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Zusammenfassung 

 

STAT3 (signal transducer and activator of transcription 3) ist ein ubiquitärer 

Transkriptionsfaktor, der in vielen biologischen Prozessen, wie Hämatopoese, 

Entwicklung und Immunantwort involviert ist. Eine Dysregulation der STAT3-

Signaltransduktion ist bei der Enstehung und Progression von chronischen 

Entzündungen, Krebserkrankungen und Fibrose beteiligt. 

Der erste Teil dieser Arbeit befasst sich mit den Funktionen der N-terminale Domäne 

(NTD) von STAT3 und der spezifischen DNS Bindung an GAS-Elemente bei der IL-6 

vermittelten STAT3 Signalübertragung. Unsere Ergebnisse zeigen, dass GAS-

Element Erkennung für den Zytokin-induzierten und basalen nukleären Import von 

STAT3 nicht essentiell ist. Demgegenüber zeigt die NTD-Deletionsmutante keine 

nukleäre Akkumulation nach IL-6 Stimulation und verbleibt im Zytoplasma in Form 

von phosphorylierten Dimeren, die imstande sind, GAS-Sequenzen zu erkennen. Die 

defekte Kerntranslokation von (∆N)STAT3 konnte nicht durch fehlerhafte Assoziation 

mit α-Importin Molekülen erklärt werden. Außerdem konnten wir mechanistische 

Unterschiede zwischen aktivem und latentem nukleären Transport von STAT3 sowie 

zwischen aktivem Import von STAT3 und STAT1 aufzeigen. 

Im zweiten Teil der Arbeit wurde die verstärkte Aktivierung von STAT1 nach IL-6 

Stimulation in STAT3-defizienten Zellen analysiert. Unsere Befunde deuten auf eine 

STAT3 vermittelte Beschränkung der IL-6 induzierten STAT1 Aktivierung durch 

STAT3 Zielgenexpression und nicht durch spezifische Eigenschaften der NTD von 

STAT3 hin. 

Im dritten Teil dieser Arbeit zeigten wir, dass STAT3 und NF-κB keinen direkten 

gegenseitigen Einfluss auf die klassische Signalübertragung haben. Stattdessen 

korreliert die Expression der NF-κB p65 Untereinheit mit der intrazellulären 

Gesamtmenge an STAT1 und STAT3. 

Im letzten Teil der Arbeit wurden STAT3-YFP knock-in Mäuse als neues in vivo 

Untersuchungsmodell beschrieben und charakterisiert. Unsere Daten zeigten, dass 

transgene Mäuse erfolgreich generiert wurden und die YFP-Fluoreszenz mittels 

diverser Mikroskopietechniken nachgewiesen werden kann. Das STAT3-YFP knock-

in Mausmodell kann für weiterführende Analysen der Funktionen von STAT3 in vivo 

genutzt werden. 
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Abstract 

 

Signal transducer and activator of transcription 3 (STAT3) is a ubiquitous 

transcription factor involved in many biological processes, including hematopoiesis, 

development and immune response. Dysfunctional STAT3 signalling has been 

reported in many pathophysiological conditions such cancer, chronic inflammation 

and fibrosis.  

In the first part of this work, we investigated the functions of the N-terminal domain 

and GAS-site recognition during IL-6-induced STAT3 signaling. Our results 

demonstrate the nonessential role of GAS-element recognition for both cytokine-

induced and basal nuclear import of STAT3. In turn, deletion of the NTD markedly 

decreased nuclear accumulation upon IL-6 treatment resulting in a prolonged 

accumulation of phosphorylated dimers in the cytoplasm, at the same time 

preserving specific DNA recognition ability of the truncation mutant. Observed defect 

in nuclear localization could not be explained by flawed importin-α binding. 

Furthermore, our data indicated mechanistic differences between active and latent 

nuclear trafficking of STAT3, as well as between STAT1 and STAT3 active nuclear 

import. 

In the second part of this thesis, we analyzed the excessive STAT1 activation in 

STAT3-deficient cells upon IL-6 treatment. Our findings show that STAT3-mediated 

regulation of IL-6-induced STAT1 signaling depends on STAT3 target gene 

expression, but not on isolated STAT3 NTD functions.  

In the third part, we demonstrated that NF-κB and STAT3 have no direct influence on 

each other canonical signaling pathways. Instead, the expression of NF-κB subunit 

p65 correlates with total levels of STAT1 and STAT3. 

In the final part of this work, we characterized a STAT3-YFP knock-in murine model 

as a potentially powerful tool for the visualization of STAT3 in vivo. Our data show 

that STAT3-YFP Knock-In mice have been successfully generated and that the YFP 

fluorescence can be detected by common microscopy techniques. The STAT3-YFP 

knock-in mice will be a valuable tool for deciphering the function of STAT3 in vivo. 
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I  Introduction 

 

1. Cellular signaling 

 

Each biological organism consists of basic building blocks called cells which function 

as the elementary structural, functional, and biological units of life that can replicate 

independently. Each cell organizes its core intracellular processes into an 

infrastructure of various organelles separated by membranes. However, cells do not 

live in isolation. Intercellular communication is a fundamental feature of all unicellular 

and multicellular organisms and governs the proper development and function of 

every living organism [1]. 

 

In order to perceive and correctly respond to their microenvironment, cells utilize a 

complex system of communication named cell signaling that involves sending, 

receiving and processing of extracellular signals. Most signals are chemical ligands 

in nature and are recognized by specific receptors on or in target cells. When a 

signaling molecule binds to a receptor, it alters the activity of the receptor, triggering 

a change inside the cell that leads to a programmed response [2].  

 

When an extracellular ligand activates a specific receptor located on the cell 

membrane, this receptor triggers a biochemical chain of events inside the cell termed 

intracellular signal transduction. Depending on the signal and cell type, the response 

may vary from altering metabolism, shape or gene expression profiles, to trigger 

differentiation, proliferation, apoptosis and other processes. The signal can be further 

amplified at any step and generate a massive response within a single cell [3]. 

 

Converting extracellular signals into cellular responses is not direct and generally 

involves several intermediate proteins or small molecules. Depending on receptor 

and intracellular molecules involved, several signal-transducing pathways have been 

described both in prokaryotes and eukaryotes [1-3]. Two examples of major signaling 

pathways are the evolutionary conserved JAK/STAT and NF-κB pathways, which will 

be the main focus of this work.  
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2. JAK/STAT pathway 

 

2.1 History and pathway overview 

 

One class of secreted signaling molecules that control many biological processes is 

called cytokines. They regulate growth and differentiation of specific types of cells 

and are of particular importance in the immune system and blood cell formation. 

Cytokines are proteins which are secreted by different cells and are further classified 

according to their biological functions into interferons, interleukins, colony-stimulating 

factors, tumor necrosis factors and chemokines. The interferons (IFN) were originally 

discovered as agents that interfere with viral infections almost 60 years ago [4]. 

Further investigation into the exact molecular mechanism of interferon signaling more 

than 20 years ago led to the discovery of the JAK (Janus tyrosine kinase)-STAT 

(signal transducer and activator of transcription) pathway as a remarkably simple 

pathway for membrane to nucleus intracellular signal transduction [5].  

 

The JAK/STAT pathway represents an evolutionary conserved signal transduction 

cascade mainly involved in hematopoiesis and immunity. During the last two 

decades, significant progress has been made in the identification of multiple STATs 

and regulatory proteins [6]. First, the Darnell group identified a protein complex 

named interferon-stimulated gene factor 3 (ISGF3) that was activated in the 

cytoplasm upon type I IFN stimulation and bound specific DNA elements called IFN 

stimulated response element (ISRE), which then led to transcriptional activation of 

IFN-dependent genes [7, 8]. ISGF3 was comprised of 113, 91, 84 and 48 kDa 

proteins, the 91 and 84 kDa proteins being two isoforms of the same protein 

generated through alternative splicing [8]. In parallel, a separate promoter for type II 

IFN-mediated transcriptional initiation was identified (gamma IFN-activated site, 

GAS) with a sequence different from ISRE [9]. The transcriptional complex bound to 

this sequence consists exclusively of the 91 kDa species, previously identified within 

the ISGF3 complex [10]. At this point, the name STAT1 was given to the 91 kDa 

protein and STAT2 to the larger 113 kDa protein within the ISGF3 complex [5]. A 

critical phosphorylation site at Y701 within STAT1 was identified as an essential 
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posttranslational modification for IFN-driven activation [10,11]. In subsequent years 

several other phosphotyrosine-containing DNA binding transcription factors were 

identified. In 1994 the laboratory of Friedemann Horn at the Institute for Biochemistry 

at RWTH Aachen, where this thesis was written, in parallel with the Kishimoto group 

identified and cloned the acute phase response factor (APRF) which is activated by 

interleukin-6 (IL-6)  [12, 13]. This transcription factor, that also binds GAS elements, 

was later shown to be related to STAT1 and renamed STAT3 [14, 15]. Later on, 

STAT4 (activated by IL-12) [16, 17], differentially expressed STAT5A and STAT5B 

[18,19], as well as STAT6 (activated by IL-4) [20] were identified. 

 

STATs are now considered as transcription factors that relay signals from activated 

receptors in the plasma membrane to the nucleus, where they regulate gene 

expression. According to the canonical model, inactive STAT proteins exist as latent 

monomers prior to stimulation and their activation requires dimerization via 

phosphotyrosine-SH2 domain interactions upon phosphorylation of a critical tyrosine 

residue by receptor-associated JAK kinases (Fig. 1.1). Upon ligand-binding, cytokine 

receptors undergo conformational changes that get JAKs into proximity of each 

other, allowing mutual activation by trans-phosphorylation. Activated JAKs 

phosphorylate cytokine receptors creating phospho-docking sites for STATs. STATs 

recruited to receptors are also phosphorylated by JAKs at a single tyrosine residue. 

Activated STATs dimerize followed by nuclear translocation and sequence-specific 

DNA-binding, resulting in gene transcription [21-23].  

 

 

Fig. 1.1: Canonical JAK/STAT pathway. P – Tyrosine phosphorylation [21]. 
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In recent years, various non-canonical aspects of JAK/STAT signaling have 

emerged, adding more complexity to this pathway [24]. Almost all unphosphorylated 

STAT proteins apart from a monomeric fraction exist as preformed or latent dimers in 

resting cells in the absence of the activating tyrosine phosphorylation [25]. Moreover, 

latent STAT proteins constitutively shuttle between nucleus and cytoplasm in the 

absence of cytokine stimulation [26, 27]. Unphosphorylated STATs (U-STATs) have 

been shown to drive specific gene expression by mechanisms distinct from those 

used by phosphorylated STATs [28] and act as transcriptional cofactors or 

corepressors [29, 30]. Furthermore, apart from cytokine receptors, STAT proteins 

can be activated by receptor tyrosine kinases (RTKs), several cytoplasmic kinases 

and G-protein-coupled receptors (GPCRs) [21, 31]. Finally, STAT3 has been 

demonstrated to have functions in regulation of mitochondrial respiration [32], 

stabilization of microtubules and cell migration [33]. Taken together, all these data 

demonstrate that JAK/STAT signaling is much more complex than previously 

thought. 

 

2.2 Structure and functions of STAT proteins 

 

In mammals seven structurally and functionally related STATs have been identified: 

STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B and STAT6. They range in size 

from 749 (STAT4) to 851 (STAT2) amino acids and share a similar structure that 

consists of seven conserved domains (Fig. 1.2) [34].  

