, birth defects, neurological 
diseases, and immunological diseases [17, 28]. The JNK signalling pathway is 
becoming even more complex due to the crosstalk with other signalling pathways 
including Wnt [29, 30], nuclear factor kappa B (NF-κB) [31], and transforming 
growth factor beta (TGF-β) [32].  



27 

The Wnt signalling pathway 
Wnt proteins belong to a major family of conserved, secreted glycoproteins that 
orchestrate essential roles in various cell biological and developmental processes, 
contributing to tissue homeostasis, cell fate determination, anterior-posterior axis 
formation, and neural patterning. [33, 34]. In humans, there have been 19 genes 
identified that encode Wnts and many are located closely together in the human 
genome [35, 36]. After translation, Wnt proteins are post-translationally modified 
and targeted to the endoplasmic reticulum. Following modification, Wnt proteins 
are transported to the Golgi apparatus by COPII vesicles and further transported to 
the membrane by Rab8a [37].  

Originally, the Wnt protein wingless (Wg) was identified in Drosophila during a 
mutagenesis screen where mutations in Wg prevented formation of the wings and 
halteres [38, 39]. Isolation of the first Wnt gene from mouse mammary tumours, 
known as int-1 (mouse mammary tumour virus integration site 1), was found to 
virally induce mammary tumours [40, 41]. The wingless protein and the murine int-
1 proto-oncogene have shown to be homologous, lending the fusion of these names 
to become Wnt [42].  

The extensively studied Wnt signalling pathway has been shown to be evolutionary 
conserved in metazoan organisms that regulate many different cellular processes. 
However, dysregulation of the Wnt pathway signalling has been shown to cause 
various diseases, such as several types of cancer, neurodegenerative diseases, bone 
homeostasis, and metabolic disease [33, 43]. Signals from extracellular Wnt 
proteins stimulate multiple intracellular signal transduction cascades, including the 
canonical Wnt/β-catenin-dependent pathway and the non-canonical β-catenin-
independent pathway [44].  

Canonical Wnt signalling 
The most well-known Wnt signalling pathway is the canonical or β-catenin-
dependent signalling pathway (Figure 1). In an inactive state, when Wnt ligands are 
absent, the transcriptional co-activator β-catenin is phosphorylated by glycogen 
synthase kinase-3 beta (Gsk-3β), thereby rendering it inactive. The phosphorylation 
of β-catenin results in the instability and degradation of cytoplasmic β-catenin by 
the destruction complex consisting of Gsk-3β, Axin, Ck1, and adenomatous 
polyposis coli (APC) (Figure 1) [44, 45].  

Inactivation and phosphorylation caused by the destruction complex leads to 
ubiquitination of β-catenin by the E3 ligase β-TrCP that targets it for proteasomal 
degradation [46]. Degradation results in the inability of β-catenin to translocate to 
the nucleus, thereby repressing target gene transcription since β-catenin cannot bind 
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to the T-cell factor (TCF)/lymphoid enhancer factor (LEF) complex rendering them 
inactive (Figure 1) [33, 44]. 

Figure 1. Overview of the canonical Wnt signalling pathway. When Wnt ligands are not present, the destruction 
complex consisting of Axin, APC, Ck1, and Gsk-3β target β-catenin for proteasomal degradation. However, when Wnt 
is present, the destruction complex releases β-catenin that accumulates in the cytosol before translocating into the 
nucleus. Here β-catenin will bind to the transcription factor complex TCF/LEF that start target gene transcription.

The canonical Wnt signalling pathway is activated when Wnt ligands bind to the 
Frizzled (Fz) receptor and the lipoprotein receptor-related protein 5/6 (LRP5/6) co-
receptor. Once Wnt has bound to the Fz/LRP5/6 receptor complex, Fz can interact 
with Dishevelled (Dsh), which is a cytoplasmic protein that functions upstream of 
Gsk-3β [45, 47]. 

Axin is a well-known scaffold protein that interacts with the cytoplasmic tail of the 
LRP5/6 co-receptor through five phosphorylated PPPSP motifs [48, 49]. Once Dsh 
and Axin are bound to the receptors, downstream signalling is initiated, where Gsk-
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3b is sequestered and thereby unable to phosphorylate β-catenin. Stabilized β-
catenin can further accumulate in the cytosol before translocating to the nucleus. 
Inside the nucleus β-catenin will interact with the TCF/LEF DNA-binding 
transcription factor (TF) complex and promote transcription of target genes, such as 
Cyclin D1 (Cd1) and c-Myc (Figure 1) [44, 50]. 

Non-canonical Wnt signalling
The β-catenin-independent pathway or the non-canonical Wnt signalling pathway 
can be divided into two parts: the Wnt/Ca2+ pathway or the Planar Cell Polarity 
(PCP) pathway (Figure 2) [44, 51]. 

Figure 2. Non-canonical Wnt signalling pathways. Wnt ligands activate Dsh that in turn can activate the small 
GTPases Rac and Rho, thus activating the planar cell polarity pathway. Furthermore, PLC can become activated 
which leads to intracellular calcium release, thus activating the Wnt/Ca2+ pathway that can signal downstream to start 
target gene transcription.

Epithelial cells are polarized along the apical-basal axis and are arranged along the 
plane of the epithelial cell layer to orient themselves. This type of orientation or 
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polarization of cells is called planar cell polarity [52]. The PCP signalling pathway 
was identified during genetic studies in Drosophila melanogaster, where mutations 
in the PCP genes caused disorganized cuticular structures and the compound eye, 
as well as arrangement defects of photoreceptors in the eye [52, 53].  

Once the Fz receptor gets activated by Wnt5 or Wnt11, a signalling cascade starts 
by activating Dsh that has two domains DEP and DPZ that activate the small 
GTPases Rac and Rho [54]. First in order to signal through Rho, Dsh activates 
Dishevelled associated activator of morphogenesis (Daam1) [55], followed by the 
Dsh-Daam1 complex causing activation of Rho. Once Rho is active, it stimulates 
Rho-associated kinase (ROCK) signalling, as well as myosin that are necessary for 
the rearrangement and polymerization of the actin cytoskeleton [44, 45]. The Dsh 
DEP domain activates Rac independently of Daam1 and in turn activates JNK 
signalling, resulting in target gene transcription (Figure 2) [56].  

The second β-catenin-independent signalling pathway is the Wnt/Ca2+ pathway. The 
role of calcium as a second messenger in the Wnt signalling pathway was discovered 
after injections of Wnt5a or Wnt11 caused increased calcium transients in the 
enveloping layer of the blastodisc of 1-cell zebrafish embryos [57, 58]. When Wnt 
ligands bind to the Fz receptor it mediates the activation of Dsh through the 
activation of G-proteins. After activation of Dsh, multiple signalling cascades can 
become activated. Inhibition of calcium release can occur after activated 
phosphodiesterase (PDE) inhibits cGMP-dependent protein kinase or protein kinase 
G (PKG), which in turn inhibits Ca2+ release [44]. 

Furthermore, the activation of Fz by Wnts leads to stimulation of phospholipase C 
(PLC) that activates diacylglycerol (DAG) and 1, 4, 5-triphosphate (IP3). IP3 in turn 
causes the release of intracellular Ca2+ which triggers activation of protein kinase C 
(PKC), calmodulin-dependent kinase II (CAMKII), and calcineurin (Figure 2). 
CAMKII has been shown to have multiple effects, such as activate nuclear factor of 
activated T cells (NFAT) that is involved in the transcription of genes involved in 
lymphocytes, neurons, and muscle cells [59]. CAMKII is also able to signal through 
transforming growth factor beta activated kinase 1 (TAK1) and Nemo-like kinase 
(NLK) that can inhibit β-catenin signalling through inhibition of TCF/LEF [60, 61]. 
Both non-canonical Wnt signalling pathways have been shown to be important for 
embryonic development, as well as disease development. Furthermore, the 
Wnt/Ca2+ signalling pathway can affect and modulate both the PCP pathway and 
the canonical β-catenin-dependent signalling pathway.  

The Wnt signalling pathway in cancer 
All aspects of developmental biology, as well as at the cellular level, such as cell 
proliferation, differentiation, survival, motility, and stem cell self-renewal are 
affected and regulated by the Wnt signalling pathways.  However, mutations in the 



31 

Wnt signalling genes have resulted in aberrant Wnt signalling, which has led to the 
development of several types of cancer [51]. 

In 1991, it was discovered in familial adenomatous polyposis (FAP) – a hereditary 
form of colorectal carcinoma – that a major underlying cause of this disease 
development was the mutation of the APC gene [62]. Furthermore, it was shown 
that APC can directly interact with β-catenin and loss of APC in colon cancer cell 
lines resulted in overexpression of β-catenin and TCF4, thus indicating that the 
interaction between TCF4 and β-catenin is regulated by APC [63, 64]. 

In basal-like breast cancer it was reported that an accumulation of β-catenin in the 
cytoplasm and nucleus leads to poor prognosis, increased vimentin expression, and 
worse overall survival [65]. In metastatic breast cancer it was found that tumour-
secreted Dickkopf 1 (DKK1) was upregulated in patients with bone metastases but 
downregulated in patient without bone metastases. In the lungs it was found that 
DKK1 can suppress latent transforming growth factor beta binding protein 1 
(LTBP1)-mediated TGF-β secretion, thereby inhibiting the Wnt/Ca2+ –CAMKII–
NF-κB signalling cascade, thus affecting breast cancer metastatic growth in the 
lungs [66]. 

Mutations in exon 3 of CTNNB1, the gene encoding β-catenin, results in 
stabilization and nuclear translocation of β-catenin and thereby target gene 
transcription. In hepatocellular carcinoma (HCC), this mutation is observed in 20-
35% of all cases [67, 68]. However, using a mouse model of HCC where stabilized 
β-catenin is expressed, no tumour development 6 months post-induction could be 
observed in these animals. Indicating that stable β-catenin alone does not cause liver 
tumour development [69]. Nevertheless, examining Axin1 mutations in HCCs 
showed that the Axin proteins lack the binding site for β-catenin, resulting in the 
inability to inhibit β-catenin signalling. Furthermore, addition of Axin1 caused 
decreased β-catenin/TCF4-mediated transcription, suggesting that induction of 
wild-type Axin could be considered as a potential therapeutic strategy in HCC [70]. 

Taken together, the Wnt signalling pathway is not only important for proper 
development of tissue and organs, but also for keeping the balance among signalling 
molecules. Above are only a few examples of how aberrant Wnt signalling has been 
shown to be involved in the initiation, development, and progression of various 
types of cancers [50, 51, 71, 72]. 
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Nemo-like kinase 
The evolutionary conserved, proline-directed serine/threonine atypical MAP 
kinase-related kinase: Nemo-like kinase (NLK) was originally identified in 1994 in 
Drosophila. The Drosophila gene nemo was shown to be involved in ommatidia 
morphogenesis to regulate proper photoreceptor cell cluster rotation in the eye [73]. 
NLK was first cloned in 1998 after it was found to be a murine homolog to the 
Drosophila nemo gene. The amino acid sequence of NLK predicts a protein kinase 
that has shown to be 41.7% identical to murine Erk-2 and 38.4% identical to human 
Cdc2. The human form of NLK consists of 515 amino acids, containing a central 
kinase domain. Furthermore, the NLK sequence encodes a region very rich in 
histidine, glutamine, proline, and alanine accounting for more than 70% of the 
amino acid composition of this region [74, 75].  

Phylogenetic analysis has divided vertebrate NLK into two types: type-I NLK 
(Nlk1) and type-II NLK (Nlk2). Zebrafish express both nlk1 and nlk2, where Nlk1 
is 73% identical to Xenopus Laevis and only 68% identical to human NLK, 
meanwhile Nlk2 is 97% identical to human NLK [76]. In zebrafish, Nlk1 was shown 
to be expressed during the gastrulation stages, in the notochord, neural tube, and the 
eyes. Overexpression of Nlk1 to study its activity during early development, caused 
embryos with loss of eyes and forebrain [77].  

NLK is activated through various mechanisms, one of these is the suggestion that 
this occurs through autophosphorylation of its activation loop at Thr286, since 
mutation of Thr286 to aspartic acid or glutamic acid resulted in undetectable 
autophosphorylation [74]. Furthermore, multiple extracellular ligands have been 
shown to activate pathways that lead to the activation of NLK, including Wnt1, 
interleukin-6 (IL-6), and TGF-β [75, 78, 79]. It has also been shown that the non-
canonical Wnt/Ca2+ signalling pathway can activate NLK. Upon binding of Wnt5a 
to the Fz-2 receptor, intracellular calcium is released and able to activate CAMKII. 
Stimulation of CAMKII leads to the activation of TAK1 that in turn causes NLK to 
become activated (Figure 3) [61]. However, it has been shown that TAK1 cannot 
directly interact with NLK, which has led to the discovery of the scaffold protein 
TAK1-binding protein (TAB). Both TAB1 and TAB2 have been shown to bridge 
the interaction between TAK1 and NLK by their scaffolding action [80, 81]. Since 
TAK1 cannot directly interact with NLK, a mediator must act between the two 
proteins to propagate the signal. It has been shown that homeodomain-interacting 
protein kinase 2 (HIPK2) directly interacts with NLK and acts upstream of NLK but 
downstream of TAK1 (Figure 3) [78].  

In the literature, NLK is mostly known to be a negative regulator of the Wnt 
signalling pathway due to its ability to inhibit the TCF/LEF complex, thereby 
inhibiting target gene transcription by this complex (Figure 3) [82]. Initially, it was 
shown that NLK is able to phosphorylate TCF4, which in turn interferes with the 
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binding of β-catenin to TCF and the target sites of TCF, causing inhibition of TCF/β-
catenin-mediated target gene transcription [83]. Moreover, not only TCF is directly 
negatively affected by NLK phosphorylation, LEF1 is also a target for NLK 
phosphorylation. The phosphorylation of LEF1 by NLK occurs at Thr-155 and Ser-
166 affecting the recruitment of β-catenin to the NH2-terminus of LEF1, causing 
inhibition of the downstream signalling pathway [84]. NLK can phosphorylate 
TCF4 at Thr-178 and Thr-189, but this phosphorylation does not interrupt the 
complex building between TCF/LEF and β-catenin but prevents DNA binding by 
TCF/β-catenin, thereby inhibiting transcription [84]. Another mechanism of 
negative regulation of the Wnt signalling pathway by NLK is through its direct 
interaction with histone deacetylase 1 (HDAC1). Previously, we could show that 
mouse embryonic fibroblast (MEF) cells expressing NLK were able to directly 
phosphorylate HDAC1, which repressed LEF1 transcriptional activity, resulting in 
decreased cell proliferation compared to MEF cells lacking NLK expression [85]. 

Figure 3. Nemo-like kinase/Wnt signalling pathway. Model showing that NLK is activated through the non-
canonical Wnt/Ca2+ pathway and can directly interfere with canonical Wnt signalling by inhibiting target gene 
transcription by negative regulating the TCF/LEF complex either direct or through interaction with HDAC.
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Besides being a negative regulator of Wnt signalling, NLK has also been shown to 
positively regulate this signalling pathway [82]. Nlk2 in zebrafish is necessary for 
proper function of neural progenitor cells. It was shown that Nlk2 is important for 
activation, phosphorylation, and transcriptional activity of LEF1. Inhibition of Nlk2 
resulted in decreased cell proliferation causing a reduction in midbrain tectum size 
of zebrafish [76]. These data indicate that the function of NLK is organism and cell 
type dependent, due to its dual function as both a negative and positive regulator of 
the Wnt signalling pathway.  

In addition to being a regulator of Wnt signalling, NLK can affect other signalling 
pathways. Through the TAK1-NLK cascade, it was shown that NLK activates 
STAT3 which is necessary for the proper function of TGF-β-mediated induction of 
mesoderm in Xenopus Laevis [79]. Furthermore, research has provided evidence 
that IL-6 signalling activates TAK1-NLK signalling, resulting in NLK-mediated 
phosphorylation of STAT3 at Ser727 [86]. NLK has also been described as a new 
substrate of Notch signalling. NLK can phosphorylate the Notch intracellular 
domain (NotchICD), thereby negatively regulating Notch transcriptional activation. 
Additionally, knockdown of NLK resulted in hyper-activation of the Notch 
signalling pathway, which caused reduced zebrafish neurogenesis [87]. It was also 
found that NLK can phosphorylate inhibitor of nuclear factor kappa B kinase beta 
(IKKβ), thereby inhibiting tumour necrosis factor alpha (TNF-α)-induced NF-κB 
activity, as well as p65 nuclear localization and degradation of inhibitor of nuclear 
factor kappa B (IκBα) [88]. Recently, NLK has been shown to interact with 
YWHAZ (14-3-3ζ), preventing its dimerization which is important for 14-3-3ζ 
stabilization and function, resulting in decreased migration and growth of NSCLC 
cell lines [89].  

Nemo-like kinase in cancer 
Nemo-like kinase has been shown to be an important player in developmental 
biology, as well as cellular processes, including cell proliferation, cell migration, 
cell survival, cell differentiation by regulating the expression of several downstream 
signalling molecules [82]. However, aberrant NLK signalling has been found to 
affect development, as well as the process of disease initiation and progression, 
including cancer. Various studies have shown that depending on the type of cancer, 
NLK can act as an oncogene or a tumour-suppressor gene [90].  

In HCC, immunohistochemical analysis of patient data, has shown that NLK was 
upregulated in these tissues and high expression levels of NLK resulted in 
significantly worse prognosis, compared to low NLK expression [91]. Additionally, 
knock-down of NLK in HCC cell lines resulted in decreased cell growth, due to 
G1/S-phase cell cycle arrest caused by decreased levels of CDK2 and CD1 by NLK 
[92].  
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It has been shown that NLK is able to directly bind to c-Myb together with HIPK2, 
thereby phosphorylating c-Myb and affecting its further signalling [78]. In breast 
cancer it was shown that high expression levels of NLK were significantly 
correlated with low expression levels of c-Myb. Furthermore, overexpression of 
NLK caused cell growth inhibition and cell cycle arrest, as well as increased cell 
death [93], thus suggesting that NLK functions as a tumour suppressor in breast 
cancer cells. Moreover, we could establish that NLK is primarily localized in the 
nucleus of breast cancer cells compared to non-cancerous breast epithelial cells that 
mainly expressed NLK in the cytosol [94]. The nuclear localization of NLK was 
mediated by direct interaction with heat shock protein 27 (HSP27) and this 
interaction prevents NLK-mediated cell death [94]. 

In gallbladder cancer (GBC), high NLK expression is negatively correlated with 
overall survival and prognosis of patients. Furthermore, NLK expression is 
correlated with tumour grade and tumour node metastasis (TNM) grade [95]. These 
data suggest that NLK might be used as a prognostic marker when diagnosis patients 
with GBC.  

In prostate cancer (PCa) metastases, NLK expression was found to be 
downregulated compared to normal prostate and primary PCa. Knockdown of NLK 
causes an increase in androgen receptor (AR)-mediated transcriptional activity and 
inhibits apoptosis [96].  

In colorectal cancer, the expression levels of NLK were increased compared to non-
cancerous tissue. Patients with high NLK expression had decreased overall survival 
and disease-free survival. Moreover, there was a significant correlation between 
tumour invasion, metastasis, and vascular invasion in samples with positive NLK 
expression [97]. Expression of NLK in DLD-1 human colon cancer cells resulted in 
decreased cell growth, but the kinase inactive variant of NLK did not affect cell 
growth. Furthermore, stable NLK expression increased cell death but did not induce 
cell cycle arrest [98].  

Taken together, the role of NLK in tumour development is widely debated with 
regards to its oncogenic and tumour suppressive actions due to its tissue-dependent 
function.  
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Hematopoiesis 
Hematopoiesis is the developmental process in mammalians where all the cells of 
the blood system are replenished throughout time. It is estimated that approximately 
1012 new cells are generated each day in the adult human bone marrow (BM) [99]. 
One of the first times hematopoiesis was studied was in 1961 when bone marrow 
cells were injected into irradiated mice, which resulted in spleen colonies [100]. In 
1966, it was described how an agar in vitro culture system was used to quantify the 
clonal growth of murine bone marrow cells [101]. Later, culture systems were 
created after the realization that hematopoiesis in vitro can be prolonged by seeding 
bone marrow cells with an adherent cell layer consisting of endothelial cells, fat 
cells, and macrophages. This created a suitable environment for myeloid cells to 
differentiate from proliferative stem cells [102]. The use of long-term culture of 
adherent bone marrow cells, allowed researchers to culture normal murine B cells 
over time. Between 2-8 weeks of cultures, non-adherent B cells have limited 
division capacity, however, after 10-14 weeks this particular population of B cells 
is replaced with cells that are highly replicative [103]. Since blood cells are 
relatively short-lived, hematopoietic stem cells (HSCs) are necessary to regenerate 
the various types of blood cell lineages. For instance, after a bone marrow transplant, 
after injury or infection, hematopoietic cells need to be replenished [100, 104, 105]. 

The mammalian hematopoietic tree has HSCs at the top, which are defined by two 
properties. First, they are capable of producing new HSCs – self-renewal capacity, 
and second, they can differentiate into all types of progenitor cells that can further 
commit into specific blood cells (multipotency) [106]. The origin of HSCs is still 
very much debated in the field of hematopoietic research. However, the production 
of mammalian HSCs occurs in specific places, including the yolk sac, the aorta-
gonad mesonephros (AGM) region, which is an area around the dorsal aorta, the 
placenta, the fetal liver, and the bone marrow [107]. The development of HSCs is 
often described to occur in waves, where the first wave or “primitive wave” of blood 
production occurs in the yolk sac, which is necessary to produce red blood cells to 
oxygenize the developing tissue of the embryo. The second wave or “definitive 
wave” is the rapid onset of adult-type hematopoiesis occurring in the intraembryonic 
site later in development [106-108].  

The investigation of human HSCs depends on immunohistochemistry and surface 
antigen staining, where in a simplified view, cells are stained for CD34+. However, 
CD34 is expressed by both HSCs and vascular endothelial cells, thereby the pan-
leukocyte CD45 marker is used to distinguish between these cell types [109, 110]. 
CD34+ HSCs and early erythroblasts can be found at 18.5 days of embryonic 
development in the yolk sac and after 22 days red blood cells can be found in the 
circulation of the embryo [111]. On day 26, the HSCs can be detected in the 
mesenchyme of the AGM region surrounding the dorsal aorta. Furthermore, it has 
been shown that preumbilical aortic regions can produce erythroid and granulocyte 
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progenitor cells [112, 113]. On day 30, the first CD34+CD45+ HSCs can be found 
in the fetal liver and this population proliferates and increases until day 42 [113]. 
Finally, after 8.5 weeks of embryo gestation, the cartilage is broken down in a 
process called chondrolysis, meanwhile osteoblasts and osteoclasts are produced 
and invade the bone marrow cavity. After 10.5 weeks of gestation, hematopoietic 
stem cells and differentiation progenitor cells can be found in the bone marrow, 
where further hematopoiesis occurs [114]. 

The classical view of the hematopoietic cell system is based on a hierarchical tree 
where the branches consist of the differentiated progenitor cells until they reach 
their final mature cell type (Figure 4). 

Figure 4. Hematopoiesis. Schematic model showing how hematopoietic stem cells (HSCs) differentiate into the 
various hematopoietic cell lineages. 

This system can be divided into four lineages: first, erythrocytes or red blood cells 
(RBCs) that regulate oxygenation to and from tissues. Second, the megakaryocyte 
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lineage gives rise to thrombocytes that contribute to the coagulation of blood during 
wound healing. Third is the myeloid cell lineage that produces basophils, 
eosinophils, mast cells, and neutrophils, which belong to the granulocytes. 
Furthermore, the myeloid lineage gives rise to monocytes, and dendritic cells, all of 
which are involved in the innate immune system. The fourth group is the lymphoid 
lineage that produces B- and T-lymphocytes that belong to the adaptive immune 
system (Figure 4) [115-117]. Initially HSCs differentiate in multipotent progenitor 
(MPP) cells that have lost the ability to self-renew, before the further differentiate 
into common lymphoid progenitor (CLP) cells and common myeloid progenitor 
(CMP) cells [118-120]. These oligopotent progenitor cells give rise to all types of 
blood cells, where CMPs produce erythrocyte, megakaryocyte, granulocyte, and 
macrophage progenitors, meanwhile CLPs give rise to NK cells, B lymphocytes, T 
lymphocytes, as well as dendritic cells (DCs) (Figure 4) [121].  

In order to understand how HSCs differentiate into the various blood cell lineages, 
researchers stain cell surface molecules on these cells and analyse them by flow 
cytometry and through the identification of various cytokines necessary to shift 
differentiation towards a specific cell lineage [121, 122]. Cytokines of 
hematopoietic cells act at all levels of blood progenitor cell differentiation. These 
cytokines include the following groups: interferons, interleukins (ILs), 
erythropoietin (EPO), colony-stimulating factors (CSFs), thrombopoietin (TPO), as 
well as Fms-like tyrosine kinase 3 (FLT3), and stem cell factor (SCF) [116, 122-
124]. Even though the origin of hematopoietic stem cells and the mechanisms 
involved in the development of blood cell lineages has been extensively studied over 
the last couple of decades, still many questions arise regarding all aspects of this 
hierarchical system. 

T-cell development in the thymus 
The cells of the immune system all stem from HSCs within the bone marrow and 
once MPPs leave the bone marrow and migrate to the thymus, they commit to their 
T-lymphocyte cell fate. The microenvironment in the thymus is important for T-cell 
commitment, selection, expansion, differentiation, and maturation to become self-
tolerant and functional T-cells [125]. The thymus can be divided into four areas that 
have specific functions depending on their microenvironment, which play different 
roles in T-cell development. 1) The subcapsular zone consist largely of cortical 
thymic epithelial cells (cTECs). 2) The cortex comprises a mixture of cells, 
including cTECs, macrophages, and fibroblasts. 3) The medulla contains medullary 
thymic epithelial cells (mTECs), macrophages, DCs, and Hassal’s corpuscles. 4) 
The cortico-medullary junction comprises a dense network of blood vessels that 
facilitate the entry of thymocytes to and from the blood [126-128]. Early thymic 
progenitor cells (ETPs), also known as thymic seeding progenitor cells (TSPs) 
migrate from the bone marrow and enter the thymus at the cortico-medullary 
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junction (CMJ) where they undergo T-lymphocyte lineage specification [129]. The 
Notch signalling pathway plays an important role in early T-cell development and 
the maturation of ETPs by inhibiting ETPs to differentiate into myeloid cells [130, 
131]. 

The earliest thymocytes are double negative (DN) cells that lack CD4 and CD8 
expression, which are further divided into four subsets: DN1-DN4 [132]. DN1
thymocytes express CD4-CD8-CD3-CD44+CD25- and have been shown to be a very 
heterogeneous population of cells. Within this population there are ETPs that 
express high levels of cKit (linlowCD44+cKithighCD25-), which generate the 
thymocyte population by rapid expansion (Figure 5) [133]. 

Figure 5. Schematic overview of early thymocyte development. Once thymic progenitor cells reach the thymus 
they differentiate into double negative thymocytes (DN1-4), followed by differentiation into double positive 
(CD4+CD8+) thymocytes. The DP thymocytes differentiate and mature into single positive (SP) CD4+ or CD8+ 
thymocytes.

DN1 cells migrate from the CMJ to the subcapsular zone where they receive signals 
from fibroblasts and cTECs to differentiate into DN2 thymocytes (CD44+CD25+). 
T-lineage cell fate is further restricted and DN2 cells initiate T-cell receptor (TCR) 
rearrangement of TCRγ, TCRδ, and TCRβ gene loci [134, 135]. Next, DN2 cells 
differentiate into DN3 (CD44lowCD25+) thymocytes within the subcapsular zone of 
the thymus. Here the specific T-cell fate is decided whether cells become αβ 
thymocytes or γδ thymocytes due to excessive gene rearrangement of the β, γ, and 
δ gene loci in order to express functional TCRs. The αβ thymocytes must pass an 
important checkpoint in their development, known as β-selection, which requires 
additional signalling from CXC chemokine receptor type 4 (CXCR4) and Notch1 
receptor. For thymocytes to pass β-selection they require to have a functional pre-
TCR consisting of a TCRβ chain, components of the CD3 molecule, and a pre-Tα 
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chain [134, 136, 137]. Finally, DN3 thymocytes differentiate into DN4 (CD44-

CD25-) cells who migrate back to the medulla. After thymocytes have passed β-
selection and express a functioning pre-TCR, they upregulate CD4 and CD8 
expression to become CD4+CD8+ double positive (DP) cells (Figure 5). Next, DP 
thymocytes undergo positive selection after the initiation of TCRα recombination. 
During positive selection, the specificity and binding affinity of the αβ-TCR for the 
major histocompatibility complex (MHC) is tested and DP cells that interact with 
intermediate affinity survive and continue differentiating. Cells that bind too hard 
or too unspecific will get  pro-apoptotic signals, only DP cells that pass positive 
selection express self-MHC restricted TCRs [134, 138].  

Next, DP thymocytes differentiate in MHC class-I CD8 single positive (SP, CD4-

CD8+) cells or MHC class-II CD4 SP (CD4+CD8-) cells (Figure 5). The committed 
SP thymocytes migrate to the medulla where SP cells undergo negative selection. 
During negative selection, SP thymocytes will be eliminated if they bind too strong 
to self-peptide MHC molecules, thereby eliminating the creation of autoreactive T-
cells [139]. Once SP thymocytes express TCRs that bind the proper self-peptide 
MHC class to become either CD4+ SP T-cells or CD8+ SP T-cells, they are ready to 
migrate out from the thymic medulla to peripheral lymphoid sites, such as the spleen 
and lymph nodes [140]. 

SP thymocytes do not only need to pass positive and negative selection to survive, 
but their lineage commitment towards CD4+ SP or CD8+ SP cells is strictly regulated 
by various transcription factors. Lineage choice requires cell specific factors and in 
CD8+ SP thymocytes, the Cd4 silencer is upregulated that controls expression of 
CD4 [141]. Furthermore, the runt-related transcription factor (RUNX) family of 
transcription factors play a crucial role in driving lineage commitment toward CD8+ 
SP cells [142]. There are three members of this family: RUNX1, RUNX2, and 
RUNX3 that form heterodimers with core binding factor beta (Cbfβ), which 
together activate or inhibit target gene transcription. The Runt homology domain 
that RUNX transcription factors contain is in direct contact with DNA, something 
the Cbfβ protein lacks, however DNA binding affinity is significantly increased 
when RUNX-Cbfβ are complexed [143]. However, the RUNX TFs have different 
functions during thymopoiesis. RUNX1 is expressed in early thymocyte 
development, during the DP stage RUNX1 was shown to bind the Cd4 silencer to 
assure the survival of CD4 lineage thymocytes [144]. Additionally, RUNX1 has 
been shown to be important for proper β-selection and positive selection during 
early thymocyte development [145]. Meanwhile, RUNX3 is upregulated in 
differentiated CD8+ SP thymocytes and binds to the Cd4 silencer to remain 
committed to the CD8 T-cell lineage, even after these cells leave the thymus [146, 
147]. The literature has shown that the RUNX TFs favour CD8 T-lineage 
commitment over CD4. RUNX3 expression contributes to CD8 lineage 
commitment, not only by binding to the Cd4 silencer, but also by binding to the Cd8 
enhancer [145, 147]. Moreover, when naïve CD8+ T-cells differentiate in peripheral 
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effector cytotoxic T lymphocytes (CTLs), it was shown that RUNX3 TFs regulates 
the expression of interferon-γ (IFNγ), granzyme B, and perforin, which all are 
specific CTL effector markers [148].  

Simultaneously, transcription factors specific to the CD4 T-cell lineage are 
upregulated to ensure CD4+ SP thymocyte commitment. Opposing the action of 
RUNX3 in CD8+ SP cells is T-helper-inducing POZ Kruppel-like factor (ThPOK), 
which is a Zbtb7b gene product [149]. ThPOK belongs to the POK family of 
transcription factors containing a DNA binding domain consisting of multiple zinc 
fingers and a homodimerization domain [150]. ThPOK is first expressed in CD4+ 
SP thymocytes where it is upregulated during MHC class-II induced selection, while 
simultaneously downregulating CD8 expression. Furthermore, it has been shown 
that upon expression of ThPOK in MHC class-I restricted thymocytes redirects 
these cells towards CD4 lineage commitment, thereby inhibiting CD8+ SP cell 
differentiation [151]. Besides ThPOK, the zinc finger transcription factor GATA 
binding protein 3 (Gata3) is important during multiple steps of T-cell development. 
Evidence has been provided that Gata3 expression is highest in DP-to-CD4+ SP cell 
transition and plays an important role in CD4 cell development and acts as a 
negative regulator of CD8 thymocyte differentiation [152]. Upon deletion of Gata3 
in mice, the development of CD4+ SP thymocytes during DP-to-CD4+ SP transition 
does not result in redirecting cells to become CD8+ SP. However, Gata3 deficient 
mice did have a partial DN3 differentiation arrest resulting in decreased DN4 and 
DP cell numbers [153]. These experimental data suggest that Gata3 is important 
during the early stages of T-cell development, as well as to promote the expression 
of ThPOK to commit to the CD4+ SP lineage.  

In summary, Gata3 can contribute to activation of ThPOK expression which in turn 
binds to the Cd4 enhancer, while simultaneously inhibiting RUNX3 expression, 
thus favouring differentiation of CD4+ SP thymocytes. Meanwhile, RUNX3 
proteins bind the Cd4 silencer and Cd8 enhancer to repress the expression of 
ThPOK, to direct cells to differentiate into CD8+ SP thymocytes [142, 149, 154].  

Function of Nemo-like kinase in the immune system 
The Wnt signalling pathway has been established to play an important role 
throughout entire early development of T-cells. Wnt signalling is already necessary 
at the DN stage of T-cell development to contribute to cell proliferation [155]. TCF1 
has been shown to be a critical player in T-cell specification, where Notch signals 
to TCF1 in ETPs to drive T-cell lineage specification within the thymus [156]. 
Furthermore, deletion of β-catenin in T-cells resulted in decreased splenic T-cells 
due to a defective β-selection checkpoint. Additionally, TCR-CD3-mediated 
signalling was affected in these mice resulting in decreased cell proliferation, thus 
indicating the importance of β-catenin to maintain the T-cell pool [157]. Upon 
deletion of TCF1 and LEF1 in DP thymocytes, it was found that the differentiation 



42 

of CD4+ SP T-cells was significantly impaired and cells were redirected from CD4+ 
T-cell differentiation to the CD8+ T-cell fate [158]. 

However, the role that NLK plays in the immune system and more specifically in 
T-cell development is only newly of interest in the literature, where its function is 
still not very well understood or elucidated. It was shown that NLK, as well as β-
catenin are not necessary for thymus development in mouse embryos [159]. 
Furthermore, in short, we have generated a mouse model where NLK was deleted 
in the early stages of T-cell development, which caused a significant reduction in 
the CD8+ SP thymocyte population due to increased cell death [160] (more 
regarding this work will be discussed under “The present investigation”). Recently 
it was shown that TAK1-NLK signalling can regulate the phosphorylation of the 
Foxp3 in regulatory T-cells (Tregs). Additionally, deletion of NLK in Tregs resulted 
in diminished Treg-mediated immunosuppression causing these animals to develop 
autoimmune encephalomyelitis [161]. NLK was also shown to be a negative 
regulator of type I IFN signalling and the antiviral immune response by regulating 
the phosphorylation of mitochondrial antiviral-signalling protein (MAVS) leading 
to its degradation [162]. Since not much is known about the function of NLK in 
immune cells and the immune system, it is of interest to look further into the 
mechanism through which NLK might be able to regulate these cells and systems.  
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The stages of lung development 
The mammalian respiratory system can generally be divided into the upper and 
lower compartment. The upper respiratory tract consists of the nose, mouth, 
pharynx, and larynx. Meanwhile the lower tract encompasses the trachea and the 
lungs [163]. Furthermore, the lower respiratory tract resembles a tree-like structure 
where the airway tubes branch of from the trachea and the “leaves” of the 
mammalian airway system are the vascularized alveoli where gas exchange occurs. 
The lungs, as well as the trachea, oesophagus, liver, and thyroid arise from the 
anterior foregut endoderm (AFE). Specification of lung development is marked by 
the expression of transcription factor Nkx2.1 and decreased expression of Sox2 in 
the ventral endodermal cells [164, 165].  

Furthermore, human lung development can be divided into five developmental 
stages: 1) embryonic, 2) pseudo-glandular, 3) canalicular, 4) saccular, and 5) 
alveolar. During the embryonic stage, two primary lung buds are formed, as well as 
the trachea that becomes separated from the oesophagus. Branching morphogenesis 
occurs during the pseudo-glandular stage to generate airways with thousands of 
terminal branches. Additionally, epithelial cells start to differentiate and assume 
precise temporospatial placement [165, 166]. Next, lung development reaches the 
canalicular step, where cell cycle activity decreases, as well as rapid proliferation, 
so specialization of the airway epithelium can occur in the stalks. Epithelial cells 
start to express genes specific for the two epithelial cell types of the mature alveoli 
consisting of: alveolar type I (AT1) and alveolar type II (AT2) cells [167]. After the 
canalicular stage, the saccular stage takes place, where the canaliculi/terminal 
branches widen distally and start forming thin-walled epithelial sac clusters, which 
are the alveolar precursors. Simultaneously the formation of a vast capillary network 
is formed surrounding the alveolar precursors [164, 168, 169]. Finally, lung 
development reaches the alveolar stages of maturation, where full maturation of the 
alveoli occurs. As the alveoli expand, septae grow from the saccular walls to divide 
the alveoli, thereby increasing their surface area to provide better gas exchange. The 
capillary network surrounding the alveoli matures and is surrounded by specific gas 
exchange surfaces [167, 169, 170].  

Types of cells residing in the lungs 
The mammalian respiratory tract consists of epithelial cells and the trachea contains 
bands of smooth muscle cells, while in humans also cartilaginous rings are found 
that provide support and regulate airway flow. In humans the proximal respiratory 
tract and trachea are lined with pseudostratified epithelium, which consists of a 
single layer of epithelial cells that make contact with the basement membrane 
(Figure 6). Underneath the basal laminal surface are blood vessels, lymphatic 
vessels, fibroblasts, nerve cells, smooth muscle cell, as well as cartilage [169, 171]. 
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The pseudostratified epithelium is composed of various cell types, such as goblet 
and secretory cells that secrete mucus to trap particles during breathing which acts 
as a first line of defence to protect the body from inhaling unwanted and potentially 
dangerous particles [172].

Figure 6. Cellular composition of human airways. A schematic overview of all the distinct cell types found in the 
human trachea and large, medium, and small airways.