 

Fig. 1.2: Structural domains of STAT proteins [35].  
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N-terminal domains (amino-terminal, NH2 domains, NTD) of STATs play major roles 

in oligomerization and nuclear accumulation. Coiled-coil domains (CCD) are 

essential for nuclear import/export cycle, as well as receptor binding. DNA-binding 

domains (DBD), as the name implies, direct DNA binding and are also involved in 

nuclear trafficking. Linker domains (LD) are cooperating in DNA binding, nuclear 

egress and transcriptional activity of STAT proteins. Src Homology 2 (SH2) domains 

are critical for receptor recruitment, dimerization and nuclear export. Phosphotyrosyl 

tails harbor critical tyrosine residues for stimulus-induced activation and dimerization, 

while transactivation domains (TAD) are important for dimerization, nuclear escape 

and full transcriptional activity of STATs. All domains are participating in physical 

interactions with other proteins [21, 22, 34]. 

 

Recent advances in measuring cell-specific transcriptomes and epigenomes together 

with gene-targeted mice revealed several thousands of genomic targets for STATs 

both in driving and repressing transcription [36]. Generation of STAT-deficient mice 

revealed many physiologically relevant actions of these molecules (Tab. 1.1) [31, 37]. 

 

Genotype Phenotype 

STAT1-/- Viable and fertile, defective responses to type I and II interferons, 

increased susceptibility to tumorigenesis 

STAT2-/- Viable and fertile, defective responses to type I interferons, reduced 

STAT1 levels in specific tissues 

STAT3-/- Embryonic lethal, conditional knockouts have multiple defects in adult 

tissues (impaired survival and response to pathogens) 

STAT4-/- Viable and fertile, defective IL-12-driven Th1 differentiation,  increased 

susceptibility to intracellular pathogens 

STAT5A-/- Viable and fertile, defective mammary gland development and prolactin 

functioning 

STAT5B-/- Viable and fertile,  defective growth and growth hormone signaling 

STAT5A/B-/- Viable but infertile, defective  mammary gland development, growth and 

T-cell proliferation 

STAT6-/- Viable and fertile, defective IL-4-driven Th2 differentiation, increased 

susceptibility to helminthic invasion 

Tab. 1.1: Phenotypes of STAT deficient mice  
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Unlike all other members of the Stat gene family, complete knockout of STAT3 leads 

to embryonic lethality in mice [38], while conditional tissue-specific gene targeting led 

to impairment of various functions in different cell types [39]. STAT3 it is activated by 

a wide variety of cytokines, including the entire IL-6 (see section I.2.3.1) and IL-10 

(IL-10, IL-19, IL-20, IL-22, IL-24, IL-26) families, as well as G-CSF, leptin, IL-21, IL-

27, various growth factors, oncogenes and other stimuli [22]. These data 

demonstrate that STAT3 has the most pleiotropic functions amongst all seven 

mammalian STAT proteins and might represent a primordial STAT protein [39]. Since 

the IL-6-type cytokines that signal through the ubiquitously expressed cytokine 

receptor gp130 are among best studied and potent physiological activators of STAT3 

[40], IL-6/STAT3 signaling and its crosstalk with other signaling pathways will be the 

main topic of this work. 

 

2.3 IL-6/STAT3 signaling 

 

2.3.1 IL-6 type cytokines 

 

The family of IL6-type cytokines consists of several proteins with molecular masses 

of about 20 kDa: IL-6, IL-11, IL-27, IL-31, IL-35, LIF (leukemia inhibitory factor), OSM 

(oncostatin M), CNTF (ciliary neurotrophic factor), CT-1 (cardiotrophin-1), CLC 

(cardiotrophin-like cytokine) and NP (neuropoietin). They are important mediators 

involved in the regulation of the acute-phase response to injury and infection, 

hematopoiesis, liver and neuronal regeneration, bone metabolism, embryonal 

development and fertility (Fig. 1.3).  

 

 

 

Fig. 1.3: IL-6-type cytokine receptor complexes. All complexes (except for IL-31) contain at least 
one gp130 subunit. IL6 and IL-11 bind to homodimeric complexes, other members of IL-6 family bind 

heterodimers [41]. 
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Receptors of the IL-6-type cytokines consist of non-signaling ligand binding α-

receptors (for example IL-6Rα, also known as gp80) and the signal transducing 

receptors (gp130, LIFR, and OSMR), which bind to JAKs and become tyrosine 

phosphorylated upon ligand stimulation [40, 42, 43].  

 

Glycoprotein 130 is a common subunit of the receptor complexes for almost all 

cytokines of the IL-6 family, serving at least ten cytokines with the help of other eight 

receptors forming homo- and heterodimers [44]. Although gp130 is ubiquitously 

expressed, the number of cells that respond to IL-6-type cytokines is limited, because 

the expression of the ligand binding subunits (α-receptors) is more tightly regulated. 

Apart from membrane-bound receptor complexes soluble forms of IL-6-type 

receptors have been described. They modulate local and systemic responses to 

cytokines and are formed either by shedding of membrane-bound receptors or by 

translation from an alternatively spliced mRNA [40]. 

 

2.3.2  IL-6/STAT3 signal transduction 

 

In resting cells STAT3 molecules exist as monomers, as well as homodimers or 

heterodimers with STAT1 [25, 45-47]. Moreover, like all members of the STAT family, 

unphosphorylated STAT3 (U-STAT3) continuously shuttles in and out of the nucleus 

without any stimulus or upstream activation [48-50], being able to regulate gene 

transcription [28]. 

 

Cytokine receptor gp130 forms complexes with JAK1, JAK2 and TYK2 [36], with 

JAK1 being the essential kinase for IL-6-dependent signaling [51]. Upon IL-6 

stimulation, STAT3 molecules are recruited via their SH2 domains to phospho-YXXQ 

motifs of gp130 and become phosphorylated at the critical Y705 residue. Then, 

phosphorylated STAT3 proteins form activated homodimers or heterodimers with 

STAT1 and translocate into the nucleus with the help of active transport, where it 

binds to GAS elements and regulates the expression of a specific set of genes [40]. 

Whether specific GAS recognition is required for activated STAT3 to accumulate in 

the nucleus of cytokine stimulated cells remains unclear. 
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Of note, dimer to monomer ratio of STAT3 species does not change significantly after 

stimulation [47, 50, 52] and both preformed and activated STAT3 dimers exist in a 

similar parallel orientation in contrast to latent antiparallel dimers of STAT1 and 

STAT5 [53]. Moreover, nuclear accumulation of STAT3 in response to cytokine 

stimulation is achieved not only by active dimer translocation to the nuclei, but also 

by reduced nuclear export and overall shuttling, as demonstrated in living cells [49]. 

STAT3 phosphorylation and DNA binding decrease after 30 min of IL-6 stimulation 

via negative feedback and reach control levels after 60 min [54, 55].  

 

Among STAT3-induced genes, suppressor of cytokine signaling 3 (SOCS3) is a 

classical negative feedback inhibitor that specifically affects signaling mediated by IL-

6 and gp130 by acting on the JAKs and receptor [56, 57]. Apart from SOCS3 there 

are other ways to terminate IL-6-induced STAT3 signaling via protein tyrosine 

phosphatases, the protein inhibitor of activated STAT3 (PIAS3) and other proteins. 

After DNA binding and transcription initiation STAT3 is dephosphorylated and either 

degraded or exits the nucleus via CRM1-mediated export into the cytoplasm until the 

next activation event occurs (Fig.1.4) [40, 48, 49, 58].  

 

Fig. 1.4: In-depth IL6/STAT3 Signaling model. 
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2.3.3  STAT3 in physiology and disease 

 

STAT-induced genes have distinctive response elements within their promoters. 

Biochemical studies have determined that the GAS element TTCN2–4GAA 

consensus sequence defines the optimal binding site for all STATs, and STAT3 

favors n=2 spacing within elements [59]. Global chromatin surveys showed that 

STAT3 binds at least 3,000 different gene promoters [60] and conditional knockout 

experiments demonstrated a crucial role for STAT3 in acute phase gene expression, 

embryonic development, differentiation, anti-apoptotic and pro-survival gene 

expression [21, 37, 39, 61]. Tissue-specific ablation revealed a prominent role of 

STAT3 in a wide variety of physiological processes summarized in Tab. 1.2. 

 

 

STAT3 activation within immune cells is associated with immunosuppression, 

promoting the immune evasion of the tumor, differentiation of macrophages toward 

the anti-inflammatory M2 phenotype and the decrease of functional dendritic cells 

[62]. On the other hand, IL-6- or IL-23-driven STAT3 signaling is critical for 

inflammatory Th17 cell differentiation in mice and humans [63, 64].  Moreover, In B-

cells STAT3 positively regulates an early step in development by promoting 

differentiation and survival [65]. Finally, although platelets lack nuclei and 

transcriptional activity, STAT3 has been shown to promote platelet aggregation by 

enhancing collagen-induced signaling as a scaffold protein [66]. This dual role in 

diverse and even opposed physiological processes can be explained in part by the 

induction of distinct sets of target genes by STAT3 in different cells [39, 61]. 

 

STAT3-/- Cells Phenotype 

Keratinocytes  Impaired 2nd hair cycle, wound repair and keratinocyte migration 

Mammary cells Delayed mammary involution, opposing role to STAT5 

Hepatocytes Impaired acute phase response 

Neurons Impaired survival after damage 

T cells Impaired IL-6 dependent survival and differentiation 

Monocytes/Neutrophils Enhanced inflammatory response and chronic inflammation 

Tab. 1.2: Phenotypes of tissue-specific STAT3 ablation [39]  
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Dysfunctional STAT3 signaling has been described as having a leading role in 

cancer progression, chronic inflammation and autoimmune diseases [67, 68]. 

Prolonged activation of STAT3 has been detected in several types of human 

cancers, including all the major carcinomas (breast, colon, gastric, lung, head and 

neck, skin, pancreas, prostate) as well as some hematologic tumors [69]. IL-6-STAT3 

signaling is a major pathway for cancer progression having a key role in regulating 

many target genes central for cancer inflammation in the tumor microenvironment. 

Moreover, numerous STAT3-regulated genes encode cytokines and growth factors, 

the receptors of which in turn reactivate STAT3 signaling, thereby promoting a stable 

feedforward loop [68]. However, a tumor suppressing role for STAT3 has also been 

described [70, 71] and, depending on the mutational profile, STAT3 has been found 

to act both as a tumor suppressor and as an oncogene in primary brain tumors [72], 

which makes the exact role of STAT3 in cancer progression very complex. 

 

Inhibition of STAT3 can reverse tumor growth while having few effects in normal cells 

under experimental conditions, which implicated STAT3 as a significant target for 

therapy [60, 69]. Over the years, SH2 domain interaction and specific DNA 

recognition seem to be the most targetable properties of STAT3 for the development 

of new anti-cancer drugs [73]. Recently, the N-terminal domain (NTD) of STAT3 has 

also been proposed as a promising therapeutic target for cancer therapy [74]. 

 

 

2.3.4 The N-terminal domain of STAT3 in signaling 

 

NTDs are involved in many important aspects of STAT signaling, including 

oligomerisation and protein-protein interactions [21]. Interestingly, these domains 

appear later in evolution and it has been proposed that the NTDs development 

expanded STAT functions by allowing more flexibility on DNA binding [75]. Structural 

data suggests that NTDs can fold independently [76] and are tightly involved in 

homotypic dimerization of STAT proteins [77]. Despite high sequence similarity, 

NTD-driven homodimer formation of STAT1, STAT4 and STAT3 have different 

dissociation constants, STAT3 having the lowest homotypic affinity of them all [78]. 
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STAT3 NTD (aa 1-124) was first shown to be essential for tetramerisation at the α2-

macroglobulin gene promoter, which is required for the maximal IL-6-induced 

transcriptional activation [79]. It was originally suggested that the NTD of STAT3 is 

dispensable for cytokine-induced nuclear accumulation and those gene expression 

that does not require tetramerisation, such as socs3 [80]. However, further 

investigations unveiled a more prominent role of the NTD for STAT3 signal 

transduction. First, our group previously demonstrated that the NTD of STAT3 is 

critical for preformed dimer formation, but is dispensable for basal nucleocytoplasmic 

shuttling, indicating that dimerization of unphosphorylated STAT3 is not required for 

latent nuclear import [52]. Second, the NTD has been shown to be essential for 

interaction with p300 and subsequent STAT3 acetylation [81], as well as complex 

formation with APE1, which is required for stable chromatin association in the IL-6-

dependent hepatic acute phase response [82]. Third, monoubiquitination of an 

evolutionary conserved lysine located in the NTD of STAT3 is critical for recruitment 

of BRD4, a component of the active PTEFb complex in RNA Pol II-mediated 

transcriptional elongation [83].  