Club cells, also known as Clara cells, are nonciliated, secretory cells that secrete 
various protective factors, including club cell secretory protein (CCSP) and 
surfactant proteins A, B, and D. Furthermore, they contribute to remove harmful 
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substances from the respiratory tract and have immunomodulatory functions [173]. 
Multiciliated cells are also found in the epithelial lining of the lung and their 
function is to remove the mucus together with the captured particles. Additionally 
basal stem/progenitor cells (BSCs) can be found that act as stem cells for the 
proximal airways and trachea, which are necessary for producing pseudostratified 
epithelial cells during injury and repair (Figure 6) [163].  

In the lower respiratory tract and smaller airways pulmonary neuroendocrine cells 
(PNECs) can be found that prepare the microenvironment of the lungs to affect 
smooth muscle tone and regulate immune responses (Figure 6). Smooth muscle 
cells and mesenchymal cells such as fibroblasts line the airway tract to provide 
extracellular matrix (ECM) and secreted factors to modulate the epithelial cells and 
restrict or expand the airway branches [163, 169, 174].  

The alveoli consist mainly of two types of epithelial cells, the AT1 and AT2 
epithelial cells that are also known as pneumocytes. The flat, highly elongated AT1 
cells are specialized gas exchange cells, since they are involved in more than 95% 
of the gas exchange surface area and work constitutively together with the 
underlying capillary blood vessel network surrounding the alveoli [175, 176]. The 
AT2 cells are cuboidal and produce surfactant that is secreted into the alveolar space 
to protect the lungs from collapsing and to reduce surface tension and consists of a 
mixture of proteins and lipids secreted into the alveolar space. Additionally, these 
cells are more common than AT1 cells and are stem cell like as they can self-renew 
and differentiate into AT1 cells [176, 177]. The interstitial fibroblasts that support 
alveolar structure by producing ECM and producing factors necessary for AT1 and 
AT2 proliferation and differentiation [163]. Moreover, there are alveolar 
macrophages that play an important role in the innate immune response and regulate 
homeostasis of surfactant production [178]. 

Lung cancer: epidemiology, prognosis, and treatment 
The respiratory system is continuously exposed to small particles, pathogens, and 
toxins. Due to its large surface area, respiratory epithelial cells are constantly under 
pressure by outside factors that affect their proliferation and differentiation. When 
changes in respiratory cell proliferation and differentiation occur, it can contribute 
to acute and chronic lung injury, such as asthma, chronic obstructive pulmonary 
disease (COPD), interstitial lung disease (ILD), and cancer [179].  

In Sweden, lung cancer is the sixth most common type of cancer but is the leading 
cause of cancer-related death. The relative 5-year survival rate is 16.8% in men and 
slightly higher at 24% in women. Meanwhile, the 10-year survival rate is only 
10.9% respectively 17.4%, due to lung cancer often being diagnosed at a late stage 
making therapeutic intervention and surgery difficult [180]. However, globally, 
lung cancer is the second most common type of cancer diagnosed in patients after 
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female breast cancer. Nonetheless, the 5-year survival rate is globally also between 
10% and 20% in both men and women [181].  

One of the major risk factors for developing lung cancer during our lifetime is 
smoking. By increasing the number of cigarettes a person smokes per day, that 
person also increases the risk of developing lung cancer later in life [182]. Lung 
cancer is also observed in never-smokers and living with a smoker attribute to lung 
cancer developed by passive smoking [183, 184]. Occupational exposure to 
carcinogens has long been described to be a major risk factor for the development 
of lung cancer. Agents such as asbestos and other hard metals in the industry and 
mining, radiation and radon exposure, inhaled chemical products, and exposure to 
outdoor pollution have all been described to contribute to the development of lung 
cancer [185]. Genetic factors due to a family history of lung cancer also increases 
the risk of developing lung cancer. For instance, people that carry the TP53 germline 
mutation are more likely to develop lung cancer, especially in combination with 
smoking [186].  

One of the reasons why lung cancer is such a deadly form of cancer is due to patients 
being diagnosed in advanced stages of the disease. In most cases lung cancer is 
diagnosed in symptomatic individuals where the most common symptoms are 
coughing, fatigue, weight loss, dyspnea, and hemoptysis, which is coughing up 
blood that originates in the lungs or bronchial tubes. To identify and diagnose lung 
cancer, the initial diagnostic method is a CT scan followed by sputum analysis if the 
potential tumour resides in the upper respiratory tract, bronchoscopy, fine-needle 
biopsy of a lung lesion and lymph node lesion [187]. 

The International Association for the Study of Lung Cancer (IASLC) has developed 
a classification system for staging of lung cancer. This classification is based on the 
TNM-staging system, where T indicates size and extent of the primary tumour, N 
describes the involvement of regional lymph nodes, and M describes the absence or 
presence of metastasis [188]. For T1 lung cancer the tumours need to be <3 cm and 
T1 is further subdivided in T1a-c based on tumour size. In the T2 stage of lung 
cancer, tumours need to be between <3 and ≤5 cm in size and they have visceral 
pleural involvement, as well as the main bronchus without touching the carina. The 
T3 staging, tumours need to be <5 and ≤7 cm in size, as well as involving parietal 
pleura, chest wall, or have separate nodules within the same lung lobule as the 
primary tumour. The most advanced stage is T4, where tumours need to be >7 cm 
in size, involve the diaphragm, recurrent laryngeal nerve, great vessels, separate 
nodules in the same lung but different lobes as the primary tumour, or be in the 
visceral pericardium [189-191]. Furthermore, staging can be further and more 
detailed classified when including lymph node status, where no lymph node 
involvement obviously gives a better prognosis compared to peripheral lymph node 
metastasis. The M classification is based on the presence or absence of metastasis, 
where M0 means no distal metastasis, meanwhile M1c indicates multiple 
extrathoracic metastases, which results in the worst prognosis [189]. Symptoms and 
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treatment of metastatic disease depends on the site of metastases, of which the most 
common are the liver, brain, adrenal glands, and bones [187]. 

Lung cancer is a heterogeneous disease that can histologically be divided into two 
main variants: small-cell lung cancer (SCLC) and non-small cell lung cancer 
(NSCLC). The most common type is NSCLC that comprises approximately 85% of 
all cases, meanwhile SCLC accounts for the remaining 15% of lung cancer cases. 
Based on pathology and histological features, NSCLC can be subdivided into three 
categories: adenocarcinoma (AC), squamous-cell carcinoma (SqCC), and large-cell 
carcinoma (LCC) [192]. AC is the most common type of NSCLC and encompasses 
almost 50% of all cases. It has been found that AC most likely arises in the lung 
parenchyma epithelium from alveolar type 2 cells or Clara cells [193, 194].  

In lung ACs a high rate of genetic alterations, such as somatic mutations and 
genomic rearrangements can be detected and with new technology enabling high 
throughput screening of many samples, the most frequent oncogenic and tumour-
suppressor genes have been found. Molecular profiling analyses of tumour and 
matched normal material from 230 AC patients collected by the TCGA was 
performed to identify the most common genetic mutations. The top five most 
mutated genes were: TP53 (46%), KRAS (33%), KEAP1 (17%), STK11 (17%), and 
EGFR (14%) [195]. KRAS mutations most frequently occur in codon 12, of which 
the most common variants are G12V and G12D. The mutational partners for KRAS 
include TP53, STK11, and CDKN2A [196, 197]. KRAS is a potent driver gene for 
the development of lung cancer [198, 199]. It has been shown that oncogenic KRAS 
rapidly produced tumours in mice and resulted in self-renewal and proliferation of 
AT2 cells without triggering AT2 differentiation in AT1 or Clara cells [200]. It is 
noteworthy to mention that epidermal growth factor receptor (EGFR) under normal 
circumstances plays an important role in cell proliferation, cell migration, and cell 
survival and in NSCLC patients mutated EGFR is found in 10% of American 
patients [201].  

NSCLC treatment depends on the tumour stage, mutational status of the patient, and 
the patient’s condition. Primary treatment plans for resectable and early stage 
NSCLC is surgery, resulting in the best long-term survival outcome in these 
patients. In patients where surgery is not feasible, radiotherapy can be used to 
decrease the size of the tumours [188]. Patients with resected tumours have a chance 
of tumour relapse and are often treated with adjuvant platinum-based chemotherapy 
to reduce the risk of relapse and increase the 5-year survival rate [202]. However, 
almost 40% of NSCLC patients are diagnosed at an advanced stage (stage III and 
IV), including locally advanced disease or distant metastatic disease where surgical 
intervention is not a treatment option. In these cases, chemoradiotherapy 
(chemotherapy and radiation), followed by immunotherapy is advised. 
Chemotherapeutic treatment for these advanced stage patients consists of a regimen 
of platinum-based chemotherapy, usually cisplatin or carboplatin in combination 
with paclitaxel, docetaxel, gemcitabine, or vinorelbine [203, 204]. Patients with 



48 

advanced NSCLC might benefit from personalized medicine using targeted therapy 
if they present any genetic alterations, such as EGFR, ALK, or ROS1 mutations. The 
most successful targeted therapeutic agent has been against EGFR mutations, where 
patients harbouring this mutation will receive tyrosine kinase inhibitor (TKI) 
treatment against EGFR [205]. Osimertinib is a third generation TKI targeting 
EGFR and is the preferred treatment in patients with metastatic NSCLC bearing an 
EGFR mutation, since it has shown to improve the overall survival of these patients 
[206, 207]. Immunotherapy has been shown to be beneficial in patients with locally 
advanced lung cancer. Programmed death ligand-1 (PD-L1) inhibitor 
immunotherapy either alone or in combination with standard treatment has become 
standard of care [206]. Pembrolizumab is the first-line immunotherapeutic agent in 
NSCLC patients expressing PD-L1, where it has shown to improve progression-free 
survival and overall survival [208]. 

The role of the Wnt signalling pathway in lung cancer 
The Wnt signalling pathway is highly involved in many biological processes and it 
is known that aberrant signalling plays an important role in lung disease processes, 
such as idiopathic pulmonary fibrosis, lung cancer, and COPD [209]. It has been 
shown that activation of β-catenin alone cannot contribute to lung cancer 
development, however, in combination with constitutively active KRAS, it causes 
an increase in tumour number and size in mice [210, 211]. Non-small cell lung 
cancer cell lines constitutively expressing Wnt signalling by increased β-catenin 
levels had upregulated TCF reporter activity and increased cell proliferation. When 
stimulating NSCLC cell lines with Wnt antagonists Frizzled related protein 1 
(FRP1) and DKK1, downregulation of β-catenin and TCF was observed, resulting 
in decreased c-Myc levels [212]. Exposing human primary or immortalized 
bronchial epithelial cells to cigarette smoke extract resulted in increased cell 
proliferation, anchorage-independent growth, and the formation of tumours in nude 
mice. Additionally, data showed that Wnt/β-catenin signalling played a role in 
initiation, proliferation, and survival of these bronchial epithelial cells [213]. 

Even though the role of several Wnt signalling molecules in lung cancer 
development and progression has been described and established in the literature, 
the specific role of NLK is still debated. Previously, we have engineered a mouse 
model deficient of NLK and found that these animals had a very short lifespan 
following birth due to the mice becoming cyanotic. Upon further examination we 
found that these mice presented defects in lung development, due to 
hyperthickening of lung mesenchyme and compressed alveoli [214]. Our data 
indicates that NLK plays an important role in the normal development and 
maintenance of lung homeostasis. Furthermore, it has been shown that NLK 
expression is reduced in NSCLC tissue samples compared to non-cancerous tissue. 
Upon overexpression of NLK, cell migration and invasion were inhibited in lung 



49 

cancer cell line A549 [215]. In agreement with the aforementioned study, it was 
shown that knock-down of NLK resulted in increased cell proliferation due to 
shorter S-to-G2/M phase cell cycle transition [216]. These studies indicate that NLK 
functions as a tumour-suppressor in the development of NSCLC. Contradicting 
these papers, it has been shown that suppression of NLK caused reduced cell 
proliferation and tumour sphere formation [217]. Based on these conflicting results, 
there is an interesting opportunity to elucidate the function of NLK in NSCLC. 
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Colorectal cancer: epidemiology, prognosis, and 
treatment 
Worldwide, colorectal cancer (CRC) is the third most common type of cancer and 
is the second most deadly type of cancer after lung cancer. The overall 5-year 
survival rate for colorectal cancer is approximately 65%, which decreases in higher 
stage colorectal cancer. CRC is more prevalent in developing countries, where the 
highest incidence rate are found in European countries, followed by Australia/New 
Zealand, and North America [181]. Increasing improvements in CRC treatment and 
screening has led to decreased CRC mortality. This includes new and improved 
screening tests, removal of polyps, early detection methods, such as colonoscopy, 
faecal occult blood testing and faecal immunochemistry [218].  

A major risk factor to developing colorectal cancer is attributed to a “Westernized 
lifestyle”, which indicates obesity, inactive behaviour, and a high-meat, high-
calorie, high-fat diet, often in combination with excessive alcohol consumption 
[219]. Opposite of the high-fat diet, eating fish and ingesting fish oil has been shown 
to reduce the incidence of colorectal tumours [220]. Besides lifestyle risk factors, 
underlying disease also increases the risk of developing CRC over time. It has been 
shown that patients with chronic inflammatory bowel disease are at higher risk of 
developing CRC due to chronic inflammation caused by cytokines, increased blood 
flow, and free radicals predispose the tissue towards tumorigenesis [218, 221]. 

Mutations of the APC gene is seen in both non-hereditary cases of CRC as well as 
the cause of FAP due to a germline mutation in the APC gene [222]. As it was 
mentioned earlier, APC is well-known as a negative regulator of the Wnt signalling 
pathway. APC is part of the destruction complex that inhibits and degrades β-
catenin, thereby inhibiting target gene transcription integral for regulating cell 
proliferation, migration, and survival [44].  

Usually, the development of CRC starts with the proliferation of non-cancerous 
mucosal epithelial cells that line the large intestine. The uncontrolled proliferation 
of these epithelial cells grow into a polyp that will gradually grow for many years 
before turning cancerous [218]. There are two pathways that describe the process of 
CRC development: the traditional adenoma-carcinoma pathway (70-90% of all 
CRC cases) and the serrated neoplasia pathway (10-20% of all CRC cases) [223, 
224]. Genetic hits play an important role in the development and progression of 
CRC and at least four sequential genetic changes must occur for this disease to 
progress. The initial step to forming an adenoma comes through the earliest genetic 
hit that occurs in the APC gene, resulting in the loss of APC, which seems to be 
required to initiate clonal evolution within the intestinal epithelium [225]. Next, the 
acquisition of oncogenic KRAS results in adenoma growth and progression and this 
mutation can be found in approximately 50% of all sporadic CRCs. The 
combination of loss of APC and gain of oncogenic KRAS results in a favourable 
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proliferative environment for cells residing in the adenomas [226]. Subsequent loss 
of chromosome q18 with SMAD4 that functions downstream of TGF-β, as well as 
mutations in TP53 result in clonal expansion and malignant transformation [226, 
227].  

When CRCs remain undetected to the point that they grow into the colon intestinal 
wall or rectum and can permeate the tissue to reach the blood vessels or lymphatic 
system, they are able to metastasize. CRC in situ indicates that polyps have not 
grown into the colon or rectal wall, meanwhile local CRCs have grown into the wall 
but not past it. Once tumours invade regional lymph node the CRCs are referred to 
as regional cancer, while spreading to distant organs is called metastatic disease 
[218]. The metastatic process is a well-known stepwise procedure where cells 
invade locally through the ECM and stromal cells before they invade blood vessels. 
Cancer cells that survive travelling through the blood stream need to extravasate 
into the parenchyma of distant organs, where they must settle and survive a new 
microenvironment. At the distant site, cancer cells proliferate and create micro-
metastases before expanding in macroscopic tumours [228, 229].  

Despite new and approved screening programs, still approximately 25% of all CRC 
patients are diagnosed at advanced stage metastatic CRC. Local treatment is only 
possible when the disease is detected at an early stage, where polyps still can be 
removed by endoscopy. If the tumour is deemed resectable, surgical resection of the 
tumour will occur using laparoscopy [224]. Chemotherapy is standard of care in 
advanced stages and metastatic CRC where fluoropyrimidine-based treatment is 
most commonly used with or without the combination of oxaliplatin and 
capecitabine [230]. Depending on the mutational status of CRC patients, targeted 
therapy might be considered as a treatment option [231, 232]. In 2004, the Food and 
Drug Administration (FDA) approved the first targeted therapy drug for the 
treatment of CRC was cetuximab, which is an EGFR inhibitor [232]. Furthermore, 
VEGF inhibitor bevacizumab is approved for treatment of metastatic CRC and in 
combination with chemotherapy has been shown to increase progression-free 
survival but not overall survival [233]. Furthermore, in metastatic CRC immune 
checkpoint inhibitors are added to the treatment strategy of patients. However, it has 
been found that only a small proportion of CRC patients respond to this type of 
treatment [234].  

Function of JNK proteins in colorectal cancer 
Evidence has shown that the JNK signalling pathway plays an important role in 
cellular processes, including proliferation, migration, regulation of cell death, and 
cellular transformation and that aberrant signalling can lead to disease development 
including cardiac and neurological disorders, and cancer [235, 236]. The role of the 
JNK signalling pathway in CRC has been well-studied where often activating 
mutations of this pathway can be found. In hypoxic conditions, JNK signalling was 
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found to be activated in colorectal cancer cell lines and this activation contributed 
to increased cell survival. However, inhibition with CC-401 caused increased 
sensitivity to oxaliplatin under normal and hypoxic cellular conditions [237]. 
Furthermore, it has been shown that Taurine (an endogenous cell protective agent) 
can positively regulate the expression of phosphorylated JNK in CRC cells, which 
led to increased cell death and inhibition of JNK decreased apoptosis [238]. It has 
been shown that JNK can affect apoptotic signalling by inhibiting the activity of 
Bcl-2 and Bcl-XL, which are anti-apoptotic proteins, while promoting activation of 
Bim, Puma, and Bax, resulting in apoptosis [239].  

Even though screening for CRC has become much better over recent years, still 
approximately one fourth of all patients are diagnosed with advanced stage 
metastatic CRC [218, 219]. Epithelial-to-mesenchymal transition (EMT) is an 
important step for metastatic tumour progression. Inhibition of JNK promoted pro-
epithelial morphological changes in CRC cells under hypoxic conditions. 
Furthermore, it was shown that JNK inhibition resulted in downregulated cell 
migration, upregulated E-cadherin, downregulated formation of filopodia and 
lamellipodia, and inhibition of EMT transcription factors Twist1 and Snail [240].  

Treatment strategies of CRC include surgery, chemotherapy, targeted therapy, 
radiotherapy, and immunotherapy. Thanks to targeted therapies and immune 
checkpoint inhibitors, new treatment regimens have been established for patients 
with unusual genetic alterations and metastatic disease. One of the reasons the 
survival rate of CRC patients with advanced stage cancer is low is due to therapy 
resistance [231, 241]. PD-L1 expression is found on multiple types of tumour cells, 
including CRC cells, and it was shown that suppression of PD-L1 contributes to 
drug resistance in multiple CRC cell lines, as well as in two patient-derived CRC 
organoids. Furthermore, it was found that drug resistance in PD-L1 deficient cells 
was a result of increased JNK activity due to degradation of CYLD mRNA by 
EXOSC10 [242].  
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The present investigation 

Overview and aims 
Protein phosphorylation is a common and reversible post-translation modification 
that has an important function in regulating both developmental and cellular 
processes [8]. Protein kinases are evolutionary conserved in eukaryotes that alter 
substrate function or cellular location by adding a phosphate group to a serine, 
threonine, or tyrosine residue, which in turn can be removed by phosphatases. The 
catalytic activity of protein kinases is tightly regulated since protein kinases are 
involved in the regulation and homeostasis of many different cellular pathways. 
Dysregulation of the function of kinases can results in a diseased state, such as 
inflammatory disorders and cancer [243-245].  

The overall aim of this thesis was to gain understanding of the role protein kinases 
play under normal, developmental, and diseased states. The results of this thesis are 
presented in four papers, and these will be summarized and discussed below. 

 

The specific aims of this thesis were: 

I. To analyse whether the inhibitory function of NLK on the Wnt 
signalling pathway is navigated through other regulatory proteins.  

II. To investigate the function that NLK has in early T-cell development. 

III. To elucidate whether NLK functions as a tumour-suppressor or an 
oncogene in non-small cell lung cancer. 

IV. To examine the effect of JNK1 inhibition on the metastatic capacity of 
colon cancer cells.  
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Paper I: NLK-mediated phosphorylation of HDAC1 
negatively regulates Wnt signaling 
The canonical Wnt signalling pathway is highly involved in many cellular 
processes, including cell homeostasis, cell proliferation, differentiation, cell 
survival, and migration. Activation of the Wnt signalling pathway results in 
accumulation of β-catenin in the cytosol, followed by its nuclear translocation and 
binding to the TCF/LEF complex that in turn activate target gene transcription [44, 
246]. NLK is an evolutionary conserved MAPK-related kinase and a well-known 
negative regulator of the canonical Wnt signalling pathway by directly 
phosphorylating the TCF/LEF complex, thereby inhibiting their DNA binding 
capacity and subsequent transcriptional activity [82].  

Previously, we engineered NLK knock-out mice that showed a lethal phenotype 
where new-born mice died within 12-36 hours after birth [214]. Due to the lethality 
of this knock-out model, to examine the function of NLK using in vivo studies are 
limited. In paper I we isolated mouse embryonic fibroblast (MEF) cells with 
(NLK+/+) or without (NLK-/-) NLK expression to characterize the role of NLK on 
Wnt signalling in these cells. First, we studied cell morphology but could not see 
any differences between NLK+/+ or NLK-/- MEF cells. Next, we performed 
functional assays investigating the effect of deleted NLK on cell adhesion, cell 
invasion, and cell migration and could not detect any differences between NLK-/- 
and NLK+/+ cells.  

Furthermore, NLK has been implicated to play a role in the regulation of apoptosis, 
and it has been shown in prostate cancer cells that NLK induces cell death and 
inhibits AR signalling [96]. Additionally, overexpression of NLK in breast cancer 
cells resulted in decreased cell proliferation and increased cell death [93]. However, 
we could not detect any differences in number of apoptotic or necrotic cells between 
NLK-/- and NLK+/+ cells. Neither after inducing apoptosis using TNF-α or 
doxorubicin, thus indicating that deletion of NLK does not affect cell survival in 
MEF cells.  

Next, we investigated whether NLK influenced cell proliferation using multiple 
methods, including cell counting and WST-1 cell proliferation assay and found that 
NLK-deficient cells proliferated at a higher rate compared to NLK+/+ cells. After 
establishing that knock-out of NLK results in increased proliferation, we analysed 
cyclin D1 levels in these cells and found it increased in NLK-/- cells. Previously, it 
was shown in HCC cells that downregulation of NLK resulted in decreased cyclin 
D1 levels [92]. However, knock-down of NLK in NSCLC cell line A549 promoted 
cell proliferation [216]. These studies together with our data indicate that the effects 
of NLK on cellular processes are highly dependent in which cell type NLK is 
expressed. 
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Previously it has been shown that NLK can directly interact with TCF4 and LEF1, 
thereby regulating their transcriptional activity [83]. This prompted us to investigate 
whether the reduced proliferation rate in NLK knock-out cells was regulated 
through the Wnt signalling pathway and more specifically through regulation of 
LEF1. NLK deficient cells showed increased TOPFlash reporter assay levels, which 
is indicative of TCF/LEF activity. Furthermore, elevated levels of interactive LEF1 
and β-catenin could be observed in NLK-/- cells compared to NLK+/+ cells. One way 
for NLK to negatively regulate the Wnt signalling pathway is by direct 
phosphorylation of LEF1 on residue Thr-155 or Ser-166 [84]. Next, we analysed 
whether phosphorylation of LEF1 was altered in NLK deficient cells but could not 
observe any differences in phosphorylated LEF1 compared to wild-type NLK cells. 
These data indicate that another target of NLK must be included in this signalling 
cascade in order to affect cell proliferation in NLK knock-out cells.  

Wnt target gene expression requires the balanced function of repressive and active 
transcription factor complexes. Evidence has shown that TCF/LEF can be repressors 
of Wnt signalling when bound to Groucho/TLE. However, β-catenin directly 
competes with TLE for binding to TCF/LEF and upon replacing TLE, Wnt 
signalling becomes activated [247]. Moreover, the transcriptional repression of Wnt 
signalling by LEF1 requires further interaction with HDAC1 [248]. We could show 
that endogenous immunoprecipitation of LEF1 precipitated HDAC1 in wild-type 
NLK but not knock-out NLK cells. Previously it has been shown that HDAC1 
becomes post-translationally modified through phosphorylation [249], which we 
could confirm in wild-type NLK cells by performing an in vitro kinase assay. 
Additionally, transfection of NLK-/- cells with full-length or a catalytically inactive 
mutant of NLK showed HDAC1 phosphorylation in full-length expressing cells, 
confirming that NLK activity is required for phosphorylation of HDAC1. Earlier it 
has been shown that HDAC1 is phosphorylated at two serine residues: Ser-421 and 
Ser-423 and that these sites are necessary for HDAC1 enzymatic activity [250]. To 
identify phosphorylation sites in NLK expressing cells, we performed mass 
spectrometry analysis using in vitro phosphorylation of HDAC1. One 
phosphorylated serine peptide corresponding to Ser-421 or Ser-423 was found. The 
mass spectrometry results were confirmed by observing decreased levels of 
phosphorylated HDAC1 (Ser-421 or Ser-423) in knock-out cells compared to wild-
type cells. These data confirm that Ser-421 or Ser-423 are important 
phosphorylation sites to regulate HDAC1 activity and that NLK can affect HDAC1 
phosphorylation status.  

Upon confirming that negative regulation of the Wnt signalling pathway by NLK is 
through HDAC1, multiple luciferase reporter assays were performed analysing the 
activity of TCF/LEF. Here we found that β-catenin and LEF1 showed increased 
luciferase activity, while addition of the combination of NLK and HDAC1 reduced 
the TCF/LEF1 reporter activity. Furthermore, the inhibitory effect of NLK and 
HDAC1 required the activation of NLK, since mutated NLK did not affect reporter 
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activity. When analysing whether this inhibitory effect on TCF/LEF activity is 
specific to HDAC1, cells were co-transfected with HDAC5, HDAC6, and HDAC7, 
and found that indeed only HDAC1 together with NLK could reduce the activity in 
the reporter assay. Taken together, our study has shown a novel signalling cascade, 
where the presence of NLK results in phosphorylated HDAC1 that in turn can 
reduce LEF1 and cell proliferation-mediated transcription (Figure 7). Meanwhile, 
in the absence of NLK, cell proliferation is increased since the inhibitory 
downstream cascade of NLK is not activated. 

Figure 7. LEF1 activity repressed by NLK and HDAC1. Model of how activation of NLK results in phosphorylation of 
HDAC1 that in turn can bind to LEF1, thereby inhibiting target gene transcription. 

Paper II: Deletion of Nemo-like Kinase in T Cells 
Reduces Single-Positive CD8+ Thymocyte Population
T-cell development follows a precise sequence of events that is well-characterized 
by the expression of specific extracellular surface markers [251]. The most 
immature subset of thymocytes consists of CD4-CD8- double negative cells that can 
be divided into 4 subsets (DN1-DN4). Once DN cells reach the DN4 stage they 
differentiate into CD4+CD8+ double positive (DP) thymocytes. Then double 
positive thymocytes must go through positive and negative selection before they 
commit to differentiating in either CD4+ SP or CD8+ SP thymocytes. Finally, CD4+

and CD8+ SP thymocytes migrate out to of the thymus to peripheral lymphoid 
organs [140]. 

The Wnt signalling pathway plays an important role during all aspects of T-cell 
development, from the early stages of T-lineage specification, through all 
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thymocyte developmental stages, to peripheral T-cell differentiation [155, 252]. 
Even though the Wnt signalling is such an essential part of developing T-cells, the 
role of NLK in early T-cell development has so far not yet been addressed. For the 
purpose of studying if NLK contributes to T-cell development, in paper II we 
crossed LoxP-flanked NLK mice [214] with Lck-Cre mice to specifically delete 
NLK in early T-cells. 

Conditional deletion of NLK has previously been shown to have crucial 
consequences. Depending on genetic background, deletion of NLK was shown to 
result in birth of mice in the third trimester of pregnancy, or grow to develop 
neurological deficiencies, as well as abnormal bone marrow stromal cells [253]. 
Furthermore, in our conditional knock-out mouse model of NLK, pups died within 
12-36 hours after birth due to a severe lung phenotype resulting in cyanosis and 
abnormal alveoli development [214]. Next, we examined whether T-cell specific 
deletion of NLK affected the general health and development of the mice. We could 
not observe any differences in animal weight, whole blood counts, thymic size, 
weight, histological organization, or splenic size and weight when comparing 
NLKfl/fl animals. Previously reported data showed structurally normal thymi in  
E15.5 NLKfl/fl embryos [159]. Thus, together with our results confirming that NLK 
is not involved in thymus development and growth. 

When examining the various thymocyte compartments in NLK+/+ and NLKfl/fl mice, 
we found a 50% decrease in CD8+ SP thymocytes in NLKfl/fl mice compared to their 
control counterpart, without observing any differences in CD4+ SP thymocytes. 
Additionally, no differences in CD4+ SP and CD8+ SP splenocytes or peripheral 
blood cells was observed between NLK+/+ and NLKfl/fl mice. Upon further 
examination of CD4+ SP and CD8+ SP T-cells in the spleen and peripheral blood 
regarding effector versus naïve cells, no differences were found between 
experimental groups.  

T-cells must proceed through various selection processes while differentiating to 
become fully mature peripheral T-cells. During positive selection, DP thymocyte 
start expressing TCRβ to generate a functional TCR to differentiate into CD4+ SP 
and CD8+ SP T-cells. Thymocytes carrying a moderate affinity for self-peptide TCR 
will receive a survival signal and differentiate into mature T-cells [254]. We 
examined TCRβ expression in CD4+ SP and CD8+ SP thymocytes and could not 
find any differences between NLK+/+ and NLKfl/fl mice. CD5 is a marker for T-cell 
activation and a negative regulator of TCR signalling pathways [255]. When 
examining the expression of CD5 in CD4+ SP and CD8+ SP thymocytes no 
differences were observed between groups. Neither TCR signalling or activation of 
T-cells by CD5 were affected by deletion of NLK.  

In paper I we could show that NLK could directly affect phosphorylation levels of 
HDAC1 [85]. Furthermore, previous research has shown that NLK negatively 
regulates Wnt signalling by phosphorylation TCF and LEF [83, 84]. This prompted 
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us to investigate whether phosphorylated HDAC1 and LEF1 affects CD8+ SP NLK-
deficient thymocytes. Levels of both p-LEF1 and p-HDAC1 were reduced in CD8+ 
SP NLKfl/fl cells compared to CD8+ SP NLK+/+ cells, where the greatest effect was 
seen on p-HDAC1. These data suggest that phosphorylation levels of HDAC1 and 
LEF1 in CD8+ SP thymocytes are regulated by NLK, confirming our previously 
generated data. The function of HDAC1 and HDAC2 during late T-cell 
development was shown to be important for maintaining CD4 lineage integrity 
through repression of Runx-Cbfβ, since deletion of HDAC1/2 resulted in MHC 
class II CD4+ helper T-cells expressing CD8 lineage genes such as Cd8a [256]. 
Furthermore, it was found that TCF1 and LEF1 have intrinsic HDAC activity, which 
is necessary for regulating CD8+ lineage integrity by repressing CD4+ lineage 
specific genes, such as Cd4 and Foxp3 [257].  

 

 

 
Figure 8. T-cell lineage specific deletion of NLK. Deletion of NLK in early thymocytes results in decreased cell 
survival of CD8+ thymocytes without affecting the CD4+ SP thymocyte population. Furthermore, NLK-deficient peripheral 
CD8+ T-cells show increased proliferation to maintain the CD8+ splenocyte pool.  



59 

 

To understand the reason behind the decrease in CD8+ SP thymocytes, we examined 
whether differentiation from DP-to-SP thymocytes was affected by co-culturing DP 
thymocytes on OP9DL1 murine stromal cells. After stimulating these cells with 
various cytokines to direct differentiation into CD8+ SP thymocytes, no differences 
in differentiation potential were observed between NLK+/+ and NLKfl/fl mice. 
However, when investigating whether cell death caused selective reduction in CD8+ 
SP NLKfl/fl thymocytes, stained DP, CD4+CD8low, CD4+ SP, and CD8+ SP 
thymocytes were analysed for Annexin V and DAPI expression. We found an 
increase in cell death in NLK-deficient CD8+ SP thymocytes compared to NLK 
wild-type CD8+ SP thymocytes, without observing any effect on the other 
thymocyte subpopulations. The role NLK plays in cell survival is not well 
understood, but one recent study could show that TCF1 deletion results in reduced 
DP T-cell survival due to dysregulated Bcl-XL [258].  

Next, we wanted to examine what compensatory mechanism was active in splenic 
CD8+ SP cells since deletion of NLK resulted in reduced CD8+ SP thymocytes but 
not splenocytes. CD8+ splenocytes were isolated, CFSE stained, and grown in vitro 
for 24-96 hours before analysing their proliferative capacity using flow cytometry. 
We could observe increased proliferation after 72 and 96 hours in NLKfl/fl CD8+ 
splenocytes compared to NLK+/+ control cells.  

Taken together, in paper II we have shown a new light on the function of NLK in 
developing T-cells. Deletion of NLK resulted in decreased phosphorylation of 
HDAC1 and LEF1, which in turn results in increased cell death of CD8+ SP 
thymocytes and induction of compensatory mechanisms to increase the peripheral 
splenic CD8+ T-cell pool by activating cell proliferation (Figure 8).  

Paper III: Deletion of Nemo-like kinase contributes to 
increased tumour development in non-small cell lung 
cancer (manuscript) 
Lung cancer is a disease arising from the epithelium lining the respiratory tract and 
is the second most common diagnosed type of cancer worldwide. Lung cancer is the 
leading cause of cancer-related deaths and the 5-year survival of patients is 
estimated to be between 10-20%, since many patients are diagnosed at late stages 
[181]. Almost 80% of all lung cancer can be ascribed to non-small cell lung cancer 
(NSCLC), of which adenocarcinoma, accounting for approximately 40% of all 
NSCLCs is the most frequent subtype [192]. Aberrant Wnt signalling has been 
shown to be a major contributor to various types of disease development, including 
lung cancer [51, 259, 260].  
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The literature is divided regarding the role of NLK in NSCLC, where some have 
shown that NLK functions as a tumour-suppressor [215, 216], and others that NLK 
acts as an oncogene [217]. In paper III we set out to investigate whether NLK is an 
oncogene or tumour-suppressor in NSCLC. Previously we have shown that NLK 
plays a role in lung development in mice, since deletion of NLK resulted in death 
directly after birth [214]. In the absence of NLK VEGF expression was elevated in 
isolated pulmonary epithelial cells, promoting cell proliferation of pulmonary 
epithelial and endothelial cells leading to hyperthickening of lung vasculature that 
caused compressed alveoli [214].  

There are various ways to study the function of specific genes in vivo for example 
by using engineered transgenic animals where the gene of interest is expressed under 
the control of a tissue-specific promoter. Furthermore, an inducible system can be 
created by combining Cre recombinase activity with the oestrogen receptor (ER) 
binding domain (Cre-ERT2), where Cre can be activated by injecting the animals 
with tamoxifen [261]. In this study we crossed Scgb1-Cre mice with NLK-floxed 
mice to create NLK specific deletion in Clara cells in the lung. Additionally, it is 
well established that KRAS and TP53 are frequently mutated in NSCLC [194], and 
combination of constitutively active KRAS and loss of function TP53 results in lung 
tumour development [199]. By creating combinations of this model with or without 
NLK we proceeded to elucidate the role NLK plays in lung cancer development. 
The Wnt signalling pathway depends completely on the functional activity of β-
catenin [44, 246], however its role in NSCLC in combination with NLK has not yet 
been established. We added floxed-β-catenin (Ctnnb1) mice, which upon Cre 
recombination will produce constitutively active β-catenin [262], to our study to 
create various combinations of transgenic animal models to examine the role of Wnt 
signalling and NLK in NSCLC development.  

Injection with tamoxifen on 4 consecutive days results in deleted NLK, oncogenic 
KRAS, inactivated p53, and stabilized β-catenin in Clara cells. To monitor the 
health status of our animals, they were weight regularly and kept under observation 
during the experimental time-frame of 6 months post-injections. No differences in 
weight over time was observed in any of the experimental and their control groups, 
thus indicating that deletion of NLK does not affect the overall health of these 
animals.  Which is in stark contrast compared to previous observations where 
animals had lethal phenotypes when NLK was conditionally deleted [214, 253]. 
Furthermore, no differences in weight upon sacrifice was observed. However, when 
weighing the lungs after sacrifice, a significant difference was found between 
Ctnnb1fl/flNLK+/+ (control) mice and Ctnnb1fl/flNLKfl/fl mice, where 
Ctnnb1fl/flNLK+/+ control animals harboured heavier lungs.  

Once lungs were resected, we analysed the lungs for macrotumour formation (i.e. 
tumours visible to the eye without dissecting the tissue). We found no significant 
differences in macrotumour numbers between animal groups but a tendency to have 
elevated numbers of macrotumours in NLKfl/fl animal groups. It is important to 
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mention that this data is still preliminary, and more animals need to be added to each 
group before final statements and conclusions can be drawn.  

Next, H&E staining of lung sections were prepared to analyse the number of 
microtumours visible in each section. All groups reveal tumour growth except for 
Ctnnb1fl/flNLK+/+ animals, which confirms previous data stating that stabilized β-
catenin under the Clara cell promoter does not develop lung tumours over time in 
mice [210, 263]. A significant increase in microtumours was found in 
Ctnnb1fl/flNLKfl/fl mice compared to control mice. Although not significant, the 
same trend in increased number of microtumours could be observed in the other 
groups expressing NLKfl/fl compared to their control counterparts. Predictably, we 
found the average tumour size to be increased in Ctnnb1fl/flNLKfl/fl mice compared 
to Ctnnb1fl/flNLK+/+ mice, however this was not observed in any of the other groups 
of animals. In summary, our data suggest that NLK has a protective role in the 
development of NSCLC.  