 

In embryonic fibroblasts of STAT3 KO mice reconstituted with a NTD-deleted STAT3 

mutant ((∆N)STAT3), the truncated transcription factor was unable to efficiently 

induce both STAT3-mediated reporter activity and endogenous mRNA expression 

[84]. A recent study demonstrated decreased induction of many STAT3-regulated 

genes upon NTD deletion despite similar levels of tyrosine 705 phosphorylation in 

response to LIF treatment [85]. Moreover, the NTD of STAT3 is required for 

dominant-negative activity of the STAT3-Y705F mutant [86] and selective 

pharmacological inhibition of STAT3 NTD induced apoptotic death in cancer cells 

[87]. Finally, although NTD deletion mutants can bind GAS DNA sequences in an 

EMSA assay [52, 79], it was demonstrated that NTD deletion resulted in an 

unexpected defect in cytokine-induced nuclear accumulation of STAT3 [52], 

suggesting a potential role for the NTD in active nuclear import of the phosphorylated 

STAT3 dimer. Taken together, these findings point to a more prominent role of NTD 

in STAT3 signaling that needs further investigation.  
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2.4 Crosstalk between STAT1 and STAT3 

 

2.4.1 Opposing actions of STAT1 and STAT3 

 

Opposing roles of STAT1 and STAT3 in physiology and disease represent another 

noteworthy aspect of JAK/STAT signaling. While STAT3 activation usually promotes 

cell survival, proliferation, motility and immunosuppression, STAT1 signaling mostly 

leads to apoptotic, anti-proliferative and immune responses. Despite high sequence 

similarity and being activated downstream of common cytokine and growth factor 

receptors, their actions are reciprocally regulated. An imbalance in their expression 

or activation status may redirect cytokine signals in either direction, which can have 

significant consequences [88-90]. 

 

STAT1 is a central player in IFN signaling, mediating signals of both type I (IFNα, 

IFNβ) and type II (IFNγ) interferons, which are involved in cell growth regulation and 

antiviral response. Type I IFNs lead to both STAT1 and STAT2 activation triggering 

ISGF3 transcriptional complex formation and binding to ISRE sequences. In turn, 

IFNγ triggers prolonged STAT1 activation via IFN-gamma receptor (IFNGR), 

STAT1/STAT1 homodimer formation and GAS element binding within interferon-

inducible genes [21]. Of note, both type I and II IFNs also activate STAT3, albeit less 

efficiently [91]. IFNγ/STAT1 pathway prevents the expansion of normal and tumor 

cells via pro-apoptotic and anti-proliferative gene induction and pro-survival gene 

downregulation [88, 92]. At the same time, STAT1 activation directly induces pro-

inflammatory gene expression, antigen presentation and development of Th1 

lymphocytes. Thus, STAT1 acts as tumor suppressor and enhances anti-tumor 

immunity [88-90]. 

 

In turn, STAT3 signaling upon either IL-6 and IL-10 stimulation promotes proliferation 

and inhibits apoptosis by inducing specific target genes. STAT3 signaling plays a 

major role in anti-inflammatory responses, including downregulation of antigen-

presentation and deactivation of myeloid cells, which results in the escape of 

neoplastic cells from immune surveillance. In contrast to STAT1, STAT3 is mainly 

considered as an oncogene, because activated STAT3 can mediate cellular 
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transformation by itself and its constitutive activation is reported in nearly 70% of 

solid and hematological tumors [89, 93]. Opposing roles of STAT1 and STAT3 in 

oncogenesis are summarized in Fig. 1.5. 

 

 

 

 

 

2.4.2 Crossregulation of IFNγ/STAT1 and IL6/STAT3 signaling 

 

As discussed above, IFNγ/STAT1 and IL-6/STAT3 have opposing actions in cell 

proliferation, apoptosis and inflammatory processes. However, several reports show 

that STAT1 and STAT3 may combine with the same docking sites within both IFNGR 

and gp130 [40, 94]. Preferential binding of STAT1 and STAT3 to IFNGR and gp130 

after IFNγ and IL-6 stimulation, respectively, can be explained by different affinities of 

STAT proteins to both receptors. After IFNγ treatment, STAT1 had a much higher 

affinity for the phospho-Y419 motif in IFNGR1 than STAT3 [95], while upon IL-6 

stimulation STAT3 is able to bind flexible phospho-YXXQ motifs (Y767, Y814, Y905 

and Y915) in gp130, whereas STAT1 is recruited only to the more restricted 

consensus sequences phospho-YXPQ (Y905, Y915) [40]. Although STAT1 is 

transiently activated upon IL-6 type cytokine stimulation, this gp130-mediated 

activation leads to much less efficient STAT1 phosphorylation and nuclear 

Fig. 1.5: Opposite effects of STAT1 and STAT3 in cancer development [90] 
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translocation compared to IFNγ treatment, while STAT3 activation is more sustained 

[96, 97]. On the other hand, STAT3 is phosphorylated transiently in response to IFNγ 

in wild-type murine embryonic fibroblasts (MEF) and human follicular dendritic cell-

like cells but only STAT1 is essential for proper signaling and relevant target gene 

upregulation [94, 98]. Interestingly, IFNγ stimulation did not show any detectable 

STAT3 activation in HUVEC and U4C-JAK1 cells [97, 99], suggesting that atypical 

STAT3 phosphorylation upon IFNγ treatment is cell-lineage specific.  

 

In addition, experiments with STAT-deficient cells provided interesting results that 

may add to the understanding of mutual crossregulation between STAT1 and STAT3. 

First, IL-6 induced an IFNγ-like response in STAT3-/- MEFs, including increased and 

prolonged STAT1 phosphorylation and DNA association [100]. Next, activation of 

STAT3 after IFNγ stimulation was also much stronger and more sustained in STAT1-

/- MEFs [94]. Furthermore, STAT3 knockout cells displayed enhanced gene 

expression and antiviral activity in response to IFNα and IFNβ treatment [101], while 

constitutively active STAT1 (STAT1C) attenuated IL-6-induced STAT3 activation in 

multiple myeloma cells [102]. Taken together, all these observations suggest an 

intrinsic mutual crossregulation between STAT1 and STAT3 signaling, which 

deserves further clarification. A simplified model of IFNγ/STAT1 and IL-6/STAT3 

signaling crosstalk is presented in Fig. 1.6. 

 

Fig. 1.6: IFNγ/STAT1 and IL-6/STAT3 cross-regulation 
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3. STAT3 and NF-κB pathway crosstalk 

 

3.1 NF-κB signaling overview 

 

The pleiotropic transcription factor nuclear factor kappa B (NF-κB) is a crucial 

regulator of many physiological and pathophysiological processes, including control 

of adaptive and innate immune responses, inflammation, proliferation, apoptosis and 

tumorigenesis. NF-κB is found in essentially all cell types and is a collective name for 

inducible dimeric transcription factors composed of members of the Rel family of 

DNA-binding proteins that recognize a common sequence motif. Found in Drosophila 

and molluscs, the NF-κB signaling appeared early in evolution, regulates an 

exceptionally large number of genes and has been intensively investigated for over 

two decades. [103-107]. Several signaling pathways are known that lead to activation 

of NF-κB (Fig. 1.4): 

 

 

 Fig. 1.7: Major NF-κB activating pathways. A. Canonical NF-κB activation by TNFα. The classical 
p65/p50 heterodimer translocates into the nucleus to induce gene expression. B. Alternative or non-
canonical NF-κB activation pathway. RelB/p52 heterodimer translocates into the nucleus. C,D Atypical   
NF-κB activation. Triggered via UV and p38 MAP kinase (C) or via genotoxic stress (D) [106].  
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3.2 Canonical TNFα signaling 

 

For the purpose of this work I will only focus on the classical or canonical NF-κB 

activating pathway in response to TNFα stimulation via TNF-receptors (TNFR) (Fig. 

1.7 A). NF-κB is maintained in an inactive form by sequestration in the cytoplasm 

through interaction with inhibitors of kappa B alpha (IκBα). Stimulation of TNFRs with 

their cognate ligands activates TNFR-associated factor (TRAF) proteins and 

subsequently TGFβ-activated kinase 1 (TAK1), which phosphorylates and activates 

IκB kinase complex (IKK). The IKK complex consists of three components - the 

kinases IKKα and IKKβ and the noncatalytic, regulatory IKKγ or NF-κB essential 

modulator (NEMO). While IKKα is also found in the nucleus where it is recruited to 

the promoter regions of NF-κB dependent genes and contributes to the stimulation of 

gene expression, IKKβ is mostly found in the cytoplasm, where it phosphorylates 

IκBα at serines 32 and 36, resulting in K48-linked poly-ubiquitination of IκBα by the 

SCF–βTrCP ubiquitin-ligase complex and degradation by the proteasome. Proteolytic 

degradation of IkBα immediately leads to and is required for NF-κB nuclear 

translocation (Fig. 1.4A) [103-107]. Following degradation of IκBα, the liberated NF-

κB dimers move to the nucleus and bind to promoter and enhancer regions, which 

typically bear κB sites with the consensus sequence GGGRNWYYCC (N - any base, 

R - purine; W - adenine or thymine and Y -  pyrimidine) [108]. The DNA-binding 

specificity and affinity are determined by the composition of NF-κB dimers [109].  NF-

κB-dependent re-synthesis of IκBα proteins as part of a negative feedback loop and 

additional mechanisms then lead to NF-κB dimer dissociation and CRM1-dependent 

nuclear export [110, 111]. Remarkably, NF-kB/IkBα complexes shuttle between 

cytoplasm and nucleus of nonactivated cells similarly to STATs and this process 

leads to a basal transcriptional activity of NF-κB [112]. 

 

3.3 NF-κB role in physiology and cancer 

 

NF-κB transcription factor has been implicated in a variety of functions (Fig. 1.8), 

including innate immunity, which represents a first line of defense against invading 

pathogens. During this process, NF-κB-mediated transcription of genes encoding 
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cytokines, chemokines, antimicrobial peptides, and specific enzymes helps to fight 

against invading bacteria, fungi and viruses. Adaptive immunity also employs NF-κB-

dependent functions, which contribute to secondary lymphoid organ development 

and the maturation and activation of immune cells, such as B and T cells. NF-κB also 

tightly controls the cell proliferation via cell-cycle regulators [105-107]. The Stark lab 

has demonstrated that TNFα induced NF-κB signaling induced the expression of 

1225 genes in human mammary epithelial cells [113]. 

 

 

 

 

Aberrant NF-κB signaling positively affects tumorigenesis through the expression of 

genes involved in cell proliferation, angiogenesis, metastasis, inflammation and 

escape from apoptosis (pro-survival genes) as identified in both tissue samples and 

cell lines [115]. However, recent publications provide evidence that, in contexts 

where pro-survival signals derive from other oncogenes, NF-κB activity exerts a 

tumor-suppressor function instead, for example by improving sensitivity to cytotoxic 

chemotherapy [116], or acting as a tumor suppressor itself [117]. Similarly to STAT3, 

the opposing roles of NF-κB in oncogenesis, promoting tumorigenesis on one hand 

and acting as a tumor suppressor on the other, exemplify the complexity of NF-κB 

signaling [115, 116]. 