Finally, we wanted to examine what could contribute to the increased tumour 
growth observed in NLKfl/fl groups. We stained lung sections for Ki-67 to 
investigate whether cell proliferation was affected by the deletion of NLK. We 
found that Ctnnb1fl/flNLKfl/fl mice had a significant increase in Ki-67 positive cells 
compared to Ctnnb1fl/flNLK+/+ mice. The tendency toward a higher percentage of 
Ki-67 positive cells was also found in the other groups bearing NLK deletions: 
Ctnnb1fl/flKRASfl/+NLKfl/fl mice and Ctnnb1fl/flKRASfl/+ Trp53mutNLKfl/fl mice 
compared to their controls expressing NLK+/+. The role of NLK on regulating cell 
proliferation has been shown and in breast cancer cells NLK expression resulted in 
decreased cell proliferation and instead induced cell death [93]. Furthermore, in 
gallbladder cancer cell lines, knock-down of NLK caused decreased cell 
proliferation and migration [264]. We have been able to show that deletion of NLK 
in MEF cells results in active Wnt signalling due to the lack of inhibitory 
phosphorylation of HDAC1, causing increased cell proliferation [85]. In NSCLC 
cell lines, knock-down of NLK promoted cell proliferation, as well as increased 
expression of c-Myc and CD1 [216]. 

Taken together, our data in paper III shows that mice deficient in NLK tend to 
develop more lung tumours, without affecting their overall health in comparison to 
NLK expressing animals. Furthermore, it seems that deletion of NLK results in 
active Wnt signalling causing an increase in cell proliferation. However, future 
research including more animals shall give us the answer to what role NLK plays in 
lung cancer development, as well as what the underlying mechanism is to the 
observed increased cell proliferation. Our results suggest that NLK has a protective 
function in lung homeostasis and might act as tumour-suppressor in the 
development of lung cancer.  
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Paper IV: Reversine inhibits Colon Carcinoma Cell 
Migration by Targeting JNK1 
Colorectal cancer (CRC) is one of the most common types of cancer and the second 
most common sort of cancer-related deaths, due to patients being diagnosed at 
advanced and metastatic stages of the disease [218].  

The JNK kinases are a subgroup of the MAPK family of proteins that have been 
shown to play a key role in cell proliferation, cell migration, cell differentiation, cell 
survival, and aberrant JNK signalling can result in disease development, such as 
cancer [18, 235]. Activating JNK mutations are often found in CRC, and this was 
found to result in increased cell survival of colorectal cancer cell lines [237]. 
Inhibition of JNK caused reduced cell migration and inhibition of EMT markers, 
such as Snail and Twist [240]. Even though treatment regimens are set depending 
on which stage of CRC a patient is diagnosed with, a major obstacle in treating 
patients with chemotherapy is multidrug resistance. Drug-resistant colon cancer 
cells were treated with JNK pathway inhibitor SP600125, which reduced the levels 
and transport function of ABCC1, thus indicating that JNK signalling contributes to 
drug resistance [265].  

Previously, it was shown that mitotic kinase inhibitors Reversine (2-(4-
morpholinoanilino)-6-cyclohexylaminopurine) and SP600125 (anthra[1,9-
cd]pyrazol-6-(2H)-one) affect cell invasiveness and migration of soft tissue sarcoma 
cell lines [266]. Reversine, a small synthetic purine was first discovered as an agent 
capable of inducing myogenic lineage committed cells to dedifferentiate into 
multipotent mesenchymal progenitor cells that had the ability to proliferate and 
redifferentiate into bone and fat cells [267]. Later, studies demonstrated the effect 
of Reversine on cancer, such as in human lung cancer cells it was shown to cause 
cell death and growth inhibition [268]. In human breast cancer cells, Reversine was 
shown to cause growth inhibition through cell cycle arrest, polyploidy, and 
induction of cell death programs [269]. SP600125 is a reversible ATP-competitive 
inhibitor, an inhibitor of c-Jun phosphorylation, and an inhibitor of JNK1, JNK2, 
and JNK3 isoforms [270]. Since JNK has been shown to be able to contribute to 
CRC development, in this study we wanted to test whether inhibition of JNK 
signalling using Reversine and SP600125 could affect cell migration and metastatic 
potential. 

In paper IV we used the colon cancer cell line RKO and tested whether SP600125 
and Reversine could affect wound-healing, by performing a scratch test and using 
the two-dimensional Oris™ cell migration assay. Both assays showed that 
Reversine and SP600125 could inhibit cell migration. Furthermore, performing a 
Boyden chamber assay to study cell invasion, we could show that cells treated with 
Reversine or SP600125 had reduced cell invasion capacity compared to control 
cells. Our results are in line with data showing that inhibition of JNK1 resulted in 
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decreased cell migration in gastric cancer cells [270] and mouse hepatocellular 
carcinoma cells [271]. When analysing whether Reversine and SP600125 had any 
toxic effects on our cells using cell viability assays we could not detect any increased 
cell death parameters when compared to control treated cells. Additionally, 
treatment of RKO CRC cells with Reversine and SP600125 did not affect cell 
proliferation or cell cycle progression, since these cells continued to cycle, undergo 
polyploidy, and underwent histone H3 phosphorylation, which is a tell-tale sign of 
ongoing mitosis.  

Next, we performed a kinase profiler screening to identify common target kinases 
of these small molecules and our selection criteria for inclusion was kinase 
inhibition of >90%. We found 22 kinases to be inhibited by both molecules and by 
using gene ontology analyses we wanted to select signalling pathways involved in 
migration. The kinase inhibited by both Reversine and SP600125 belonging to the 
JNK signalling pathway was found to have the highest enrichment score. We found 
JNK to be highly activated in RKO cells compared to non-cancerous colon mucosal 
epithelial cells. Treatment with Reversine and SP600125 completely inhibits the 
phosphorylation of JNK1/2. However, the effect on downstream targets of JNK 
signalling differed between the two treatments. Reversine negatively affected c-Fos 
and c-Jun expression, which are direct targets of JNK signalling [272], as well as 
Akt which also is a major contributor to cell migration [273, 274]. Meanwhile, 
SP600125 only affected c-Jun and c-Fos but not any of the other downstream 
components.  

Once we established that Reversine and SP600125 could inhibit the JNK signalling 
pathway and its downstream components, we set out to identify which JNK isoform 
is affected by treatment with these small molecules. First, we treated cells with a 
specific JNK2 inhibitor and performed cell migration assays and analysed cell death 
but could not observe any differences when inhibiting JNK2 alone. To compliment 
this data we used small interfering RNA (siRNA) against JNK1/2 or JNK2 and 
performed a scratch assay to investigate the migratory capacity of our transduced 
cells. We found that knock-down of JNK1/2 inhibited cell migration but knock-
down of JNK2 did not influence cell migration. Our data demonstrate that JNK1 but 
not JNK2 is important in cell migration in colon cancer cells, since inhibition of this 
pathway using small molecules and siRNA result in decreased cell migratory 
capacity. This is in line with other studies showing that deleted JNK in mouse 
embryonic fibroblasts or molecular inhibition of JNK by SP600125 in wild-type 
fibroblasts caused delayed cell migration [275]. Additionally, inhibition of JNK by 
SP600125 resulted both in decreased cell migration and proliferation in vascular 
smooth muscle cells [276].  

To study the anti-metastatic capacity of JNK inhibition, we injected RKO cells 
intravenously into mice and treated them with intraperitoneal injections of 
SP600125. Upon sacrifice the number of tumour metastases were counted in the 
liver and lung of drug-treated and vehicle-treated animals. Although not significant, 
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we could observe that animals treated with SP600125 had fewer lung and liver 
metastasis compared to control treated animals. Thus, indicating that inhibition of 
JNK signalling can somewhat inhibit the development of tumour metastasis. In 
breast cancer cell lines, it has been shown that constitutively active JNK can cause 
increased cell migration and invasion [277].  

In summary, in paper IV we have shown that JNK1 but not JNK2 is important for 
regulating cell migration and invasion of colon cancer cells and the effect could be 
inhibited by blocking JNK signalling using small molecules Reversine and 
SP600125. These data suggest that inhibition of the JNK signalling proteins could 
be an attractive new way to target cancer cells. However, since it seems that JNK1 
and JNK2 function differently and have distinct downstream targets, more research 
must be done to fully understand the mechanism through which these proteins 
function.  

Overall conclusions 

 NLK can negatively regulate Wnt signalling by directly phosphorylating 
HDAC1 that in turn inhibits TCF/LEF target gene transcription. 

 Deletion of NLK results in increased CD8+ SP thymocyte cell death due to 
elevated Wnt signalling. 

 NLK seems to have a protective tumour-suppressive role in the 
development of lung cancer. 

 Inhibition of the JNK signalling pathway reduces metastatic spread, 
invasion, and migration of colon cancer cells.  
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Future perspectives 

The overall aim of this thesis was to study the role of protein kinases in various 
biological aspects, including cell signalling, immune cell development, and cancer. 
To further increase the understanding of how protein kinases function, both in vitro 
and in vivo approaches were used. Additionally, the obtained information could be 
further used to establish novel prognostic tools and therapeutic strategies. 

In paper I we were able to show that NLK can directly phosphorylate HDAC1 on 
Ser-421, which in turn inhibits the TCF/LEF complex from binding to DNA and 
induce target gene transcription. Deletion of NLK in MEF cells resulted in aberrant 
Wnt signalling causing an increase in cell proliferation due to fast S-to-G2/M phase 
cell cycle transition. Since we found a novel target of NLK that resulted in the 
negative regulation of the Wnt signalling pathway, it is of interest to examine other 
potential targets of NLK. Not only regarding Wnt signalling, but also considering 
other signalling pathways in which NLK is involved.  

Using an in in vivo approach we wanted to investigate whether NLK could influence 
early T-cell development. Recently, it was shown that deletion of NLK affects the 
function of Tregs [161] and myeloid cells [162]. Additionally, we were able to show 
that deletion of NLK results in decreased CD8+ SP thymocytes. Since the peripheral 
T-cell pool does not seem affected, it would be interesting to examine if deletion of 
NLK at later stages of T-cell development or in peripheral CD4/CD8 T-cells might 
affect their mature functions. In addition, it is necessary to elucidate the molecular 
mechanism behind the increased cell proliferation seen in NLK-deficient CD8 
splenocytes. The role of NLK in immune cell development is not well studied 
resulting in wondering whether NLK is necessary for the development of other types 
of immune cells. It was reported that deletion of LEF1 results in defective pro-B 
cell proliferation and survival [278], creating an interesting question what the role 
of NLK might be in B-cell development. 

We could preliminary show that deleted NLK results in increased lung tumour 
growth, as well as increased cell proliferation observed through Ki-67 staining. 
Currently, we are working on including more animals into the study to further 
examine the role NLK and Wnt/β-catenin signalling play in NSCLC development 
and progression. By staining sections with trichrome stain and apoptotic markers, 
we want to gain a greater understanding of how the lung architecture might be 
altered due to the genetic alterations that we induce in these animals.  



66 

Simultaneously, we are establishing 3D organoid cultures from our animal models, 
where we use lung tissue from healthy animals, as well as Trp53mut, KRASfl/+, or 
Ctnnb1fl/fl animals alone or in combination. The use of patient-derived tumour 
organoids has shown to be a useful in vitro model that retains the original tumour 
features even over many passages and can be used for precision medicine [279]. 
These established organoids can contribute to clinical decisions and treatment 
strategies of the patients. Patients with NSCLC are often diagnosed at late stages of 
the disease, making treatment difficult and limited. The mutational landscape of 
lung cancer is getting increasingly more precise, in combination with advances in 
molecular and imaging techniques, personalized medicine becomes more common 
[280]. Establishing an organoid-based drug screening platform will lead to the 
identification of new molecular targeted drugs or combinations of drugs to treat 
patients with specific gene mutations.  

Another emerging way of therapeutic strategy for lung cancer patients is by using 
immunotherapy to target T-cells and more specifically to treat patients with the 
immune checkpoint inhibitors PD-L1 and CTLA-4 [281]. Recently, it was shown 
that the most prominent type of T-cells in the lungs of patients with early stage 
NSCLC is the CD4+ T cells, however, CD8+ T-cells and Tregs were also found [282]. 
Since we have found that NLK affects CD8+ SP thymocyte viability, it would be of 
interest to investigate what the immune cell distribution looks like in our lung cancer 
model. Furthermore, it would be exciting to examine whether deletion of NLK in 
peripheral T-cells affect the CD8 T-cell population and if so, how it affects tumour 
development. By using in vitro models of NLK-deficient CD8+ T-cells in 
combination with our organoid system we could analyse whether these T-cells are 
still functional and affect cell growth in vitro.  

We were able to show that inhibition of the JNK signalling pathway interferes with 
colon cancer cell migration and metastatic capacity. Since most colorectal cancer 
patients are diagnosed with late stage or advanced metastatic cancer, it is important 
to find or develop novel treatment therapies to treat late stage disease. Current 
chemo- and targeted therapies only increase the overall survival of patients by a few 
months and one of the major reasons for this is acquired drug resistance [241]. JNK 
signalling has also been shown to be involved in multi-drug resistance [265]. It is 
of importance to study whether the combination of JNK inhibitors and conventional 
chemotherapy have beneficial effects against late stage colorectal cancer. 
Furthermore, it is of interest to examine the cellular mechanisms underlying 
multidrug resistance.  



67 

Acknowledgements 

First, I would like to thank my supervisor Ramin a lot for letting me join the lab as 
part of my laboratory rotation during molecular medicine when was I was a tiny 
bachelor student. For letting me do all these different projects while I was finishing 
my bachelor’s and master’s degree. For letting me explore science and giving me 
the opportunity to grow as a scientist. Thank you for teaching and guiding me 
throughout the 4 (+1 year maternity leave) years of my PhD studies. Without your 
trust in me and my ability to grow as a person a scientist, I don’t think my PhD 
career would have looked the same. I am so happy that you let me plan all the group 
outings over the years and could always laugh when we (Sonia and I) made jokes 
during our meetings. Thank you for introducing me to so many amazing people the 
past couple of years. Without Ramin, I would have never met Kasia, who I should 
thank a lot for being so patient when I just started out in the lab! I always enjoy our 
lunches and when we quickly catch up when we run into each other in the lab. It has 
been a pleasure working with you. 

Thank you to my co-supervisors Karin and Anette for playing such an important 
role during my PhD studies. 

Thank you to all the past and present group members. Sonia, I miss hearing you 
laugh through the wall of the office. I always had a lot of fun talking to you and 
working together these years and for making every meeting so much funnier. 
Wonde, I don’t think I would have been able to ever finish the T-cell project without 
your patience and you teaching me everything FACS-related. For always having a 
smile on your face and a word of encouragement. To Julie for always being happy, 
fantastic, and having something nice to say. Yasmin, I miss your feisty spirit around 
the lab! I have had an amazing time getting to know you and hang out with you 
when you were working here. Thank you to Isa for always being there to help me 
with the lung cancer project. I know we haven’t worked together that long but it has 
been nice getting to know you. Mattia, you were in our group only for a very short 
time, but it was a pleasure to get to know you and work with you! Thank you for 
your help with setting up my image counting program! Liza, where do I even start! 
From the moment we met, it just clicked, and I consider you a dear and close friend. 
I have loved getting to know you and look forward to all the dinners and game 
evenings to come!  



68 

Margareta, a better office roommate does not exist! These past couple of years 
would have been a lot harder without you next to me. I will miss you when I am 
done with everything and go on maternity leave again. I loved all our conversations 
and discussions, both scientific and non-scientific. Thank you so much for looking 
after me and always being the biggest supporter in this lab! Thank you, Christina, 
and Johanna, for the lovely conversations, for all your help over the last years and 
for always being there with a smile on your face. As well a big thank you to 
Elisabeth for the administrative help during the first years of my PhD and Pia for 
all the hard work you have done for LUCC and BioCare! Yvonne, thanks for 
introducing me to your amazing lab members and for always including me in all the 
conversations in our office. Emma and Sofie, thank you for all your kind words and 
for always having the door open for me to visit!  

A big thank you to all the past and present TCR members for making my time 
during my PhD unforgettable!  

Gjendine, where do I even start?! Why do you have to move to the other side of the 
world? Thank you for being my friend and for liking Harry Potter, wine, knitting 
(crocheting), and Gilmore girls as much as I do. I always loved our little gossip 
sharing conversations in the office and working on the bench next to yours. James, 
I promise, I am done scaring you! Thanks for always being your weird self and 
saying the most random things. Jessica, for always having a listening ear, for 
coming to me for advice or to just talk. For also loving to crochet! Elina, you are 
always a big ray of sunshine! I always get happy talking to you and it has been 
fantastic working with you and getting to know you as a friend. I can’t wait for our 
babies to meet once they’re here!  

Thank you Vasiliki, Sarah, Elinn, Lexi, Roger, Katarzyna, Christian, Rebecca, 
Sophie, Steven, and Karin for all the fun talks during our lunches and fikas or just 
randomly hanging out in the kitchen. Lina, all the things we have talked about! You 
are an amazing person and I love it that you always make time for a good chat. I 
love your energy and enthusiasm when we talk and how excited you get whenever 
I show baby pictures or ultrasound pictures. Victoria, du måste vara den personen 
här på labbet som jag har känt absolut längst. Det har varit otroligt roligt att vi har 
pluggat kandidaten och mastern ihop och att vi sedan hamnade på samma avdelning 
att göra vår PhD. Snart är det din tur och du fixar detta!  

Clara, dank je wel dat je hier bent begonnen en dat ik een fellow Dutchie op het lab 
had. Bedankt voor alle grappige blikken die je me gaf als ik weer eens iets zei in het 
Brabants. Voor de leuke spelletjesavonden en gekkigheid met het plannen van de 
kerstfeestjes. Matteo, I have missed you in the lab the past couple of months since 
I started again. I can always count on you for advice or words of encouragement. I 
have loved working with you, our dinners, our talks, just everything. It has been 
amazing seeing our little ones grow up and play together and thank you for meeting 
Carol, because I couldn’t have wished for a better friend during my maternity leave. 



69 

You are the sweetest and kindest person! Micha, it has sure been quiet around the 
lab since you left. Thank you for being a fantastic friend even though you live way 
too far away. I always have fun with you, and I hope to be able to visit you soon! 
My lovely Ralf, it has been amazing getting to know you and I always love catching 
up with you. Please come visit us soon!  

A huge thank you to Sonia, Gjendine, Clara, and Vasiliki for defending right 
before me , without your kind and wise words and your books I would have 
never been able to finish this!  

Min finaste Rebecca, tack fina vännen för alla fina ord och roliga saker vi har gjort 
ihop de senaste åren! Du är en fantastisk människa och jag är så glad för alla äventyr 
vi har varit med om och kommer vara med om. Det ska bli så kul att ha er i Malmö 
när er lilla bebis kommer och jag ser så framemot att våra barn ska få växa upp ihop. 
Sandra och Sara, underbara tjejer! Vem hade trott att vi fortfarande umgås (kanske 
inte lika ofta som en gång i tiden) efter alla dessa år. Ni har varit fantastiska både på 
det vetenskapliga och private planet! Sara jag vet att du har det bra i USA men dags 
att komma hem!  

Lieve Nina, ik ben heel erg blij dat wij als kinderen onze ruzies opzij hebben kunnen 
zetten en bevriend zijn geraakt. Dat we na al die jaren sinds ik naar Zweden ben 
verhuisd nog steeds contact hebben en dat we ondanks de afstand nog zoveel kletsen 
en lol kunnen hebben. Puck, onze vriendschap ontstond op een van de vreemdste 
manieren en ik ben zo blij dat die stand heeft kunnen houden al die jaren. Al onze 
(app) gesprekken over alles en nog wat hebben de afgelopen harde PhD jaren 
absoluut een stuk beter gemaakt.  