 

3.4 Structure and posttranslational modifications of p65 

 

In mammalian cells, the transcription factor NF-κB family consists of five different 

DNA-binding proteins (Fig. 1.7 A): p65 (RelA), RelB, c-Rel, p50/p105 (NF-κB1) and 

Fig. 1.8: Overview of NF-κB target genes. [114]. 
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p52/p100 (NF-κB2). Together they constitute a dozen of different homo- or 

heterodimer combinations (Fig. 1.9A). NF-κB family members all share a conserved 

300-amino acid Rel homology domain (RHD) that is located toward the N-terminus of 

the protein and is required for dimerization, interaction with IκB proteins, nuclear 

translocation, and binding to DNA. All known NF-κB family dimers are shown in figure 

1.9 A. Depending on the cell type and environment, a specific subset of dimers may 

be present inside the cell. Normally, p65/RelA dimers are ubiquitously expressed and 

this combination is regarded as the classical NF-κB complex [119]. Induction, 

amplitude and duration of NF-κB signaling are determined by differential cofactor 

interactions and post-translational  modifications of this transcription factor. 

 

 

 

 

 

 

The most well studied NF-κB family subunit is p65 (65-kDa) or RelA. In addition to 

the RHD it contains two C-terminal TADs, which mediate transcription of NF-κB 

target genes. 

 

A lot of information has been obtained about post-translational modifications of the 

p65 subunit, which is modified by phosphorylation, acetylation, prolyl isomerization, 

nitrosylation and ubiquitination (Fig. 1.9B) [120]. Some of these modifications occur 

in the cytoplasm and can also stimulate NF-κB translocation to the nucleus. Different 

pathway activators or receptors induce diverse modifications of RelA. For example, in 

response to LPS p65 is phosphorylated at serine 276 (S276) by the protein kinase A 

in a complex with IkBa in the cytoplasm [121], but in response to TNFα S276 

Fig. 1.9: NF-κB dimers and p65 structure and posttranslational modifications. A. Five NF-κB 
polypeptides via homo- and hetero-dimerization can form 15 homo- or heterodimer complexes. The 
top four rows show transcriptional activators, the fifth row indicates transcriptional repressors, and the 
bottom row shows dimers that are not able to bind DNA [119]. B. RelA/p65 posttranslational 
modifications. P – phosphorylation, Pr – prolyl isomerization, Ac – acetylation, Ub – ubquitination, C – 
cysteine modification [120].   
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phosphorylation occurs in the nucleus by mitogen- and stress-activated protein 

kinase 1 (MSK1) [122]. Phosphorylation at S276 is required for NF-κB transcriptional 

activity, as revealed in a knock-in mouse model expressing a p65 protein with a 

serine 276 to alanine mutation [123]. S311 has been shown to be phosphorylated in 

vivo in response to TNF-α and an inactivating mutation of that residue severely 

impairs p65 transcriptional activity [124]. S468  phosphorylation  has  been  

described  as  both  enhancing  and  repressing  p65  transcriptional  activity 

depending on cell-type and activating stimuli [125, 126]. Finally, the most extensively 

described activating phosphorylation occurs at S536 within the TAD, which results in 

a reduced affinity between p65 and IκBα [104, 106] and structural mutation of p65 

serine 536 to alanine inhibited IκBα polyubiquitination and degradation [127].  

 

3.5 NF-κB and STAT3 crosstalk 

 

In recent years, a functional crosstalk between STAT3- and NF-κB-mediated signal 

transduction pathways has been described to play a central role in cancer 

progression [60] and acute phase response in the liver [128]. Numerous types of 

interactions between NF-κB and STAT3 have been observed, including an 

overlapping set of target genes, physical association, competition or cooperation at 

gene promoters and others (Fig. 1.10) [60, 129]. It becomes more evident that both 

NF-κB and STAT3 play a central role in the context of inflammation induced cancer 

by controlling distinct functions in cancer cells and the surrounding 

microenvironment, especially in immune cells that infiltrate tumors [130]. 

 

Since both factors control the expression of several thousand genes, many of those 

gene groups are being controlled by the cooperation of both factors. For example, 

the Stark lab reported 123 genes in human mammary epithelial cells that are 

dependent on both NF-κB and STAT3, including RANTES, IL-6, IL-8, IFNβ and 

ICAM-1, all of which have promoter regions that bind STAT3 and also have κB sites. 

[131]. Some of the genes actually require both factors bound to promoters in order to 

initiate transcription, such as C-reactive protein (CRP) and serum amyloid A (SAA) 

genes [132, 133]. In turn, transcription of the inducible nitric oxide synthase (iNOS) is 

suppressed upon STAT3/NF-κB complex formation [134].  
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Apart from functional crosstalk and overlapping target genes, several NF-κB family 

members, in particular p65 and p50, have been demonstrated to physically interact 

with STAT3. The consequences of these interactions are different and depend on cell 

type and localization [128, 131]. However, a coherent picture of how both factors can 

directly influence each other’s signaling has not emerged. On the one hand, STAT3 

was required for RhoA-induced NF-κB gene transcription, while nuclear accumulation 

of p65 subunit was reported to be impaired in STAT3 deficient cells upon both Rho 

and TNFα stimulation [135, 136]. In contrast, an augmented nuclear p65 presence 

and increased expression of typical NF-κB target genes upon STAT3 depletion was 

observed in A549 lung cancer cells [137], glioblastoma cells [138] and primary 

mouse pneumocytes [139]. Little is known about the effect of p65 deletion or 

overexpression on STAT3 activity and how exactly both factors influence each others 

canonical signaling, which requires further investigation.  

Fig. 1.10: Summarizing scheme of the most studied interactions between gp130 induced 
STAT3 activation and the NF-κB signaling. 1. Unphosphorylated STAT3 competes with IkB and 
binds unphosphorylated NF-κB dimers resulting in nuclear import and gene expression (RANTES). 
2,3. Newly formed STAT3/p65 complex either inhibits STAT3 phosphorylation (2) or translocates 
into nucleus (3) to activate (SAA) or repress (iNOS) genes. 4 NF-κB induces either inhibitor 
(SOCS3) or activator (IL-6) of STAT3 signaling. 5. STAT3 recruits p300 histone acetyltransferase, 
thereby prolonging nuclear retention of p65 and protumorigenic gene expression (BIRC5). 
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4. Nucleocytoplasmic trafficking of proteins 

 

Compartmentalization between nucleus and cytoplasm within eukaryotic cells 

appeared during evolution in order to isolate genetic information and provide spatial 

separation between transcription and translation. This led to development of complex 

regulatory mechanisms controlling gene expression and selective transport between 

the nuclear and cytoplasmic compartments to maintain the distinctive composition of 

each [140]. 

 

4.1 Molecular mechanism of nuclear import and export 

 

Macromolecules that are larger than app. 40 kDa require active transport across the 

nuclear membrane through nuclear pore complexes (NPCs) using soluble  transport 

factors or carrier molecules that continuously shuttle between the cytoplasm and 

nucleus [141]. NPCs represent big macromolecular complexes that perforate the 

nuclear envelope and form the channel for the bidirectional exchange of molecules 

between the cytoplasm and nucleus [142] and are constructed from multiple copies 

of proteins collectively called nucleoporins [143]. There are several nuclear transport 

pathways, most of which use a family of carrier molecules collectively called beta-

karyopherins, with import carriers called importins and export carriers called 

exportins [140]. 

 

Many proteins are imported using the classic nuclear protein import cycle involving 

importin-β with various importin-α molecules as adaptors. Protein cargo is recognized 

via its nuclear localization signal (NLS) by specialized adaptor importins-α followed 

by binding to importin-β. The latter allows passage of the whole cargo/α/β complex 

through the NPC by interaction with nucleoporins. Subsequent cargo release occurs 

within the nucleus after interaction with RanGTP, which dissociates the import 

complex. Importin-β complexed with RanGTP is transported back to the cytoplasm, 

while importin-α molecules are exported in conjunction with the β-karyopherin CAS 

and RanGTP. Subsequently, cytoplasmic Ran GTPase activating protein (RanGAP) 

stimulates the Ran GTPase, generating RanGDP that dissociates from the importins 

and thereby releases them for another import cycle (Fig. 1.11A) [140]. 
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In turn, the primary nuclear export pathway involved in transporting the majority of 

proteins back to cytoplasm uses chromosome region maintenance 1 (CRM1, exportin 

1 or XPO1). CRM1 is a ubiquitous transport receptor protein that recognizes its cargo 

via a hydrophobic nuclear export signal (NES) peptide sequence. The hydrophobic 

NES of the cargo protein binds to a hydrophobic groove of CRM1 containing an 

active site cysteine 528. Then, together CRM1 and cargo form a trimeric complex 

with RanGTP, which provides directionality of the transport. Similarly to nuclear 

import, after the CRM1/RanGTP/cargo complex is exported to the cytoplasm, 

RanGTP is hydrolyzed to RanGDP by RanGAP and RanBP1, the trimeric complex 

dissociates and the cargo protein is released into the cytoplasm. CRM1 and RanGDP 

are then recycled back into the nucleus through the NPC for another export cycle 

(Fig. 1.11B) [144-146]. Actinobacterial toxin leptomycin B (LMB), as well as 

myxobacterial cytotoxins, named ratjadones (RATs), specifically bind CRM1 and 

inhibit nuclear export via alkylating C528 residue [147]. 

 

 

 

 

Fig. 1.11: Overview of nuclear protein import and export. A. Classical nuclear import pathway 
[140]. B. CRM1 nuclear export cycle [146]. 
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4.2  Properties of importin-α adaptors 

 

Importin-β is encoded by a single gene in all eukaryotic organisms, while seven 

isoforms of importin-α (α1, α3, α4, α5, α6, α7 and α8) are expressed in higher 

eukaryotes. Such diversity is required for the notable importin-α substrate specificity 

in vivo [148]. NLS recognition is crucial for the formation of the import complex and, 

normally, importin-α recognizes the classical NLS, which consists of either one 

(monopartite) or two (bipartite) stretches of basic amino acids (Fig. 1.12B) [140]. 

 

Importin-α molecules consist of a flexible N-terminal importin-β binding (IBB) domain, 

ten armadillo (ARM) motifs, and an acidic C-terminal domain. ARM repeats generate 

a banana-shaped structure with NLS-binding sites. The major binding site for 

monopartite NLS represent ARM repeats 1-4, while the minor site is located at ARM 

repeats 6-8 (Fig. 1.12A). Bipartite NLS sequences occupy the major site with the 

larger basic cluster and the minor site with smaller basic cluster. The N-terminal 

domain of importin-α binds to importin-β via the importin-β binding domain (IBB) and 

has an auto-inhibitory function masking the NLS binding site of importin-α in the 

absence of importin-β (Fig. 1.12C) [149-151]. Hence, importin-α constructs without 

IBB domain (∆IBB) have a higher affinity for NLSs than full-length proteins [152]. 

 

 

 Fig. 1.12: Importin-α adapter properties [140]. A. Structure of the nucleoplasmin NLS (red) bound to 
importin-α. B. Classic NLSs based on one (monopartite) or two (bipartite) clusters of basic residues. C. 
Schematic illustration of the autoinhibitory role of the IBB domain. 
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4.3 Nuclear trafficking of STAT1 and STAT3  

 

Among all seven mammalian STATs, STAT1 nuclear trafficking has been most 

extensively studied. The importin-α5/NPI-1/KPNA1 isoform and not importin-α1/Rch1 

has been shown to be essential for STAT1 nuclear translocation as a result of IFNγ 

stimulation [24, 153]. However, unlike most substrates that carry a classical NLS and 

bind to importin-αs (such as NF-κB binding to importin-α1 [154]), the activated STAT1 

dimer binds to importin-α5 in a nonconventional manner without the involvement of 

the IBB domain and a classical NLS. Instead, STAT1 requires the importin-α5 C-

terminal acidic tail, where a local unfolding of ARM repeat 10 is mediated by a single 

conserved residue Y476 within importin-α5 molecule. Introducing a glycine at this 

position disturbs STAT1 association with importin-α5 in vitro, suggesting that 

phosphorylated STAT1/importin-α5 complex assembly is dependent on the intrinsic 

flexibility of ARM 10 [155]. This nonconventional binding is targeted by Ebola virus 

VP24 protein that competes for specific binding to ARMs 8–10 of importin-α5 with 

phosphorylated STAT1. This competitive mechanism of VP24 still allows 

conventional NLS-containing proteins to bind importins-α, thus specifically blocking 

only STAT1 antiviral activity and leaving other cellular processes intact [156]. 

 

Currently, there is no consensus in the literature as to what importin-α isoforms are 

required for STAT3 nuclear import. The laboratory of Nancy Reich has demonstrated 

that STAT3 interacted with α3 and α6 importins in vitro independent of its tyrosine 

705 phosphorylation state [157]. In contrast, other group demonstrated STAT3 

association with α1, α3 and α5 importins only after OSM stimulation [158]. 

Furthermore, the group of Xinmin Cao demonstrated stimulation-dependent binding 

to α5 and α7 importins of both STAT1 and STAT3 in cellulo and in vitro [159]. Finally, 

other study showed an in-vitro STAT3 binding to α1, α3, α6 and α7 importins [160]. 

Proper importin binding and nuclear import requires intact NTD and CCD domains of 

STAT3 [52, 157, 158]. Given that STAT3 has a prominent role in physiology and 

progression of many diseases, the exact molecular mechanism of STAT3 nuclear 

import warrants further studies. 
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5. Aims of the study 

 

STAT3 is a ubiquitous transcription factor involved in many biological processes, 

including hematopoiesis, inflammation and cancer progression. Dysregulated STAT3 

signaling has been described to be crucial for cancer progression, chronic 

inflammation and autoimmune diseases, making it a promising therapeutic target. 

However, in order to develop successful therapeutics, the exact molecular 

mechanisms of physiologic and pathologic STAT3 signaling must be characterized. 

Among those are STAT3 nuclear import and specific DNA recognition.  

 

Our group have previously shown an intact GAS element binding capability of N-

terminally truncated STAT3 ((∆N)STAT3), despite an apparent defect in nuclear 

accumulation of this mutant [52]. In the first part of this thesis, we have investigated 

the roles of GAS‐element‐specific DNA-binding and NTD in STAT3 nuclear 

trafficking, the role of STAT3 NTD in binding to importin-α adaptors and subsequent 

IL-6-induced STAT3 nuclear translocation, as well as structural requirements for 

constitutive nucleocytoplasmic shuttling of latent STAT3 and whether basal nuclear 

import uses the same mechanisms as cytokine-mediated active nuclear 

accumulation. For this purpose we used STAT3 knockout MEF cells (MEF∆/∆ or 

STAT3-/-) stably reconstituted with different STAT3 constructs with fluorescent tags. 

Ectopically expressed STAT3-YFP as well as STAT3-CFP-YFP have been previously 

shown to mirror the subcellular distribution of endogenous STAT3 [52, 53, 58]. 

 

In addition, STAT3 has been shown to crosstalk with other signaling pathways, most 

notably NF-κB and STAT1. Despite the fact that STAT1 and STAT3 are closely 

related and share many activating stimuli, they both have opposing roles in many 

biological processes, such as proliferation, apoptosis, inflammation and anti-tumor 

immune responses [90].  In addition, studies on STAT-deficient cells demonstrated 

the existence of reciprocal STAT1/STAT3 regulatory mechanisms that deserve 

further investigations [94, 100-102]. In the second part of this work, we used STAT3-  

and STAT1-deficient MEFs to further elucidate possible cross-regulation 

mechanisms. 
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Finally, a growing body of research indicates functional cross-talk between NF-κB 

and STAT3 that mostly is evident during acute phase protein expression and 

inflammation-induced tumorigenesis [60, 128]. However, a coherent picture of 

whether NF-κB and STAT3 can directly influence each other’s signaling upon TNFα 

and IL-6 treatment respectively has not yet emerged. Hence, the main aim of the 

third part of the study is to concentrate on the involvement of NF-κB p65 in IL-6-

induced STAT3 activation, nuclear accumulation and gene expression, as well as on 

the reciprocal role of STAT3 in canonical TNFα-induced NF-κB signaling using p65- 

and STAT3-deficient MEF along with inducible expression of the transcription factors 

in HeLa cells. 
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II. Materials and Methods 

 

Materials and methods are described according to standard protocols used in the 

Institute of Biochemistry and Molecular Biology at RWTH Aachen University and 

modified regarding individual differences in experimental procedures. 

 

1. Materials 

 

1.1 Chemicals and reagents 

 

All chemicals and reagents were prepared according to pro analysi quality standards. 

All water solutions were prepared using double distilled water (ddH2O, Merck).  

 

1.2 Plasmids 

 

Name Description 

pcDNA5/FRT/TO 

special (pcDNA5) 

Eukaryotic expression vector under the control of CMV promoter that 

contains a modified multiple cloning site, ampicillin and hygromycin 

resistance, tetracycline-inducible expression cassette and a FRT site 

for stable transfection 

pOG44 Eukaryotic expression vector containing the cDNA of Flp-recombinase 

for stable transfection 

pMOWS Hybrid retroviral vector encoding puromycin resistance cassette under 

SV40-promoter for transgene expression in murine cells (generous gift 

from Prof.  Jürgen Scheller, Heinrich-Heine University, Germany, 

described in [161]). 

pMOWS-STAT3-

YFP(NTD) 

Hybrid retroviral vector encoding the N-terminal domain of murine 

STAT3 (aa 1-123) fused to YFP tag 

pMOWS-p65-YFP Hybrid retroviral vector encoding the avian p65 (RelA) fused to YFP tag 
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Name Description 

pMOWS-p65-YFP(S276A) Hybrid retroviral vector encoding the avian p65 (RelA) point 

mutant S276A fused to YFP tag 

pMOWS-p65-YFP(S311A) Hybrid retroviral vector encoding the avian p65 (RelA) point 

mutant S311A fused to YFP tag 

pMOWS-p65-YFP(S468A) Hybrid retroviral vector encoding the avian p65 (RelA) point 

mutant S468A fused to YFP tag 

pMOWS-p65-YFP(S536A) Hybrid retroviral vector encoding the avian p65 (RelA) point 

mutant S536A fused to YFP tag 

pGEX-GST-importin-α5 Full-length GST-tagged human importin alpha 5 (KPNA1) 

cloned into pGEX-4T3 vector for bacterial expression (a kind gift 

of Prof. Susana de la Luna, The Centre for Genomic Regulation, 

Spain) 

pGEX-GST-importin-α5 ∆IBB GST-tagged human importin alpha 5 (KPNA1) with deleted IBB 

domain (aa 58-538) cloned into pGEX-4T1 vector for bacterial 

expression 

pGEX-GST-importin-α1 ∆IBB GST-tagged human importin alpha 1 (KPNA2) with deleted IBB 

domain (aa 62-529) cloned into pGEX-4T1 vector for bacterial 

expression (a kind gift of Prof. Susana de la Luna) 

pGEX-GST-importin-α3 ∆IBB GST-tagged human importin alpha 3 (KPNA4) with deleted IBB 

domain (aa 59-521) cloned into pGEX-4T1 vector for bacterial 

expression (a kind gift of Prof. Susana de la Luna) 

pGEX-GST-importin-α6 ∆IBB GST-tagged human importin alpha 6 (KPNA5) with deleted IBB 

domain (aa 58-536) cloned into pGEX-4T1 vector for bacterial 

expression (a kind gift of Prof. Susana de la Luna) 

pGEX-GST-importin-α7 ∆IBB GST-tagged human importin alpha 7 (KPNA6) with deleted IBB 

domain (aa 61-536) cloned into pGEX-4T1 vector for bacterial 

expression (a kind gift of Prof. Susana de la Luna) 

pGEX-GST-importin-α5 

(Y476G)  

Full-length GST-tagged human importin alpha 5 (KPNA1) with 

point mutation Y476G cloned into pGEX-4T3 vector for bacterial 

expression 

pGEX-GST-importin-β1 Full-length GST-tagged human importin beta 1 (KPNB1) cloned 

into pGEX-4T1 vector for bacterial expression (human importin 

beta 1 cDNA obtained from BioCat, Germany, #BC003572-

TCH1003-GVO-TRI) 
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1.3 qPCR Primers 

 

 

1.4 Mutagenesis primers 

 

 

 

 

 

Name Description 

pcDNA5-STAT3-CFP-YFP(L78R) Eukaryotic expression vector encoding murine STAT3 point 

mutant L78R fused to CFP and YFP tags 

pcDNA5-STAT3-YFP(mSNICQ) Eukaryotic expression vector encoding murine STAT3 with 

amino acids 465SNICQ469 substituted to 465GSSGS469 fused to 

YFP tag 

pcDNA5-STAT3-CFP-YFP(∆TAD) Eukaryotic expression vector encoding murine STAT3 point 

mutant L78R fused to CFP and YFP tags 

Name Sequence/Company 

Murine socs3 sense 5’- CCG CGG GCA CCT TTC-3’ 

Murine socs3 antisense 5’- TTG ACG CTC AAC GTG AAG AAGT - 3’ 

Murine ikba sense 5’- CTC CCC CTA CCA GCT TAC CT -3’ 

Murine ikba antisense 5’- TAG GGC AGC TCA TCC TCT GT - 3’ 

Murine gusB QT00176715 (Qiagen) 

Mutation 5’-3’ Sequences 

STAT3 mSNICQ FP  GGAAGTTCCGGAAGTATGCCAAATGCTTGGGC 

STAT3 mSNICQ RP ACTTCCGGAACTTCCGATCACCACAACTGGCAA 

STAT3 ∆TAD FP AAGCACCTGACCCTTAGG 

STAT3 ∆TAD RP ACAGGTGACCACTTGGTCTTCAAGTAC 



Materials and Methods      A.Martincuks           
 

35 

 

 

 

 

1.5 Genotyping primers 

 