Mijn lieve familie, mama, papa, Danny, en Anne, sorry voor alle jaren dat jullie 
hebben moeten luisteren naar wat ik doe ondanks dat jullie er waarschijnlijk niet 
veel van hebben begrepen. Maar ik ben bijna klaar! Bedankt dat ik aan de 
keukentafel mijn boeken (ook de anatomie) heb mogen laten zien en dat jullie 
luisterden terwijl ik over mijn dierenonderzoeken aan het praten was. Dank jullie 
wel voor alle steun de afgelopen jaren! Maar nu ben ik eindelijk bijna klaar met 
school, wie had dat verwacht te kunnen zeggen op zijn 30e haha.  

Den jag nog ska tacka allra mest är min älskade man, Petter. Utan dig och ditt stöd 
alla dessa år hade jag nog inte klarat av detta. Tack för att du har hjälpt mig, stöttat 
mig, låtit mig ta ut min frustration på dig (ja jag vet, jag kan vara hemsk ibland), 
men att du har funnits där i slutet av en jobbig dag för att ge mig en stor bamsekram. 
Jag älskar dig ofantligt mycket! Tack för att du har gett mig en av de finaste saker 
här i världen, min (inte så lilla) bebis Ebba, åh vad mamma älskar dig din lilla 
tokunge. Ik houd van jou kleine schat! Och för den lilla flickan som fortfarande 
växer i magen, dig älskar jag också! Och Petter tack för allt stöd du har gett mig 
när jag har gått tillbaka till jobbet efter mammaledigheten och jag omedelbart 
började jobba inför min disputation och min avhandling.   





71 

References 

1. Conibear, A.C., Deciphering protein post-translational modifications using 
chemical biology tools. Nature Reviews Chemistry, 2020. 4(12): p. 674-
695. 

2. Mann, M. and O.N. Jensen, Proteomic analysis of post-translational 
modifications. Nature Biotechnology, 2003. 21(3): p. 255-261. 

3. Ramazi, S. and J. Zahiri, Post-translational modifications in proteins: 
resources, tools and prediction methods. Database, 2021. 2021. 

4. Levene, P.A. and C.L. Alsberg, The Cleavage Products of Vitellin. Journal 
of Biological Chemistry, 1906. 2(1): p. 127-133. 

5. Lipmann, F.A. and P.A. Levene, Serinephosphoric acid obtained on 
hydrolysis of vitellinic acid. Journal of Biological Chemistry, 1932. 98(1): 
p. 109-114. 

6. Burnett, G. and E.P. Kennedy, The enzymatic phosphorylation of proteins. 
J Biol Chem, 1954. 211(2): p. 969-80. 

7. Ardito, F., et al., The crucial role of protein phosphorylation in cell 
signaling and its use as targeted therapy (Review). Int J Mol Med, 2017. 
40(2): p. 271-280. 

8. Ubersax, J.A. and J.E. Ferrell Jr, Mechanisms of specificity in protein 
phosphorylation. Nature Reviews Molecular Cell Biology, 2007. 8(7): p. 
530-541. 

9. Harsha, H.C. and A. Pandey, Phosphoproteomics in cancer. Mol Oncol, 
2010. 4(6): p. 482-95. 

10. Fabbro, D., S.W. Cowan-Jacob, and H. Moebitz, Ten things you should 
know about protein kinases: IUPHAR Review 14. British journal of 
pharmacology, 2015. 172(11): p. 2675-2700. 

11. Manning, G., et al., The Protein Kinase Complement of the Human Genome. 
Science, 2002. 298(5600): p. 1912-1934. 

12. Panneerselvam Theivendren, S.K., Yashoda Mariappa Hegde, Sivakumar 
Vellaichamy, Murugananthan Gopal, Senthil Rajan Dhramalingam and 
Sattanathan Kumar, Importance of Protein Kinase and Its Inhibitor: A 
Review, in Protein Kinases - Promising Targets for Anticancer Drug 
Research. 2021, IntechOpen. 

13. Olsen, J.V., et al., Global, In Vivo, and Site-Specific Phosphorylation 
Dynamics in Signaling Networks. Cell, 2006. 127(3): p. 635-648. 

14. Endicott, J.A., M.E.M. Noble, and L.N. Johnson, The Structural Basis for 
Control of Eukaryotic Protein Kinases. Annual Review of Biochemistry, 
2012. 81(1): p. 587-613. 



72 

15. Cohen, P., Protein kinases — the major drug targets of the twenty-first 
century? Nature Reviews Drug Discovery, 2002. 1(4): p. 309-315. 

16. Dar, A.C. and K.M. Shokat, The Evolution of Protein Kinase Inhibitors 
from Antagonists to Agonists of Cellular Signaling. Annual Review of 
Biochemistry, 2011. 80(1): p. 769-795. 

17. Hammouda, M.B., et al., The JNK Signaling Pathway in Inflammatory Skin 
Disorders and Cancer. Cells, 2020. 9(4): p. 857. 

18. Zeke, A., et al., JNK Signaling: Regulation and Functions Based on 
Complex Protein-Protein Partnerships. Microbiology and Molecular 
Biology Reviews, 2016. 80(3): p. 793-835. 

19. Gupta, S., et al., Selective interaction of JNK protein kinase isoforms with 
transcription factors. Embo j, 1996. 15(11): p. 2760-70. 

20. Yang, D.D., et al., Absence of excitotoxicity-induced apoptosis in the 
hippocampus of mice lacking the Jnk3 gene. Nature, 1997. 389(6653): p. 
865-870. 

21. Bogoyevitch, M.A. and B. Kobe, Uses for JNK: the Many and Varied 
Substrates of the c-Jun N-Terminal Kinases. Microbiology and Molecular 
Biology Reviews, 2006. 70(4): p. 1061-1095. 

22. Kuan, C.Y., et al., The Jnk1 and Jnk2 protein kinases are required for 
regional specific apoptosis during early brain development. Neuron, 1999. 
22(4): p. 667-76. 

23. Sabapathy, K., et al., JNK2 is required for efficient T-cell activation and 
apoptosis but not for normal lymphocyte development. Curr Biol, 1999. 
9(3): p. 116-25. 

24. Nakano, R., T. Nakayama, and H. Sugiya, Biological Properties of JNK3 
and Its Function in Neurons, Astrocytes, Pancreatic β-Cells and 
Cardiovascular Cells. Cells, 2020. 9(8): p. 1802. 

25. Dhanasekaran, D.N. and E.P. Reddy, JNK signaling in apoptosis. 
Oncogene, 2008. 27(48): p. 6245-6251. 

26. Davis, R.J., Signal Transduction by the JNK Group of MAP Kinases. Cell, 
2000. 103(2): p. 239-252. 

27. Weston, C.R. and R.J. Davis, The JNK signal transduction pathway. Curr 
Opin Cell Biol, 2007. 19(2): p. 142-9. 

28. Johnson, G.L. and K. Nakamura, The c-jun kinase/stress-activated 
pathway: regulation, function and role in human disease. Biochimica et 
biophysica acta, 2007. 1773(8): p. 1341-1348. 

29. Saadeddin, A., et al., The Links between Transcription, β-catenin/JNK 
Signaling, and Carcinogenesis. Molecular Cancer Research, 2009. 7(8): p. 
1189-1196. 

30. Veeman, M.T., J.D. Axelrod, and R.T. Moon, A Second Canon: Functions 
and Mechanisms of β-Catenin-Independent Wnt Signaling. Developmental 
Cell, 2003. 5(3): p. 367-377. 

31. Ruan, J., et al., Crosstalk between JNK and NF-κB signaling pathways via 
HSP27 phosphorylation in HepG2 cells. Biochem Biophys Res Commun, 
2015. 456(1): p. 122-8. 



73 

32. Liu, Q., et al., A Crosstalk between the Smad and JNK Signaling in the TGF-
β-Induced Epithelial-Mesenchymal Transition in Rat Peritoneal 
Mesothelial Cells. PLOS ONE, 2012. 7(2): p. e32009. 

33. Ng, L.F., et al., WNT Signaling in Disease. Cells, 2019. 8(8): p. 826. 
34. Willert, K. and R. Nusse, Wnt proteins. Cold Spring Harbor perspectives in 

biology, 2012. 4(9): p. a007864-a007864. 
35. Nusse, R., An ancient cluster of Wnt paralogues. Trends in Genetics, 2001. 

17(8): p. 443. 
36. Miller, J.R., The Wnts. Genome Biology, 2001. 3(1): p. reviews3001.1. 
37. Mehta, S., S. Hingole, and V. Chaudhary, The Emerging Mechanisms of 

Wnt Secretion and Signaling in Development. Frontiers in Cell and 
Developmental Biology, 2021. 9. 

38. Sharma, R.P. and V.L. Chopra, Effect of the wingless (wg1) mutation on 
wing and haltere development in Drosophila melanogaster. Developmental 
Biology, 1976. 48(2): p. 461-465. 

39. Nüsslein-Volhard, C. and E. Wieschaus, Mutations affecting segment 
number and polarity in Drosophila. Nature, 1980. 287(5785): p. 795-801. 

40. Nusse, R. and H.E. Varmus, Many tumors induced by the mouse mammary 
tumor virus contain a provirus integrated in the same region of the host 
genome. Cell, 1982. 31(1): p. 99-109. 

41. van Ooyen, A. and R. Nusse, Structure and nucleotide sequence of the 
putative mammary oncogene int-1; proviral insertions leave the protein-
encoding domain intact. Cell, 1984. 39(1): p. 233-240. 

42. Nusse, R., et al., A new nomenclature for int-1 and related genes: The Wnt 
gene family. Cell, 1991. 64(2): p. 231. 

43. Baron, R. and M. Kneissel, WNT signaling in bone homeostasis and 
disease: from human mutations to treatments. Nature Medicine, 2013. 
19(2): p. 179-192. 

44. Komiya, Y. and R. Habas, Wnt signal transduction pathways. 
Organogenesis, 2008. 4(2): p. 68-75. 

45. Patel, S., et al., Wnt Signaling and Its Significance Within the Tumor 
Microenvironment: Novel Therapeutic Insights. Frontiers in Immunology, 
2019. 10. 

46. Liu, C., et al., β-Trcp couples β-catenin phosphorylation-degradation and 
regulates <em>Xenopus</em> axis formation. Proceedings of the 
National Academy of Sciences, 1999. 96(11): p. 6273-6278. 

47. Wallingford, J.B. and R. Habas, The developmental biology of Dishevelled: 
an enigmatic protein governing cell fate and cell polarity. Development, 
2005. 132(20): p. 4421-4436. 

48. Zeng, X., et al., A dual-kinase mechanism for Wnt co-receptor 
phosphorylation and activation. Nature, 2005. 438(7069): p. 873-877. 

49. Tamai, K., et al., A Mechanism for Wnt Coreceptor Activation. Molecular 
Cell, 2004. 13(1): p. 149-156. 

50. Clevers, H., Wnt/β-Catenin Signaling in Development and Disease. Cell, 
2006. 127(3): p. 469-480. 



74 

51. Zhan, T., N. Rindtorff, and M. Boutros, Wnt signaling in cancer. Oncogene, 
2017. 36(11): p. 1461-1473. 

52. Seifert, J.R.K. and M. Mlodzik, Frizzled/PCP signalling: a conserved 
mechanism regulating cell polarity and directed motility. Nature Reviews 
Genetics, 2007. 8(2): p. 126-138. 

53. Adler, P.N., Planar Signaling and Morphogenesis in Drosophila. 
Developmental Cell, 2002. 2(5): p. 525-535. 

54. Wallingford, J.B. and R. Habas, The developmental biology of Dishevelled: 
an enigmatic protein governing cell fate and cell polarity. Development, 
2005. 132(20): p. 4421-36. 

55. Habas, R., Y. Kato, and X. He, Wnt/Frizzled activation of Rho regulates 
vertebrate gastrulation and requires a novel Formin homology protein 
Daam1. Cell, 2001. 107(7): p. 843-54. 

56. Habas, R., I.B. Dawid, and X. He, Coactivation of Rac and Rho by 
Wnt/Frizzled signaling is required for vertebrate gastrulation. Genes Dev, 
2003. 17(2): p. 295-309. 

57. Slusarski, D.C., et al., Modulation of Embryonic Intracellular 
Ca2+Signaling byWnt-5A. Developmental Biology, 1997. 182(1): p. 114-
120. 

58. Westfall , T.A., et al., Wnt-5/pipetail functions in vertebrate axis formation 
as a negative regulator of Wnt/β-catenin activity. Journal of Cell Biology, 
2003. 162(5): p. 889-898. 

59. Hogan, P.G., et al., Transcriptional regulation by calcium, calcineurin, and 
NFAT. Genes Dev, 2003. 17(18): p. 2205-32. 

60. De, A., Wnt/Ca2+ signaling pathway: a brief overview. Acta Biochimica et 
Biophysica Sinica, 2011. 43(10): p. 745-756. 

61. Ishitani, T., et al., The TAK1-NLK mitogen-activated protein kinase cascade 
functions in the Wnt-5a/Ca(2+) pathway to antagonize Wnt/beta-catenin 
signaling. Mol Cell Biol, 2003. 23(1): p. 131-9. 

62. Nishisho, I., et al., Mutations of chromosome 5q21 genes in FAP and 
colorectal cancer patients. Science, 1991. 253(5020): p. 665-9. 

63. Rubinfeld, B., et al., Association of the APC gene product with beta-catenin. 
Science, 1993. 262(5140): p. 1731-4. 

64. Korinek, V., et al., Constitutive transcriptional activation by a beta-
catenin-Tcf complex in APC-/- colon carcinoma. Science, 1997. 275(5307): 
p. 1784-7. 

65. Khramtsov, A.I., et al., Wnt/beta-catenin pathway activation is enriched in 
basal-like breast cancers and predicts poor outcome. The American journal 
of pathology, 2010. 176(6): p. 2911-2920. 

66. Zhuang, X., et al., Differential effects on lung and bone metastasis of breast 
cancer by Wnt signalling inhibitor DKK1. Nature Cell Biology, 2017. 
19(10): p. 1274-1285. 

67. Russell, J.O. and S.P. Monga, Wnt/β-Catenin Signaling in Liver 
Development, Homeostasis, and Pathobiology. Annual Review of 
Pathology: Mechanisms of Disease, 2018. 13(1): p. 351-378. 



75 

68. Lu, L.C., et al., β-catenin (CTNNB1) mutations are not associated with 
prognosis in advanced hepatocellular carcinoma. Oncology, 2014. 87(3): 
p. 159-66. 

69. Harada, N., et al., Lack of Tumorigenesis in the Mouse Liver after 
Adenovirus-mediated Expression of a Dominant Stable Mutant of β-
Catenin. Cancer Research, 2002. 62(7): p. 1971-1977. 

70. Satoh, S., et al., AXIN1 mutations in hepatocellular carcinomas, and growth 
suppression in cancer cells by virus-mediated transfer of AXIN1. Nature 
Genetics, 2000. 24(3): p. 245-250. 

71. Wen, X., et al., New Advances in Canonical Wnt/β-Catenin Signaling in 
Cancer. Cancer Manag Res, 2020. 12: p. 6987-6998. 

72. Wang, Z., et al., The Wnt signaling pathway in tumorigenesis, 
pharmacological targets, and drug development for cancer therapy. 
Biomarker Research, 2021. 9(1): p. 68. 

73. Choi, K.-W. and S. Benzer, Rotation of photoreceptor clusters in the 
developing drosophila eye requires the nemo gene. Cell, 1994. 78(1): p. 
125-136. 

74. Brott, B.K., B.A. Pinsky, and R.L. Erikson, Nlk is a murine protein kinase 
related to Erk/MAP kinases and localized in the nucleus. Proc Natl Acad 
Sci U S A, 1998. 95(3): p. 963-8. 

75. Coulombe, P. and S. Meloche, Atypical mitogen-activated protein kinases: 
Structure, regulation and functions. Biochimica et Biophysica Acta (BBA) 
- Molecular Cell Research, 2007. 1773(8): p. 1376-1387. 

76. Ota, S., et al., NLK positively regulates Wnt/β-catenin signalling by 
phosphorylating LEF1 in neural progenitor cells. The EMBO journal, 
2012. 31(8): p. 1904-1915. 

77. Thorpe, C.J. and R.T. Moon, nemo-like kinase is an essential co-activator 
of Wnt signaling during early zebrafish development. Development, 2004. 
131(12): p. 2899-2909. 

78. Kanei-Ishii, C., et al., Wnt-1 signal induces phosphorylation and 
degradation of c-Myb protein via TAK1, HIPK2, and NLK. Genes & 
Development, 2004. 18(7): p. 816-829. 

79. Ohkawara, B., et al., Role of the TAK1-NLK-STAT3 pathway in TGF-β-
mediated mesoderm induction. Genes & Development, 2004. 18(4): p. 381-
386. 

80. Li, M., et al., TAB2 scaffolds TAK1 and NLK in repressing canonical Wnt 
signaling. J Biol Chem, 2010. 285(18): p. 13397-404. 

81. Smit, L., et al., Wnt Activates the Tak1/Nemo-like Kinase Pathway *. 
Journal of Biological Chemistry, 2004. 279(17): p. 17232-17240. 

82. Ishitani, T. and S. Ishitani, Nemo-like kinase, a multifaceted cell signaling 
regulator. Cellular Signalling, 2013. 25(1): p. 190-197. 

83. Ishitani, T., et al., The TAK1–NLK–MAPK-related pathway antagonizes 
signalling between β-catenin and transcription factor TCF. Nature, 1999. 
399(6738): p. 798-802. 



76 

84. Ishitani, T., J. Ninomiya-Tsuji, and K. Matsumoto, Regulation of lymphoid 
enhancer factor 1/T-cell factor by mitogen-activated protein kinase-related 
Nemo-like kinase-dependent phosphorylation in Wnt/beta-catenin 
signaling. Mol Cell Biol, 2003. 23(4): p. 1379-89. 

85. Masoumi, K.C., et al., NLK-mediated phosphorylation of HDAC1 
negatively regulates Wnt signaling. Molecular biology of the cell, 2017. 
28(2): p. 346-355. 

86. Kojima, H., et al., STAT3 regulates Nemo-like kinase by mediating its 
interaction with IL-6-stimulated TGFbeta-activated kinase 1 for STAT3 
Ser-727 phosphorylation. Proc Natl Acad Sci U S A, 2005. 102(12): p. 
4524-9. 

87. Ishitani, T., et al., Nemo-like kinase suppresses Notch signalling by 
interfering with formation of the Notch active transcriptional complex. 
Nature Cell Biology, 2010. 12(3): p. 278-285. 

88. Li, S.Z., et al., Nemo-like kinase (NLK) negatively regulates NF-kappa B 
activity through disrupting the interaction of TAK1 with IKKβ. Biochim 
Biophys Acta, 2014. 1843(7): p. 1365-72. 

89. Chen, J., et al., NLK interacts with 14‑3‑3ζ to restore the expression of 
E‑cadherin. Oncol Rep, 2020. 43(6): p. 1845-1852. 

90. Huang, Y., et al., The emerging role of Nemo-like kinase (NLK) in the 
regulation of cancers. Tumour Biol, 2015. 36(12): p. 9147-52. 

91. Chen, H.-W., et al., Prognostic significance of Nemo-like kinase expression 
in patients with hepatocellular carcinoma. Tumor Biology, 2015. 36(11): 
p. 8447-8453. 