Mutation 5’-3’ Sequences 

p65 S276A FP  GCTGCGGCGGCCTGCCGACCGGGAGC 

p65 S276A RP GCTCCCGGTCGGCAGGCCGCCGCAGC 

p65 S311A FP  CATATGAGACCTTCAAGGCCATCATGAAGAAGAG 

p65 S311A RP CTCTTCTTCATGATGGCCTTGAAGGTCTCATATG 

p65 S468A FP  GTTCACAGACCTGGCAGCCGTCGACAACTCC 

p65 S468A RP GGAGTTGTCGACGGCTGCCAGGTCTGTGAAC 

p65 S536A FP  GAT GAA GAC TTC TCC GCC ATT GCG GAC ATG G 

p65 S536A RP CCA TGT CCG CAA TGG CGG AGA AGT CTT CAT C 

importin-α5 Y476G FP  GCTTTGATTGAAGAAGCTGGTGGTCTGGATAAAATTGAG 

importin-α5 Y476G RP CTCAATTTTATCCAGACCACCAGCTTCTTCAATCAAAGC 

importin-α1 ∆IBB FP  CGTAGAATTCATGTCTCCGCTGCAGGAAAC 

importin-α1 ∆IBB RP GGGAGCTGCATGTGTCAGAG 

importin-α3 ∆IBB FP  CGTAGGATCCATGGACTCTGATATAGATGGTGATTATAG 

importin-α3 ∆IBB RP GGGAGCTGCATGTGTCAGAG 

importin-α5 ∆IBB FP  CGTAGAATTCATGGAAGAAGAAGTTATGTCAGATGG 

importin-α5 ∆IBB RP GGGAGCTGCATGTGTCAGAG 

importin-α6 ∆IBB FP  CGTAGAATTCATGTCTATGCTTGAAAGTCCTATAC 

importin-α6 ∆IBB RP GGGAGCTGCATGTGTCAGAG 

importin-α7 ∆IBB FP  CGTAGAATTCATGGCCATGTTCGATAGTCTTCTC 

importin-α7 ∆IBB RP CACTGCTCGAGTTATAGCTGGAAGCCCTCC 

Name Sequence 

EX20B 5’- GCG GGC CAT CCT AAG CAC AAAG-3’ 

EX21B 5’- CCT CCT TGG GAAT GTC GGGG- 3’ 

IN20B 5’- CAC CTG CCG CAA ATG TAT TAA CG-3’ 
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1.6 Antibodies 

 

1.6.1 Primary antibodies 

 

1.6.2 Secondary antibodies 

 

 
 

Name Species Cat. Number/Company Application 

α-pY705-STAT3 rabbit 9131/Cell Signaling Polyclonal, IB 

α-pY705-STAT3 (D3A7) rabbit 9145/Cell Signaling Monoclonal, IF 

α-pY701-STAT1 rabbit 7649/Cell Signaling Monoclonal, IB 

α-pY1022/1023-JAK1 rabbit 3331/Cell Signaling Polyclonal, IB 

α-pS536-p65 rabbit 3033/Cell Signaling Monoclonal, IB 

α-pS32-IκBα rabbit 2859/Cell Signaling Monoclonal, IB 

α-STAT3 mouse 9139/Cell Signaling Monoclonal, IB, IF 

α-STAT3 mouse sc-7179X/SantaCruz Polyclonal, EMSA 

α-STAT1 rabbit sc-346/SantaCruz Polyclonal, IB 

α-STAT1 rabbit HPA000982/Sigma-Aldrich Polyclonal, IF 

α-JAK1 rabbit 610231/BD Transduction Lab Monoclonal, IB 

α-p65 rabbit 4764/Cell Signaling Monoclonal, IB, IF 

α-IκBα (L35A5) mouse 4814/Cell Signaling Monoclonal, IB 

α-dsRed rabbit 632496/Clontech Lab Polyclonal, IB 

α-GFP goat 600-101-215/Rockland Polyclonal, IB, IP 

α-GST mouse sc-138/SantaCruz Monoclonal, IB 

α-GAPDH mouse sc-32233/SantaCruz Monoclonal, IB 

α-Lamin A/C goat sc-6215/SantaCruz Polyclonal, IB 

α-STAT5 rabbit sc-836/SantaCruz Polyclonal, IB 

Name Species Cat. Number/Company Application 

α-rabbit-IgG/HRP goat 00052233/DAKO, Polyclonal, IB 

α-goat-IgG/HRP rabbit 00045307/DAKO Polyclonal, IB 

α-mouse-IgG/HRP rabbit 00046035/DAKO Polyclonal, IB 
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1.7 Eukaryotic cell lines 

 

 

 

Name Species Cat. Number/Company Application 

α-rabbit-IgG/Alexa Fluor®555  donkey A-31572/Thermo Fischer 

Scientific 

Polyclonal, IF 

α-mouse-IgG/Alexa Fluor®488 donkey A-21202/Thermo Fischer 

Scientific 

Polyclonal, IF 

Name Description 

HeLa 229 Adherent human cervical carcinoma cell line. 

HeLa T-RExTM Stably transfected HeLa cells with FRT-sequence for the creation of stable 

cell lines and tetracycline repressor for inducible gene expression (R714-07, 

Life Technologies) 

Hek293 T-RExTM Stably transfected Hek293 cells with FRT-sequence for the creation of stable 

cell lines and tetracycline repressor for inducible gene expression 

MEF Adherent murine embryonic fibroblasts 

MEF ∆/∆ (STAT3 -/-) Adherent murine embryonic fibroblasts, STAT3 deficient (generous gift from 

Prof. Valeria Poli, University of Turin, Italy, described in [100]) 

MEF p65 -/- Adherent murine embryonic fibroblasts, p65 deficient (generous gift from  

Prof. Lienhard Schmitz, Justus-Liebig-University, Germany, described in 

[162]) 

MEF STAT1 -/- Adherent murine embryonic fibroblasts, STAT1 deficient (generous gift from  

Prof.  Michał Komorowski, Institute of the Fundamental Technological 

Research , Poland, described in [163]) 

MEF ∆/∆ FRT Adherent  STAT3 deficient murine embryonic fibroblasts with FRT-sequence 

for the creation of stable cell lines 

Plat-E Platinum retroviral packaging cell line based on the Hek293T cell line  

ESC  Wild-type murine embryonic stem cells 

ESC STAT3-YFP  E14 murine embryonic STAT3-YFP knock-in stem cells, generated in 

cooperation with Prof. Valeria Poli, University of Turin, Italy 



Materials and Methods      A.Martincuks           
 

38 

 

 

1.7.1 Stably transfected cell lines 

 

Name Transfected plasmid Supplementation 

MEF ∆/∆ STAT3-CFP-YFP pcDNA5-STAT3-CFP-YFP 

(generated by M.Vogt) 

500 ng/ml hygromycin 

MEF ∆/∆ STAT3-CFP-YFP(∆NTD) 

 

pcDNA5-∆NSTAT3-CFP-YFP 

(generated by M.Vogt) 

500 ng/ml hygromycin 

MEF ∆/∆ STAT3-CFP-

YFP(R609Q) 

pcDNA5-STAT3-CFP-YFP(R609Q) 

(generated by M.Vogt) 

500 ng/ml hygromycin 

MEF ∆/∆ STAT3-YFP(K685R) pcDNA5- STAT3-YFP(K685R) 

(generated by A. Herrmann) 

500 ng/ml hygromycin 

MEF ∆/∆ STAT3-CFP-YFP(∆NLS) pcDNA5-STAT3- CFP-YFP(∆NLS) 

(generated by M.Vogt)  

500 ng/ml hygromycin 

MEF ∆/∆ STAT3-CFP-YFP(∆NES) pcDNA5-STAT3- CFP-YFP(∆NES) 

(generated by M.Vogt) 

500 ng/ml hygromycin 

MEF ∆/∆ STAT3-YFP(mSNICQ) pcDNA5- STAT3-YFP(mSNICQ) 

(generated by A. Herrmann) 

500 ng/ml hygromycin 

MEF ∆/∆ STAT3-CFP-YFP(L78R) pcDNA5- STAT3-CFP-YFP(L78R) 500 ng/ml hygromycin 

MEF ∆/∆ STAT3-CFP-YFP(∆TAD) pcDNA5-STAT3- CFP-YFP(∆TAD) 500 ng/ml hygromycin 

MEF ∆/∆ STAT3-YFP(NTD) pMOWS-STAT3-YFP(NTD) 1 μg/ml puromycin 

MEF p65 -/- p65-YFP pMOWS-p65-YFP 1 μg/ml puromycin 

MEF p65 -/- p65-YFP(S276A)  pMOWS-p65-YFP(S276A) 1 μg/ml puromycin 

MEF p65 -/- p65-YFP(S311A) pMOWS-p65-YFP(S311A) 1 μg/ml puromycin 

MEF p65 -/- p65-YFP(S468A) pMOWS-p65-YFP(S468A) 1 μg/ml puromycin 

MEF p65 -/- p65-YFP(S536A) pMOWS-p65-YFP(S536A) 1 μg/ml puromycin 

HeLa T-RExTM STAT3-GFP pcDNA5-STAT3-GFP (generated by 

N. Rinis) 

100 ng/ml hygromycin 

and 10 µg/ml blasticidin 

HeLa T-RExTM p65-dsRed pcDNA5-p65-dsRed (generated by 

N. Rinis) 

100 ng/ml hygromycin 

and 10 µg/ml blasticidin 

HeLa T-RExTM p65 pcDNA5-p65 100 ng/ml hygromycin 

and 10 µg/ml blasticidin 

HeLa T-RExTM dsRed pcDNA5-dsRed 100 ng/ml hygromycin 

and 10 µg/ml blasticidin 
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1.7.2 Growth medium 

 

 

 

 

1.7.3 Cytokines and cytokine receptors 

 

 

 

Name Transfected plasmid Supplementation 

Hek293 T-RExTM STAT3-YFP pcDNA5- STAT3-YFP 

(generated by A. Mohr) 

100 ng/ml hygromycin 

and 10 µg/ml blasticidin 

Hek293 T-RExTM STAT3-YFP(∆NTD) pcDNA5- STAT3-YFP(∆NTD) 100 ng/ml hygromycin 

and 10 µg/ml blasticidin 

Hek293 T-RExTM STAT3-

YFP(R609Q) 

pcDNA5- STAT3-YFP(R609Q) 100 ng/ml hygromycin 

and 10 µg/ml blasticidin 

Name Description 

DMEM, low glucose, GlutaMAX™ Normal growth medium (Gibco, Invitrogen) 

Opti-MEM®, reduced serum medium For use with cationic lipid transfection reagents during 

transient DNA transfection (Gibco, Invitrogen) 

Name Description Source 

IL-6 Human recombinant IL-6 cytokine Prepared as described previously [164] 

sIL-6Rα Human recombinant soluble IL-6 receptor Prepared as described previously [165] 

IFNγ Murine recombinant IFN gamma Purchased from Peprotech (#315-05) 

IFNγ Human recombinant IFN gamma Purchased from Immunotools (11343536) 

TNFα Human recombinant TNF alpha Purchased from Peprotech (#300-01A) 
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1.7.4 Transfection reagents 

 

1.7.5 Other reagents 

 

1.8 Prokaryotic cell lines 

 

 

 

1.8.1 Cultivation 

 

Recombinant E.Coli strains were cultivated in LB (Luria-Bertani, Roth) medium with 

supplemented ampicillin (100 mg/l). 

 

LB (Luria-Bertani) medium:  10 g/L Tryptone 

5 g/L Yeast extract 

10 g/L NaCl 

Name Description 

TransIT®-LT1 DNA transfection reagent, for transient and stable 

transfection of HeLa and Hek293 cells (Mirus, USA) 

FuGENE® DNA transfection reagent, for stable transfection of 

MEF cells (Promega, USA) 

Name Company 

FCS (fetal calf serum) Cytogen, USA 

Trypsin (0.05%)/EDTA (0.02%)  Lonza, Belgium 

Name Mutations 

E.Coli JM83 F- ara (lac-proAB) rpsL (Strr) 80 d lac (lacZ)M15 

E.Coli DH5α F- endA1 glnV44 rhi-1 recA1 relA1 gyrA96 deoR nupG ϕ80dlacZ∆M15  

∆(lacZYA-argF)U169, hsdR17(rκ
- mκ

+), λ- 

E.Coli 

BL21(DE3)pLysS 

F- ara ompT hsdSB (rB
-mB

-) gal dcm (DE3) pLysS (CamR) 
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For long-term storage bacterial cells with plasmid of interest were stored at -80°C 

with 20% glycerin.  

 

1.9 Antibiotics 

 

 

Name Description 

Ampicillin Solvent: water, stock concentration 100 mg/ml 

(Roth) 

Doxycyclin Solvent: water, stock concentration 1 mg/ml 

(Sigma-Aldrich) 

Hygromycin B Solvent: water, stock concentration 100 mg/ml 

(Invivogen) 

Zeocin Solvent: water, stock concentration 100 mg/ml 

(Invitrogen) 

Blasticidin Solvent: water, stock concentration 10 mg/ml 

(Invitrogen) 

Puromycin Solvent: water, stock concentration 10 mg/ml 

(Invitrogen) 

Penicillin/Streptomycin Solvent: water, stock concentration 10 000 units 

penicillin and 10 mg/ml streptomycin (Sigma-

Aldrich) 

Leptomycin B Solvent: ethanol, stock concentration 20µg/ml 

(Enzo Life Sciences) 
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2. Methods 

 

2.1 Molecular biology methods 

 

2.1.1 DNA restriction digest 

 

Digestion with restriction endonucleases was carried out according to the restriction 

enzyme manufacturer’s instructions. Plasmid DNA or PCR product were mixed to a 

total volume of 20 μl for analytical digest and 40 μl for preparative digest. The 

reaction mixture was incubated at 37°C for 45-60 minutes for analytical digest and 90 

minutes for preparative digest. During digestion with two restriction endonucleases 

an appropriate buffer was selected to ensure optimal reaction conditions and at least 

75% efficiency of both enzymes. Restriction enzymes were purchased from New 

England Biolabs (NEB). DNA fragments were then analyzed via agarose gel 

electrophoresis.  

 

2.1.2 Agarose gel electrophoresis 

 

Agarose gel electrophoresis is used for the separation of DNA fragments according 

to their size. The DNA samples were mixed with 0.1 volumes of 10x loading buffer 

and loaded onto a 1% ethidium bromide agarose gel in 1x TAE buffer. DNA was 

visualized with a UV light source and photographed. To estimate the size of the linear 

double-stranded DNA fragments the 1 Kb Plus DNA ladder (Invitrogen) was used. 

 

1 × TAE:       40 mM Tris base   

       20 mM Acetic acid 

1 mM EDTA 

 

10 × DNA loading buffer:     40% Ficoll 400.000 

0.4% Xylencyanol blue 

0.4% Bromophenol blue 
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2.1.3 DNA fragment isolation 

 

After preparative digest the desired bands were excised from the agarose gel with a 

clean scalpel and purified using Qiaquick gel extraction kit (Qiagen), according to the 

manufacturer’s instructions. DNA fragment was eluted in water for chromatography 

(Merck) for further use. 

 

2.1.4 DNA fragment ligation 

 

The purified double stranded DNA fragments were ligated into the linearized 

plasmids with T4 DNA Ligase (400 000 U/ml, NEB). A ligation reaction mixture   

consists of 1 μl T4 DNA ligase, 2 μl of 10 × ligation buffer, an appropriate molar ratio 

of linearized vector DNA and purified insert DNA fragment (1:3) filled up to a total 

volume of 20 μl. Reaction mixture was incubated at room temperature for 60-90 

minutes and then transformed into competent E.coli cells. 

 

2.1.5 Transformation of competent E.Coli cells 

 

50 µl of frozen competent E.Coli JM83 or DH5α cells were thawed on ice 15 minutes 

before use. Plasmid DNA (1-5 ng) or 10-20 μl of the ligation mixture was mixed with 

competent cells and then incubated on ice for 30 minutes. Cells were heat shocked 

at 42°C for 90 seconds, and then placed on ice for 120 seconds. Transformation 

mixture was spread over a selective (ampicillin, 100 mg/l) LB-agar plate. The plate 

was incubated overnight at 37°C. The positive clones were then screened for positive 

ones using QIAPrep® Spin Miniprep kit according to manufacturers instructions for 

small-scale plasmid DNA isolation and subsequent PCR analysis. 

 

2.1.6 Isolation of plasmid DNA 

 

For large-scale plasmid DNA purification 250 ml LB medium containing ampicillin 

(100 mg/l) were inoculated with 100 µl of selective LB medium containing positive 

clone cells and incubated overnight at 37°C with vigorous shaking. Bacterial cells 
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were then harvested by centrifugation (6000 RPM) for 15 minutes at 4°C. Pelleted 

bacteria were resuspended and large-scale plasmid extractions were performed 

using HiSpeed® Plasmid Maxi kit from QIAGEN according to the manufacturer's 

protocol. DNA was eluted in 0.5-1 ml water for chromatography (Merck). 

 

2.1.7 Measurement of DNA concentration 

 

The DNA concentration was calculated based on the value of OD260nm measured with 

a spectrophotometer (Nano-Drop™ ND-1000, Peqlab). The OD260nm/OD280nm ratio 

yielded a determination of DNA purity. For pure DNA, this ratio must be 

approximately 1.8-2.0. 

 

2.1.8 Plasmid DNA sequencing 

 

Sequencing of newly constructed DNA plasmids was performed by MWG-Biotech AG 

(Martinsried). 1 µg of plasmid DNA was mixed with 1.5 µl sequencing-primer (10 

pmol/µl) and water for chromatography (Merck) ad 15 µl.  

 

2.1.9 Expression and purification of recombinant proteins 

 

GST-fusion proteins were expressed in E. coli BL21(DE3)pLysS and purified by 

affinity chromatography on Protino® Glutathione Agarose 4B (Macherey-Nagel, 

Germany) according to standard protocols. 

 

2.1.10 PCR – polymerase chain reaction 

 

In order to specifically amplify single DNA sequences a widely used molecular 

biology technique called polymerase chain reaction (PCR) was used. PCR uses four 

deoxyribonucleotide triphosphates (dNTPs), a heat-stable Taq-DNA Polymerase 

(NEB) and two specific oligonucleotides (primers), which hybridize to sense and 

antisense strands of the template fragment. PCR consists of three basic steps: 

denaturation, annealing and elongation, repeated 20-30 times. Two different 

protocols were used for isolated plasmid DNA and for transgenic mice genotyping. 
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For DNA insert generation and specific DNA element detection a standard PCR 

protocol was used: 

 

(Per sample) 

Template DNA       5 ng 

Forward/reverse primer (MWG Biotech)   15 pmol each 

2,5 mM dNTP mix (Qiagen)    2 μl 

10x Thermo Polymerase Buffer (NEB)   2.5 μl 

Taq Polymerase (5 U/μl, NEB)    1.0 U 

H2O         ad 25 μl 

 

The following PCR program was used for amplification: 

 

Initial denaturation 98 °C  20 s 

Denaturation 94 °C  10 s 

Annealing 48 °C  20 s 

Elngation 72 °C  22 s 

Final elngation 72 °C  300 s 

 

For genotyping of STAT3-YFP Knock-in mice isolated gDNA was amplified with 

EX20B-EX21B and EX20B-IN20B (see II.1.5) primer combinations for knock-in or 

wild-type genotype detection respectively using this PCR reaction mixture: 

 

(Per sample) 

Isolated gDNA       2 μl 

10 pmol Forward/Reverse primers (MWG Biotech) 1.5 μl each 

2,5 mM dNTP mix (Qiagen)    1.5 μl 

5x Green GoTaq® Flexi Buffer (Promega)  5 μl 

25 mM MgCl2 (Promega)     2 μl 

DMSO       2 μl 

Taq Polymerase (5 U/μl, NEB)    0.5 μl 

H2O         9 μl 

 

 

30 cycles 
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The following PCR program was used for isolated gDNA from mice: 

 

Initial denaturation 94 °C  300 s 

Denaturation 94 °C  30 s 

Annealing 60 °C  30 s 

Elngation 72 °C  30 s 

Final elngation 72 °C  300 s 

 

The annealing temperature is correlated with the melting temperature (TM) of the 

primers depending on their A/T-G/C content. This was calculated using following 

formula: TM = (C + G) × 4 + (A + T) × 2. 

 

2.1.11 Quantitative PCR 

 
2.1.11.1  RNA isolation and reverse transcription 

 

Approximately 2x106 MEF cells were stimulated according to experimental setup, 

collected in ice-cold PBS and spun down in an Eppendorf centrifuge at 3500 RPM for 

5 min at 4°C. Resulting pellets were lysed in RLT buffer containing β-

mercaptoethanol for RNAse inhibition and RNA isolation was performed using 

Qiagen RNeasy® Mini Kit according to manufacturers instructions. RNA was eluted 

in RNase-free water and concentration was measured using a Nanodrop 

spectrophotometer (Thermo Scientific). For reverse transcription 1 µl RNA per 

sample was reverse transcribed using Qiagen Omniscript® RT Kit according to 

suppliers protocol. After this, cDNA samples were diluted 1:4 and analyzed by qPCR. 

 

2.1.11.2 qPCR 

 

The qPCR measurements were done using the SensiMix SYBR Kit (#QT650-02, 

Bioline, UK) on the Rotor-Gene Q 2plex (#9001550, Qiagen) according to 

manufaturer's protocol. For each sample 2 µl of reverse transcribed cDNA was mixed 

with forward and reverse primers for specific genes of interest (see II.1.3) at a 

concentration of 10 pmol/µl. Expression was normalized to the housekeeper gene 

mGUSB. The relative expression ratio was calculated by the ∆∆Ct method [166], 

30 cycles 
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plotted using GraphPad Prism 6 software and statistically evaluated by Student’s t-

test. A P value of less than 0.05 was considered significant. 

 

2.1.12 Site-directed mutagenesis 

 

PCR-based site directed mutagenesis for point mutant generation was performed 

with QuickChange® mutagenesis kit (Agilent Technologies USA). Online 

QuickChange® primer design tool was utilized for proper primer selection (see II.1.4). 

 

(Per sample) 

Template DNA       10-25 ng 

Forward/reverse primer (MWG Biotech)   11 pmol each 

2,5 mM dNTP mix (Qiagen)    2 μl 

Quicksolution (Agilent)     2 μl 

10x Pfu Ultra Polymerase Buffer (Agilent)  5 μl 

Pfu Ultra Polymerase (2.5 U/μl, Agilent)   1 μl 

H2O         ad 25 μl 

 

Following PCR program was used for amplification: 

 

Initiation 95 °C  60 s 

Denaturation 95 °C  50 s 

Annealing 60 °C  50 s 

Elngation 68 °C  720 s 

Final elngation 68 °C  660 s 

 

2.1.13 Genomic DNA isolation 

 

The gDNA from murine embryonic stem cells was isolated using QIAamp® DNA Mini 

Kit (Qiagen) according to manufacturer's protocols (Spin Protocol). For crude gDNA 

isolation from animal material, tail tips from newborn mice were incubated in 50 mM 

NaOH at 96-98 °C for 60 minutes with constant shaking, cooled down on ice for 2 

minutes and subsequently neutralised by adding 1 M Tris-HCl (pH 8.5) with 10 mM 

EDTA. Samples were stored at -20 °C. 

 19 cycles 
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2.2  Cell biology methods 

  

2.2.1 Cell culture 

 

Adherent cells were grown in DMEM medium supplemented with 10% fetal calf 

serum and 1% penicillin/streptomycin at 37°C in a humidified atmosphere containing 

5% CO2. For passaging cells were washed once with phosphate buffered saline 

(PBS), treated with trypsin/EDTA solution and incubated at 37°C for 5 minutes. The 

detached cells were diluted with warm DMEM culture medium and split into new 

flasks. Cells were kept either in standard TC Dish 100 (#83.3902, Sarstedt, 

Germany) for growth and expansion, or in Falcon® 6 Well Tissue Culture Plates 

(#353046, Corning, USA) for different experimental procedures. 