92. Jung, K.H., et al., Targeted disruption of Nemo-like kinase inhibits tumor 
cell growth by simultaneous suppression of cyclin D1 and CDK2 in human 
hepatocellular carcinoma. Journal of Cellular Biochemistry, 2010. 110(3): 
p. 687-696. 

93. Huang, Y., et al., Nemo-like kinase associated with proliferation and 
apoptosis by c-Myb degradation in breast cancer. PLoS One, 2013. 8(7): p. 
e69148. 

94. Shaw-Hallgren, G., et al., Association of Nuclear-Localized Nemo-Like 
Kinase with Heat-Shock Protein 27 Inhibits Apoptosis in Human Breast 
Cancer Cells. PLOS ONE, 2014. 9(5): p. e96506. 

95. Li, M., et al., Prognostic significance of nemo-like kinase (NLK) expression 
in patients with gallbladder cancer. Tumor Biology, 2013. 34(6): p. 3995-
4000. 

96. Emami, K.H., et al., Nemo-like kinase induces apoptosis and inhibits 
androgen receptor signaling in prostate cancer cells. The Prostate, 2009. 
69(14): p. 1481-1492. 

97. Chen, J., et al., Nemo‑like kinase expression predicts poor survival in 
colorectal cancer. Mol Med Rep, 2015. 11(2): p. 1181-1187. 

98. Yasuda, J., et al., Nemo-like kinase induces apoptosis in DLD-1 human 
colon cancer cells. Biochemical and Biophysical Research 
Communications, 2003. 308(2): p. 227-233. 



77 

99. Kaushansky, K., Lineage-specific hematopoietic growth factors. N Engl J 
Med, 2006. 354(19): p. 2034-45. 

100. Till, J.E. and C.E. Mc, A direct measurement of the radiation sensitivity of 
normal mouse bone marrow cells. Radiat Res, 1961. 14: p. 213-22. 

101. Bradley, T.R. and D. Metcalf, The growth of mouse bone marrow cells in 
vitro. Aust J Exp Biol Med Sci, 1966. 44(3): p. 287-99. 

102. Dexter, T.M., Haemopoiesis in long-term bone marrow cultures. A review. 
Acta Haematol, 1979. 62(5-6): p. 299-305. 

103. Whitlock, C.A. and O.N. Witte, Long-term culture of B lymphocytes and 
their precursors from murine bone marrow. Proceedings of the National 
Academy of Sciences, 1982. 79(11): p. 3608-3612. 

104. Jacobson, L.O., et al., Recovery from radiation injury. Science, 1951. 
113(2940): p. 510-11. 

105. Wilson, A., et al., Hematopoietic stem cells reversibly switch from 
dormancy to self-renewal during homeostasis and repair. Cell, 2008. 
135(6): p. 1118-29. 

106. Orkin, S.H., Diversification of haematopoietic stem cells to specific 
lineages. Nature Reviews Genetics, 2000. 1(1): p. 57-64. 

107. Orkin, S.H. and L.I. Zon, Hematopoiesis: An Evolving Paradigm for Stem 
Cell Biology. Cell, 2008. 132(4): p. 631-644. 

108. Dzierzak, E. and A. Medvinsky, Mouse embryonic hematopoiesis. Trends 
in Genetics, 1995. 11(9): p. 359-366. 

109. Andrews, R.G., J.W. Singer, and I.D. Bernstein, Precursors of colony-
forming cells in humans can be distinguished from colony-forming cells by 
expression of the CD33 and CD34 antigens and light scatter properties. J 
Exp Med, 1989. 169(5): p. 1721-31. 

110. Shah, V.O., C.I. Civin, and M.R. Loken, Flow cytometric analysis of human 
bone marrow. IV. Differential quantitative expression of T-200 common 
leukocyte antigen during normal hemopoiesis. J Immunol, 1988. 140(6): p. 
1861-7. 

111. Galloway, J.L. and L.I. Zon, 3 Ontogeny of hematopoiesis: Examining the 
emergence of hematopoietic cells in the vertebrate embryo, in Current 
Topics in Developmental Biology. 2003, Academic Press. p. 139-158. 

112. Tavian, M., et al., Aorta-associated CD34+ hematopoietic cells in the early 
human embryo. Blood, 1996. 87(1): p. 67-72. 

113. Tavian, M., M.F. Hallais, and B. Péault, Emergence of intraembryonic 
hematopoietic precursors in the pre-liver human embryo. Development, 
1999. 126(4): p. 793-803. 

114. Charbord, P., et al., Early ontogeny of the human marrow from long bones: 
an immunohistochemical study of hematopoiesis and its microenvironment. 
Blood, 1996. 87(10): p. 4109-19. 

115. Pucella, J.N., S. Upadhaya, and B. Reizis, The Source and Dynamics of 
Adult Hematopoiesis: Insights from Lineage Tracing. Annual Review of 
Cell and Developmental Biology, 2020. 36(1): p. 529-550. 



78 

116. Cheng, H., Z. Zheng, and T. Cheng, New paradigms on hematopoietic stem 
cell differentiation. Protein & Cell, 2020. 11(1): p. 34-44. 

117. Rieger, M.A. and T. Schroeder, Hematopoiesis. Cold Spring Harb Perspect 
Biol, 2012. 4(12). 

118. Morrison, S.J. and I.L. Weissman, The long-term repopulating subset of 
hematopoietic stem cells is deterministic and isolatable by phenotype. 
Immunity, 1994. 1(8): p. 661-673. 

119. Serwold, T., L.I. Ehrlich, and I.L. Weissman, Reductive isolation from bone 
marrow and blood implicates common lymphoid progenitors as the major 
source of thymopoiesis. Blood, 2009. 113(4): p. 807-15. 

120. Akashi, K., et al., A clonogenic common myeloid progenitor that gives rise 
to all myeloid lineages. Nature, 2000. 404(6774): p. 193-7. 

121. Seita, J. and I.L. Weissman, Hematopoietic stem cell: self-renewal versus 
differentiation. Wiley Interdiscip Rev Syst Biol Med, 2010. 2(6): p. 640-53. 

122. Robb, L., Cytokine receptors and hematopoietic differentiation. Oncogene, 
2007. 26(47): p. 6715-6723. 

123. Metcalf, D., Regulatory mechanisms controlling hematopoiesis: Principles 
and problems. Stem Cells, 2009. 16(S2): p. 3-11. 

124. Zhu, J. and S.G. Emerson, Hematopoietic cytokines, transcription factors 
and lineage commitment. Oncogene, 2002. 21(21): p. 3295-3313. 

125. Ciofani, M. and J.C. Zúñiga-Pflücker, The Thymus as an Inductive Site for 
T Lymphopoiesis. Annual Review of Cell and Developmental Biology, 
2007. 23(1): p. 463-493. 

126. Duijvestijn, A.M. and E.C. Hoefsmit, Ultrastructure of the rat thymus: the 
micro-environment of T-lymphocyte maturation. Cell Tissue Res, 1981. 
218(2): p. 279-92. 

127. Romano, R., et al., FOXN1: A Master Regulator Gene of Thymic Epithelial 
Development Program. Front Immunol, 2013. 4: p. 187. 

128. Petrie, H.T. and J.C. Zúñiga-Pflücker, Zoned Out: Functional Mapping of 
Stromal Signaling Microenvironments in the Thymus. Annual Review of 
Immunology, 2007. 25(1): p. 649-679. 

129. Lind, E.F., et al., Mapping Precursor Movement through the Postnatal 
Thymus Reveals Specific Microenvironments Supporting Defined Stages of 
Early Lymphoid Development. Journal of Experimental Medicine, 2001. 
194(2): p. 127-134. 

130. de Pooter, R.F., et al., Notch Signaling Requires GATA-2 to Inhibit 
Myelopoiesis from Embryonic Stem Cells and Primary Hemopoietic 
Progenitors. The Journal of Immunology, 2006. 176(9): p. 5267-5275. 

131. Sambandam, A., et al., Notch signaling controls the generation and 
differentiation of early T lineage progenitors. Nature Immunology, 2005. 
6(7): p. 663-670. 

132. Godfrey, D.I., et al., A developmental pathway involving four 
phenotypically and functionally distinct subsets of CD3-CD4-CD8- triple-
negative adult mouse thymocytes defined by CD44 and CD25 expression. 
The Journal of Immunology, 1993. 150(10): p. 4244-4252. 



79 

133. Allman, D., et al., Thymopoiesis independent of common lymphoid 
progenitors. Nature Immunology, 2003. 4(2): p. 168-174. 

134. Koch, U. and F. Radtke, Mechanisms of T Cell Development and 
Transformation. Annual Review of Cell and Developmental Biology, 2011. 
27(1): p. 539-562. 

135. Capone, M., R.D. Hockett, and A. Zlotnik, Kinetics of T cell receptor β, γ, 
and δ rearrangements during adult thymic development: T cell receptor 
rearrangements are present in CD44<sup>+</sup>CD25<sup>+</sup> 
Pro-T thymocytes. Proceedings of the National Academy of Sciences, 1998. 
95(21): p. 12522-12527. 

136. von Boehmer, H., Unique features of the pre-T-cell receptor α-chain: not 
just a surrogate. Nature Reviews Immunology, 2005. 5(7): p. 571-577. 

137. Ciofani, M. and J.C. Zúñiga-Pflücker, Notch promotes survival of pre–T 
cells at the β-selection checkpoint by regulating cellular metabolism. 
Nature Immunology, 2005. 6(9): p. 881-888. 

138. Klein, L., et al., Antigen presentation in the thymus for positive selection 
and central tolerance induction. Nature Reviews Immunology, 2009. 9(12): 
p. 833-844. 

139. Palmer, E., Negative selection — clearing out the bad apples from the T-
cell repertoire. Nature Reviews Immunology, 2003. 3(5): p. 383-391. 

140. Germain, R.N., T-cell development and the CD4–CD8 lineage decision. 
Nature Reviews Immunology, 2002. 2(5): p. 309-322. 

141. Sawada, S., et al., A lineage-specific transcriptional silencer regulates CD4 
gene expression during T lymphocyte development. Cell, 1994. 77(6): p. 
917-929. 

142. Collins, A., D.R. Littman, and I. Taniuchi, RUNX proteins in transcription 
factor networks that regulate T-cell lineage choice. Nature Reviews 
Immunology, 2009. 9(2): p. 106-115. 

143. Speck, N.A. and D.G. Gilliland, Core-binding factors in haematopoiesis 
and leukaemia. Nature Reviews Cancer, 2002. 2(7): p. 502-513. 

144. Taniuchi, I., et al., Differential requirements for Runx proteins in CD4 
repression and epigenetic silencing during T lymphocyte development. Cell, 
2002. 111(5): p. 621-33. 

145. Egawa , T., et al., The role of the Runx transcription factors in thymocyte 
differentiation and in homeostasis of naive T cells. Journal of Experimental 
Medicine, 2007. 204(8): p. 1945-1957. 

146. Woolf, E., et al., Runx3 and Runx1 are required for CD8 T cell development 
during thymopoiesis. Proceedings of the National Academy of Sciences, 
2003. 100(13): p. 7731-7736. 

147. Sato, T., et al., Dual Functions of Runx Proteins for Reactivating CD8 and 
Silencing CD4 at the Commitment Process into CD8 Thymocytes. 
Immunity, 2005. 22(3): p. 317-328. 

148. Cruz-Guilloty, F., et al., Runx3 and T-box proteins cooperate to establish 
the transcriptional program of effector CTLs. Journal of Experimental 
Medicine, 2009. 206(1): p. 51-59. 



80 

149. Wang, L. and R. Bosselut, CD4-CD8 Lineage Differentiation: Thpok-ing 
into the Nucleus. The Journal of Immunology, 2009. 183(5): p. 2903-2910. 

150. Bilic, I. and W. Ellmeier, The role of BTB domain-containing zinc finger 
proteins in T cell development and function. Immunology Letters, 2007. 
108(1): p. 1-9. 

151. He, X., et al., The zinc finger transcription factor Th-POK regulates CD4 
versus CD8 T-cell lineage commitment. Nature, 2005. 433(7028): p. 826-
833. 

152. Hernández-Hoyos, G., et al., GATA-3 Expression Is Controlled by TCR 
Signals and Regulates CD4/CD8 Differentiation. Immunity, 2003. 19(1): p. 
83-94. 

153. Pai, S.-Y., et al., Critical Roles for Transcription Factor GATA-3 in 
Thymocyte Development. Immunity, 2003. 19(6): p. 863-875. 

154. Xiong, Y. and R. Bosselut, CD4–CD8 differentiation in the thymus: 
connecting circuits and building memories. Current Opinion in 
Immunology, 2012. 24(2): p. 139-145. 

155. Staal, F.J.T., T.C. Luis, and M.M. Tiemessen, WNT signalling in the 
immune system: WNT is spreading its wings. Nature Reviews Immunology, 
2008. 8(8): p. 581-593. 

156. Weber, B.N., et al., A critical role for TCF-1 in T-lineage specification and 
differentiation. Nature, 2011. 476(7358): p. 63-68. 

157. Xu, Y., et al., Deletion of β-catenin impairs T cell development. Nature 
Immunology, 2003. 4(12): p. 1177-1182. 

158. Steinke, F.C., et al., TCF-1 and LEF-1 act upstream of Th-POK to promote 
the CD4+ T cell fate and interact with Runx3 to silence Cd4 in CD8+ T 
cells. Nature Immunology, 2014. 15(7): p. 646-656. 

159. Swann, J.B., C. Happe, and T. Boehm, Elevated levels of Wnt signaling 
disrupt thymus morphogenesis and function. Scientific Reports, 2017. 7(1): 
p. 785. 

160. Daams, R., et al., Deletion of Nemo-like Kinase in T Cells Reduces Single-
Positive CD8<sup>+</sup> Thymocyte Population. The Journal of 
Immunology, 2020. 205(7): p. 1830-1841. 

161. Fleskens, V., et al., Nemo-like Kinase Drives Foxp3 Stability and Is Critical 
for Maintenance of Immune Tolerance by Regulatory T Cells. Cell Reports, 
2019. 26(13): p. 3600-3612.e6. 

162. Li, S.-Z., et al., Phosphorylation of MAVS/VISA by Nemo-like kinase (NLK) 
for degradation regulates the antiviral innate immune response. Nature 
Communications, 2019. 10(1): p. 3233. 

163. Zepp, J.A. and E.E. Morrisey, Cellular crosstalk in the development and 
regeneration of the respiratory system. Nature Reviews Molecular Cell 
Biology, 2019. 20(9): p. 551-566. 

164. Morrisey, E.E. and B.L. Hogan, Preparing for the first breath: genetic and 
cellular mechanisms in lung development. Dev Cell, 2010. 18(1): p. 8-23. 



81 

165. Herriges, M. and E.E. Morrisey, Lung development: orchestrating the 
generation and regeneration of a complex organ. Development, 2014. 
141(3): p. 502-513. 

166. Rackley, C.R. and B.R. Stripp, Building and maintaining the epithelium of 
the lung. J Clin Invest, 2012. 122(8): p. 2724-30. 

167. Hogan, B.L., et al., Repair and regeneration of the respiratory system: 
complexity, plasticity, and mechanisms of lung stem cell function. Cell Stem 
Cell, 2014. 15(2): p. 123-38. 

168. Burri, P.H., Fetal and postnatal development of the lung. Annu Rev Physiol, 
1984. 46: p. 617-28. 

169. Nikolić, M.Z., D. Sun, and E.L. Rawlins, Human lung development: recent 
progress and new challenges. Development, 2018. 145(16). 

170. Schittny, J.C., Development of the lung. Cell Tissue Res, 2017. 367(3): p. 
427-444. 

171. Mercer, R.R., et al., Cell number and distribution in human and rat airways. 
Am J Respir Cell Mol Biol, 1994. 10(6): p. 613-24. 

172. Birchenough, G.M.H., et al., New developments in goblet cell mucus 
secretion and function. Mucosal Immunology, 2015. 8(4): p. 712-719. 

173. Reynolds, S.D. and A.M. Malkinson, Clara cell: Progenitor for the 
bronchiolar epithelium. The International Journal of Biochemistry & Cell 
Biology, 2010. 42(1): p. 1-4. 

174. Lee, J.-H., et al., Anatomically and Functionally Distinct Lung 
Mesenchymal Populations Marked by Lgr5 and Lgr6. Cell, 2017. 170(6): 
p. 1149-1163.e12. 

175. Williams, M.C., Alveolar type I cells: molecular phenotype and 
development. Annu Rev Physiol, 2003. 65: p. 669-95. 

176. Weibel, E.R., On the tricks alveolar epithelial cells play to make a good 
lung. Am J Respir Crit Care Med, 2015. 191(5): p. 504-13. 

177. Barkauskas, C.E., et al., Type 2 alveolar cells are stem cells in adult lung. J 
Clin Invest, 2013. 123(7): p. 3025-36. 

178. Bhattacharya, J. and K. Westphalen, Macrophage-epithelial interactions in 
pulmonary alveoli. Semin Immunopathol, 2016. 38(4): p. 461-9. 

179. Shukla, S.D., et al., Chronic respiratory diseases: An introduction and need 
for novel drug delivery approaches. Targeting Chronic Inflammatory Lung 
Diseases Using Advanced Drug Delivery Systems, 2020: p. 1-31. 

180. Olle Bergman, L.F., Gabor Hont, Elizabeth Johansson, Per Ljungman, Eva 
Munck-Wikland, Hareth Nahi, Jan Zedenius, Cancer i siffror 2018, in 
Populärvetenskapliga fakta om cancer, E. Johansson, Editor. 2018: 
Cancerfonden and Socialstyrelsen. 

181. Sung, H., et al., Global Cancer Statistics 2020: GLOBOCAN Estimates of 
Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA: 
A Cancer Journal for Clinicians, 2021. 71(3): p. 209-249. 

182. Furrukh, M., Tobacco Smoking and Lung Cancer: Perception-changing 
facts. Sultan Qaboos University medical journal, 2013. 13(3): p. 345-358. 



82 

183. Du, Y., et al., Lung cancer occurrence attributable to passive smoking 
among never smokers in China: a systematic review and meta-analysis. 
Translational lung cancer research, 2020. 9(2): p. 204-217. 

184. Couraud, S., et al., Lung cancer in never smokers – A review. European 
Journal of Cancer, 2012. 48(9): p. 1299-1311. 

185. Spyratos, D., et al., Occupational exposure and lung cancer. Journal of 
thoracic disease, 2013. 5 Suppl 4(Suppl 4): p. S440-S445. 

186. Hwang, S.J., et al., Lung cancer risk in germline p53 mutation carriers: 
association between an inherited cancer predisposition, cigarette smoking, 
and cancer risk. Hum Genet, 2003. 113(3): p. 238-43. 

187. Cersosimo, R.J., Lung cancer: A review. American Journal of Health-
System Pharmacy, 2002. 59(7): p. 611-642. 

188. Lemjabbar-Alaoui, H., et al., Lung cancer: Biology and treatment options. 
Biochimica et biophysica acta, 2015. 1856(2): p. 189-210. 

189. Feng, S.H. and S.-T. Yang, The new 8th TNM staging system of lung cancer 
and its potential imaging interpretation pitfalls and limitations with CT 
image demonstrations. Diagnostic and interventional radiology (Ankara, 
Turkey), 2019. 25(4): p. 270-279. 

190. Rami-Porta, R., et al., The IASLC Lung Cancer Staging Project: Proposals 
for the Revisions of the T Descriptors in the Forthcoming Eighth Edition of 
the TNM Classification for Lung Cancer. J Thorac Oncol, 2015. 10(7): p. 
990-1003. 

191. Rami-Porta, R., et al., Lung cancer - major changes in the American Joint 
Committee on Cancer eighth edition cancer staging manual. CA Cancer J 
Clin, 2017. 67(2): p. 138-155. 

192. Inamura, K., Lung Cancer: Understanding Its Molecular Pathology and the 
2015 WHO Classification. Frontiers in oncology, 2017. 7: p. 193-193. 

193. Travis, W.D., et al., International Association for the Study of Lung 
Cancer/American Thoracic Society/European Respiratory Society 
International Multidisciplinary Classification of Lung Adenocarcinoma. 
Journal of Thoracic Oncology, 2011. 6(2): p. 244-285. 

194. Pikor, L.A., et al., Genetic alterations defining NSCLC subtypes and their 
therapeutic implications. Lung Cancer, 2013. 82(2): p. 179-189. 

195. Collisson, E.A., et al., Comprehensive molecular profiling of lung 
adenocarcinoma. Nature, 2014. 511(7511): p. 543-550. 

196. Adderley, H., F.H. Blackhall, and C.R. Lindsay, KRAS-mutant non-small 
cell lung cancer: Converging small molecules and immune checkpoint 
inhibition. EBioMedicine, 2019. 41: p. 711-716. 

197. Skoulidis, F., et al., Co-occurring Genomic Alterations Define Major 
Subsets of <em>KRAS</em>-Mutant Lung Adenocarcinoma with Distinct 
Biology, Immune Profiles, and Therapeutic Vulnerabilities. Cancer 
Discovery, 2015. 5(8): p. 860-877. 

198. Jackson, E.L., et al., Analysis of lung tumor initiation and progression using 
conditional expression of oncogenic K-ras. Genes & Development, 2001. 
15(24): p. 3243-3248. 



83 

199. Wang, Y., et al., A mouse model for tumor progression of lung cancer in 
ras and p53 transgenic mice. Oncogene, 2006. 25(8): p. 1277-80. 

200. Desai, T.J., D.G. Brownfield, and M.A. Krasnow, Alveolar progenitor and 
stem cells in lung development, renewal and cancer. Nature, 2014. 
507(7491): p. 190-194. 

201. Pao, W., et al., EGF receptor gene mutations are common in lung cancers 
from "never smokers" and are associated with sensitivity of tumors to 
gefitinib and erlotinib. Proc Natl Acad Sci U S A, 2004. 101(36): p. 13306-
11. 

202. Pignon, J.P., et al., Lung adjuvant cisplatin evaluation: a pooled analysis 
by the LACE Collaborative Group. J Clin Oncol, 2008. 26(21): p. 3552-9. 

203. Zappa, C. and S.A. Mousa, Non-small cell lung cancer: current treatment 
and future advances. Translational Lung Cancer Research, 2016. 5(3): p. 
288-300. 

204. Masters, G.A., et al., Systemic Therapy for Stage IV Non-Small-Cell Lung 
Cancer: American Society of Clinical Oncology Clinical Practice 
Guideline Update. Journal of clinical oncology : official journal of the 
American Society of Clinical Oncology, 2015. 33(30): p. 3488-3515. 

205. Herbst, R.S., D. Morgensztern, and C. Boshoff, The biology and 
management of non-small cell lung cancer. Nature, 2018. 553(7689): p. 
446-454. 

206. Alexander, M., S.Y. Kim, and H. Cheng, Update 2020: Management of 
Non-Small Cell Lung Cancer. Lung, 2020. 198(6): p. 897-907. 

207. Ramalingam, S.S., et al., Overall Survival with Osimertinib in Untreated, 
EGFR-Mutated Advanced NSCLC. N Engl J Med, 2020. 382(1): p. 41-50. 

208. Reck, M., et al., Pembrolizumab versus Chemotherapy for PD-L1–Positive 
Non–Small-Cell Lung Cancer. New England Journal of Medicine, 2016. 
375(19): p. 1823-1833. 

209. Aros, C.J., C.J. Pantoja, and B.N. Gomperts, Wnt signaling in lung 
development, regeneration, and disease progression. Communications 
Biology, 2021. 4(1): p. 601. 

210. Pacheco-Pinedo, E.C., et al., Wnt/β-catenin signaling accelerates mouse 
lung tumorigenesis by imposing an embryonic distal progenitor phenotype 
on lung epithelium. J Clin Invest, 2011. 121(5): p. 1935-45. 

211. Pacheco-Pinedo, E.C. and E.E. Morrisey, Wnt and Kras signaling-dark 
siblings in lung cancer. Oncotarget, 2011. 2(7): p. 569-74. 

212. Akiri, G., et al., Wnt pathway aberrations including autocrine Wnt 
activation occur at high frequency in human non-small-cell lung 
carcinoma. Oncogene, 2009. 28(21): p. 2163-72. 

213. Lemjabbar-Alaoui, H., et al., Wnt and Hedgehog are critical mediators of 
cigarette smoke-induced lung cancer. PloS one, 2006. 1(1): p. e93-e93. 

214. Ke, H., et al., Nemo-like kinase regulates the expression of vascular 
endothelial growth factor (VEGF) in alveolar epithelial cells. Scientific 
reports, 2016. 6: p. 23987-23987. 



84 

215. Shi, C., et al., Knockdown of Nemo‑like kinase promotes metastasis in 
non‑small‑cell lung cancer. Oncol Rep, 2019. 42(3): p. 1090-1100. 

216. Lv, L., et al., Nemo-like kinase (NLK) inhibits the progression of NSCLC 
via negatively modulating WNT signaling pathway. J Cell Biochem, 2014. 
115(1): p. 81-92. 

217. Suwei, D., et al., NLK functions to maintain proliferation and stemness of 
NSCLC and is a target of metformin. Journal of Hematology & Oncology, 
2015. 8(1): p. 120. 

218. Rawla, P., T. Sunkara, and A. Barsouk, Epidemiology of colorectal cancer: 
incidence, mortality, survival, and risk factors. Przeglad 
gastroenterologiczny, 2019. 14(2): p. 89-103. 

219. Marley, A.R. and H. Nan, Epidemiology of colorectal cancer. International 
journal of molecular epidemiology and genetics, 2016. 7(3): p. 105-114. 

220. Martin Lipkin, et al., DIETARY FACTORS IN HUMAN COLORECTAL 
CANCER. Annual Review of Nutrition, 1999. 19(1): p. 545-586. 

221. Olén, O., et al., Childhood onset inflammatory bowel disease and risk of 
cancer: a Swedish nationwide cohort study 1964-2014. BMJ (Clinical 
research ed.), 2017. 358: p. j3951-j3951. 

222. Kinzler, K.W. and B. Vogelstein, Lessons from Hereditary Colorectal 
Cancer. Cell, 1996. 87(2): p. 159-170. 

223. Cancer Genome Atlas, N., Comprehensive molecular characterization of 
human colon and rectal cancer. Nature, 2012. 487(7407): p. 330-337. 

224. Dekker, E., et al., Colorectal cancer. The Lancet, 2019. 394(10207): p. 
1467-1480. 

225. Powell, S.M., et al., APC mutations occur early during colorectal 
tumorigenesis. Nature, 1992. 359(6392): p. 235-237. 

226. Fodde, R., R. Smits, and H. Clevers, APC, Signal transduction and genetic 
instability in colorectal cancer. Nature Reviews Cancer, 2001. 1(1): p. 55-
67. 

227. Walther, A., et al., Genetic prognostic and predictive markers in colorectal 
cancer. Nature Reviews Cancer, 2009. 9(7): p. 489-499. 

228. Fidler, I.J., The pathogenesis of cancer metastasis: the 'seed and soil' 
hypothesis revisited. Nature Reviews Cancer, 2003. 3(6): p. 453-458. 

229. Langley, R.R. and I.J. Fidler, The seed and soil hypothesis revisited—The 
role of tumor-stroma interactions in metastasis to different organs. 
International Journal of Cancer, 2011. 128(11): p. 2527-2535. 

230. André, T., et al., Improved overall survival with oxaliplatin, fluorouracil, 
and leucovorin as adjuvant treatment in stage II or III colon cancer in the 
MOSAIC trial. J Clin Oncol, 2009. 27(19): p. 3109-16. 

231. Biller, L.H. and D. Schrag, Diagnosis and Treatment of Metastatic 
Colorectal Cancer: A Review. JAMA, 2021. 325(7): p. 669-685. 

232. Xie, Y.-H., Y.-X. Chen, and J.-Y. Fang, Comprehensive review of targeted 
therapy for colorectal cancer. Signal Transduction and Targeted Therapy, 
2020. 5(1): p. 22. 



85 

233. Saltz, L.B., et al., Bevacizumab in combination with oxaliplatin-based 
chemotherapy as first-line therapy in metastatic colorectal cancer: a 
randomized phase III study. J Clin Oncol, 2008. 26(12): p. 2013-9. 

234. Brahmer, J.R., et al., Safety and Activity of Anti–PD-L1 Antibody in Patients 
with Advanced Cancer. New England Journal of Medicine, 2012. 366(26): 
p. 2455-2465. 

235. Tournier, C., The 2 Faces of JNK Signaling in Cancer. Genes & cancer, 
2013. 4(9-10): p. 397-400. 

236. Sabapathy, K., Role of the JNK pathway in human diseases. Prog Mol Biol 
Transl Sci, 2012. 106: p. 145-69. 

237. Vasilevskaya, I.A., et al., Inhibition of JNK Sensitizes Hypoxic Colon 
Cancer Cells to DNA-Damaging Agents. Clinical cancer research : an 
official journal of the American Association for Cancer Research, 2015. 
21(18): p. 4143-4152. 

238. Liu, Z., et al., Roles of the MST1-JNK signaling pathway in apoptosis of 
colorectal cancer cells induced by Taurine. The Libyan journal of 
medicine, 2018. 13(1): p. 1500346-1500346. 

239. Wei, Y., S. Sinha, and B. Levine, Dual role of JNK1-mediated 
phosphorylation of Bcl-2 in autophagy and apoptosis regulation. 
Autophagy, 2008. 4(7): p. 949-51. 

240. Tam, S.Y., V.W.C. Wu, and H.K.W. Law, JNK Pathway Mediates Low 
Oxygen Level Induced Epithelial–Mesenchymal Transition and Stemness 
Maintenance in Colorectal Cancer Cells. Cancers, 2020. 12(1): p. 224. 

241. Van der Jeught, K., et al., Drug resistance and new therapies in colorectal 
cancer. World journal of gastroenterology, 2018. 24(34): p. 3834-3848. 

242. Sun, L., et al., Irreversible JNK blockade overcomes PD-L1-mediated 
resistance to chemotherapy in colorectal cancer. Oncogene, 2021. 40(32): 
p. 5105-5115. 

243. Cohen, P., The role of protein phosphorylation in human health and 
disease. . European Journal of Biochemistry, 2001. 268(19): p. 5001-5010. 

244. Zarrin, A.A., et al., Kinase inhibition in autoimmunity and inflammation. 
Nature Reviews Drug Discovery, 2021. 20(1): p. 39-63. 

245. Rauch, J., et al., The secret life of kinases: functions beyond catalysis. Cell 
Communication and Signaling, 2011. 9(1): p. 23. 

246. MacDonald, B.T., K. Tamai, and X. He, Wnt/beta-catenin signaling: 
components, mechanisms, and diseases. Developmental cell, 2009. 17(1): 
p. 9-26. 

247. Daniels, D.L. and W.I. Weis, β-catenin directly displaces Groucho/TLE 
repressors from Tcf/Lef in Wnt-mediated transcription activation. Nature 
Structural & Molecular Biology, 2005. 12(4): p. 364-371. 

248. Billin, A.N., H. Thirlwell, and D.E. Ayer, Beta-catenin-histone deacetylase 
interactions regulate the transition of LEF1 from a transcriptional 
repressor to an activator. Molecular and cellular biology, 2000. 20(18): p. 
6882-6890. 



86 

249. Cai, R., et al., Mammalian histone deacetylase 1 protein is 
posttranslationally modified by phosphorylation. Biochem Biophys Res 
Commun, 2001. 283(2): p. 445-53. 

250. Pflum, M.K.H., et al., Histone Deacetylase 1 Phosphorylation Promotes 
Enzymatic Activity and Complex Formation*. Journal of Biological 
Chemistry, 2001. 276(50): p. 47733-47741. 

251. Zúñiga-Pflücker, J.C., T-cell development made simple. Nature Reviews 
Immunology, 2004. 4(1): p. 67-72. 

252. Ma, J., et al., β-catenin/TCF-1 pathway in T cell development and 
differentiation. Journal of neuroimmune pharmacology : the official journal 
of the Society on NeuroImmune Pharmacology, 2012. 7(4): p. 750-762. 

253. Kortenjann, M., et al., Abnormal bone marrow stroma in mice deficient for 
nemo-like kinase, Nlk. European Journal of Immunology, 2001. 31(12): p. 
3580-3587. 

254. Takaba, H. and H. Takayanagi, The Mechanisms of T Cell Selection in the 
Thymus. Trends in Immunology, 2017. 38(11): p. 805-816. 

255. Voisinne, G., A. Gonzalez de Peredo, and R. Roncagalli, CD5, an 
Undercover Regulator of TCR Signaling. Frontiers in immunology, 2018. 
9: p. 2900-2900. 

256. Boucheron, N., et al., CD4+ T cell lineage integrity is controlled by the 
histone deacetylases HDAC1 and HDAC2. Nature Immunology, 2014. 
15(5): p. 439-448. 

257. Xing, S., et al., Tcf1 and Lef1 transcription factors establish CD8+ T cell 
identity through intrinsic HDAC activity. Nature Immunology, 2016. 17(6): 
p. 695-703. 

258. Ioannidis, V., et al., The β-catenin–TCF-1 pathway ensures CD4+CD8+ 
thymocyte survival. Nature Immunology, 2001. 2(8): p. 691-697. 

259. Rapp, J., et al., WNT signaling - lung cancer is no exception. Respiratory 
research, 2017. 18(1): p. 167-167. 

260. Mazieres, J., et al., Wnt signaling in lung cancer. Cancer Letters, 2005. 
222(1): p. 1-10. 

261. Aoki, K. and M.M. Taketo, Tissue-Specific Transgenic, Conditional 
Knockout and Knock-In Mice of Genes in the Canonical Wnt Signaling 
Pathway, in Wnt Signaling: Pathway Methods and Mammalian Models, E. 
Vincan, Editor. 2008, Humana Press: Totowa, NJ. p. 307-331. 

262. Harada, N., et al., Intestinal polyposis in mice with a dominant stable 
mutation of the beta-catenin gene. Embo j, 1999. 18(21): p. 5931-42. 

263. Reynolds, S.D., et al., Conditional stabilization of beta-catenin expands the 
pool of lung stem cells. Stem cells (Dayton, Ohio), 2008. 26(5): p. 1337-
1346. 

264. Tan, Z., et al., NLK is a key regulator of proliferation and migration in 
gallbladder carcinoma cells. Molecular and Cellular Biochemistry, 2012. 
369(1): p. 27-33. 



87 

265. Zhu, M.M., et al., Increased JNK1 signaling pathway is responsible for 
ABCG2-mediated multidrug resistance in human colon cancer. PLoS One, 
2012. 7(8): p. e41763. 

266. Jemaà, M., et al., Heterogeneity in sarcoma cell lines reveals enhanced 
motility of tetraploid versus diploid cells. Oncotarget, 2017. 8(10): p. 
16669-16689. 

267. Chen, S., et al., Dedifferentiation of Lineage-Committed Cells by a Small 
Molecule. Journal of the American Chemical Society, 2004. 126(2): p. 410-
411. 

268. Lu, Y.-C., et al., Reversine Induced Multinucleated Cells, Cell Apoptosis 
and Autophagy in Human Non-Small Cell Lung Cancer Cells. PLOS ONE, 
2016. 11(7): p. e0158587. 

269. Kuo, C.-H., et al., Reversine induces cell cycle arrest, polyploidy, and 
apoptosis in human breast cancer cells. Breast Cancer, 2014. 21(3): p. 358-
369. 

270. Bennett, B.L., et al., SP600125, an anthrapyrazolone inhibitor of Jun N-
terminal kinase. Proceedings of the National Academy of Sciences of the 
United States of America, 2001. 98(24): p. 13681-13686. 

271. Zhang, Y.H., et al., Inhibition of JNK1 expression decreases migration and 
invasion of mouse hepatocellular carcinoma cell line in vitro. Medical 
Oncology, 2011. 28(4): p. 966-972. 

272. Feehan, R.P. and L.M. Shantz, Molecular signaling cascades involved in 
nonmelanoma skin carcinogenesis. The Biochemical journal, 2016. 
473(19): p. 2973-2994. 

273. Chin, Y.R. and A. Toker, Function of Akt/PKB signaling to cell motility, 
invasion and the tumor stroma in cancer. Cellular signalling, 2009. 21(4): 
p. 470-476. 

274. Xue, G. and B.A. Hemmings, PKB/Akt–Dependent Regulation of Cell 
Motility. JNCI: Journal of the National Cancer Institute, 2013. 105(6): p. 
393-404. 

275. Javelaud, D., et al., Disruption of Basal JNK Activity Differentially Affects 
Key Fibroblast Functions Important for Wound Healing*. Journal of 
Biological Chemistry, 2003. 278(27): p. 24624-24628. 

276. Kavurma, M.M. and L.M. Khachigian, ERK, JNK, and p38 MAP kinases 
differentially regulate proliferation and migration of phenotypically 
distinct smooth muscle cell subtypes. Journal of Cellular Biochemistry, 
2003. 89(2): p. 289-300. 

277. Wang, J., et al., Sustained c-Jun-NH2-kinase activity promotes epithelial-
mesenchymal transition, invasion, and survival of breast cancer cells by 
regulating extracellular signal-regulated kinase activation. Molecular 
cancer research : MCR, 2010. 8(2): p. 266-277. 

278. Reya, T., et al., Wnt Signaling Regulates B Lymphocyte Proliferation 
through a LEF-1 Dependent Mechanism. Immunity, 2000. 13(1): p. 15-24. 

279. Sachs, N., et al., Long-term expanding human airway organoids for disease 
modeling. The EMBO journal, 2019. 38(4): p. e100300. 



88 

280. Majeed, U., et al., Targeted therapy in advanced non-small cell lung 
cancer: current advances and future trends. Journal of Hematology & 
Oncology, 2021. 14(1): p. 108. 

281. Yuan, M., et al., The emerging treatment landscape of targeted therapy in 
non-small-cell lung cancer. Signal Transduction and Targeted Therapy, 
2019. 4(1): p. 61. 

282. Reuben, A., et al., Comprehensive T cell repertoire characterization of non-
small cell lung cancer. Nature Communications, 2020. 11(1): p. 603. 

 





Department of Laboratory Medicine

Lund University, Faculty of Medicine 
Doctoral Dissertation Series 2022:35 

ISBN 978-91-8021-196-3 
ISSN 1652-8220

N
O

RD
IC

 S
W

A
N

 E
C

O
LA

BE
L 

30
41

 0
90

3
Pr

in
te

d 
by

 M
ed

ia
-T

ry
ck

, L
un

d 
20

22


	319930_1_G5_Renee D.pdf
	Tom sida

	Tom sida