 

PBS:     137 mM  NaCl 

2.7 mM   KCl 

8.1 mM   Na2HPO4 

1.5 mM   KH2PO4 

 

 

2.2.2 Cell cryopreservation 

 

For long-term storage 90% confluent cells were detached, spun down at 1,000 RPM 

for 5 minutes and resuspended in medium containing 20% FCS and 10% DMSO. 

The cell suspension was transferred into cryotubes (1 ml in each) and placed into 

Styrofoam box with isopropanol at -80 °C overnight for slow temperature reduction. 

Afterwards, cells were transferred and stored at -150 °C freezer. For thawing, frozen 

cells were placed in a 37 °C water bath and subsequently transferred onto a 10 cm 

dish containing 10 ml of preheated medium. 
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2.2.3 Cell stimulation 

 

Cytokine and soluble receptors were mixed in pre-warmed growth medium DMEM 

and added to the cells at various time periods at 37°C and 5% CO2 prior to protein 

extraction, fixation or RNA isolation procedures or during live cell imaging.  

 

 

2.2.4 Transient transfection of DNA 

 

Transient transfection was performed when adherent cells reached a density of 60-

70% confluence. Plasmid DNA and TransIT®-LT1 transfection reagent (Mirus, USA) 

were mixed in pre-warmed OptiMEM® reduced serum medium in a 3:1 ratio (µl of 

reagent/µg of DNA) and added to the cells, according to the manufacturer's 

instructions. 

 

 

2.2.5 Stable transfection of DNA 

 

2.2.5.1 Flp-InTM system 

 

Flp-In™ System (Invitrogen, USA) was utilized for generation of stably transfected 

MEF ∆/∆ cell lines. For this purpose, cells were transfected with pFRT/lacZeo vector 

containing a FRT(Flp recombination target)-sequence for stable genome integration 

via Zeocin selection. Multiple cloning site vectors (pcDNA5/FRT/TO) containing 

fluorescent fusion protein constructs were then co-transfected in resulting MEF ∆/∆ 

FRT cells with pOG44 plasmid encoding Flp-Recombinase for stable integration via 

homologous recombination. Positive clone selection was performed with 1 mg/ml 

hygromycin. Afterwards, YFP-positive cells were enriched via fluorescence-activated 

cell sorter (FACS) at the Institute of Molecular Pathobiochemistry, Experimental 

Gene Therapy and Clinical Chemistry (RWTH Aachen). 
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2.2.5.2 Flp-InTM T-RexTM system 

 

For generation of cell lines that inducibly express genes of interest, zeocin and 

blasticidin-resistant HeLa-T-REx™ and Hek293 T-RExTM cells containing 

pcDNA6/TR vector for constitutive tetracycline-repressor (tetR) expression were 

stably transfected with pcDNA5/FRT/TO vectors in the same way, as described in 

2.2.5.1 and selected via 300 µg/ml hygromycin and 10 µg/ml blasticidin 

supplementation. The stable clones contained the gene of interest under the control 

of tetracycline-operators (TetO2) and the expression was induced by doxycycline (1-

20 ng/ml) treatment. 

 

2.2.5.3 pMOWS system 

 

MEF STAT1-/- and p65-/- cells were retrovirally  transduced  utilizing  pMOWS  

system [167].  In short, the genes of interest were cloned into the retroviral pMOWS 

expression vectors and transiently transfected into Hek293-derived PlatE retrovirus 

packaging cells. On the next day, the culture medium was replaced by increased 

serum growth medium containing 30% FCS and viruses were harvested as 

supernatants 24 hours after medium change. For the infection of MEF cells, virus-

containing medium was given to the cells and selection was performed with 1 µg/ml 

puromycin for the next seven days. 

 

 

2.2.6 Total cell protein extractions 

 

For the isolation of total cellular lysates, cells were collected from the flask with the 

scraper in ice cold PBS and spun down at 4°C and 3500 RPM for 5 minutes. 

Resulting cell pellets were resuspended in 50-300 µl (depending on total cell amount) 

RIPA lysis buffer and left for at least 30 minutes on ice. Protease and phosphatase 

inhibitors were always added fresh to the lysis buffer (RIPA +/+) prior to use. 

 

RIPA Lysis Buffer:   50 mM Tris/HCl, pH 7,4 

     150 mM NaCl 
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     0,5%  Nonidet P-40 

1 mM  EDTA 

     1 mM  NaF 

     15%  Glycerol 

 

Protease inhibitors:   2 µg/ml Aprotinin (Sigma,USA) 

     1 µg/ml Leupeptin ( Sigma, USA) 

0,5 mM EDTA 

     0,25 mM PMSF 

 

Phosphatase inhibitor:  1 mM  NaVO3 

 

After removal of cell debris by 10 minutes of full-speed centrifugation at 4°C the 

supernatant containing total cell lysates was collected and stored in Eppendorf tubes 

at -20°C for further experiments. 

 

2.2.7 Subcellular fractionation 

 

Subcellular fractionation is a separation of karyoplasm (nucleoplasm) from 

cytoplasm. After washing with ice-cold PBS, cells were collected by centrifugation 

(3,500 RPM, 5 min 4°C). The pellet was resuspended in 100-200 µl hypotonic lysis 

buffer and incubated on ice for 15 min. After centrifugation (2,000 RPM, 10 min, 4°C) 

the supernatant containing cytosolic protein fraction was placed in separate 

Eppendorf tubes, centrifuged at maximum speed for additional 10 minutes to remove 

cell waste and stored at -20°C for further experiments. The remaining pellet 

containing nuclear protein fraction was resuspended in 500 µl nuclear isolation 

buffer, incubated on ice for 5 min and centrifuged (3,500 RPM, 5 min, 4°C) three 

times. After the last centrifugation the remaining pellet was resuspended in 50 µl 

nuclear lysis buffer, incubated on ice for 30 min and centrifuged (13,200 RPM, 10 

min, 4°C). After centrifugation the supernatant representing nuclear protein fraction 

was collected in separate Eppendorf tubes and stored at -20°C for further 

experiments. 

 

Hypotonic lysis buffer:   10 mM  Tris/HCl, pH 7,5 
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      10 mM  NaCl 

      3 mM   MgCl2 

 

Nuclear isolation buffer:   0,5%    Nonidet P-40 

      10 mM  Tris/HCl, pH 7,5 

      10 mM  NaCl 

      3 mM   MgCl2 

 

Nuclear lysis buffer:    2%    Triton X-100 

      20 mM  Tris/HCl, pH 7,5 

      280 mM  NaCl 

      10 mM  NaF 

 

Protease inhibitors were added prior to use as described for total protein extractions. 

 

2.2.8 Measurement of protein concentration 

 

Protein concentrations were measured in a solution according to a spectroscopic 

analytical procedure, called Bradford protein assay, which is based on an 

absorbance shift of the dye Coomassie Brilliant Blue G-250 from 465 nm to 595 nm 

upon binding to protein. The OD595nm value of this dye is directly proportional to the 

concentration of soluble proteins. To measure the concentration of protein after total 

cell protein extraction or subcellular fractionation 3 l of protein solution was diluted 

with 1 ml of 20% dye reagent concentrate (BioRad) and incubated at room 

temperature for 5 minutes. Absorbance was measured at 595 nm. 

 

2.3 Biochemistry methods 

 

2.3.1 SDS-Polyacrylamide-gel electrophoresis (SDS-PAGE) 

 

SDS-PAGE (Sodium dodecyl sulfate polyacrylamide gel electrophoresis) is a method 

to separate proteins based on the length of their polypeptide chains, which governs 
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the electrophoretic mobility of proteins within a polyacrylamide gel. The amphiphilic 

SDS destroys secondary and tertiary protein structures, maintaining the proteins as  

 

negatively charged polypeptide chains. The SDS-PAGE system contains two gels: a 

stacking gel with a low level of crosslinkage and low pH to sweep up proteins in a 

sample between two moving boundaries and a separation gel of higher pH and 

crosslinkage, where the proteins are separated. During this work only 10% 

separation gels were used. 

 

Separation gel:    10%  Acrylamid 

      375 mM Tris/HCl, pH 8,8 

      0,1%  SDS 

      0,02%  TEMED 

0,1%  APS 

 

Stacking gel:     5%  Acrylamid 

      125 mM Tris/HCl, pH 6,8 

      0,1%  SDS 

      0,02%  TEMED 

      0,1%  APS 

 

Probes derived from cellular extractions containing equal amounts of protein (20-30 

µg) were denatured by heating at 95°C for 10 minutes in 4 x Laemmli buffer and then 

centrifuged immediately for 30 seconds at 13,200 RPM, at 4°C. After centrifugation 

probes were loaded on a SDS polyacrylamide gel in a running system filled with SDS 

running buffer. To determine the size of proteins and monitor the progress of an 

electrophoretic run the first well was loaded with 5 µl molecular weight marker 

PageRulerTM (#26616, Thermo Scientific). The gel was running at room temperature 

at 20-30 mA until the blue loading dye reached the bottom of the gel. 

 

4x Laemmli Buffer:    40%   Glycerin 

      8%   SDS 

      250 mM  Tris/HCl, pH 6,8 

      0,4%   Bromphenolblue 
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      20%   β-Mercaptoethanol 

 

 

SDS Running Buffer:   1,5%  Tris-Base, pH 8,3 

      7,2%  Glycin 

     0,5%  SDS 

 

2.3.2 Immunoblotting (Western-blot) 

 

Western-blotting is a method of transferring separated proteins from SDS-PAGE in 

an electrical field from the gel onto a membrane for subsequent analysis. The 

proteins were transferred to an Amersham™ Hybond™ polyvinylidene difluoride 

(PVDF) membrane (#10600023, GE Healthcare, Germany) by semi-dry blotting using 

Anode I, Anode II and Cathode buffers: 

 

Anode buffer I:    300 mM Tris-Base, pH 10,4 

 

Anode buffer II:    25 mM Tris-Base, pH 10,4 

 

Cathode buffer:    25 mM Tris-Base, pH 10,4 

40 mM ε-Aminocaproic acid 

      0,01%  SDS 

 

To prevent non-specific background binding of the primary and/or secondary 

antibodies to the membrane, PVDF membrane was blocked after blotting for at least 

30 minutes in TBS-T solution containing 10% bovine serum albumin (BSA) 

(#11930.04, Serva, Germany). After blocking, the membrane was rinsed with TBS-T 

buffer under agitation at room temperature for 5 minutes, the primary antibody diluted 

in TBS-T (1:1000) with 5% BSA was added and incubated overnight at 4°C under 

constant agitation. After the incubation the primary antibody was removed, 

membrane was washed three times for 10 minutes and the secondary antibody 

diluted in TBS-T (1:2000) was added for at least 60 minutes.  

 

TBS-T buffer:    20 mM Tris/HCl, pH 7,4 
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      137 mM NaCl 

      0,1%  Tween® 20 

 

After another washing steps in TBS-T, the bound proteins were then detected using 

the ECL detection system ImmobilonTM Western (Millipore, USA) and LAS-4000mini 

(Fujifilm) biomolecular imager. For protein counterstaining bound antibodies and an 

active HRP on the blot were removed by stripping: the membrane was placed in 10 

ml stripping buffer containing freshly added 78 μl β-Mercaptoethanol and incubated 

at 70°C for 25-30 minutes. The incubation step was followed by blocking with 10% 

BSA solution and two washing steps in TBS-T. Afterwards, another primary antibody 

was added and the process repeated as described above. 

 

Stripping buffer:    2%   SDS 

      62,5 mM Tris/HCl, pH 6,7 

 

Quantification of immunoblotting results was conducted using MultiGauge v3.2 

(Fujifilm, Japan) software, plotted using GraphPad Prism 6 software and statistically 

evaluated by Student’s t-test. 

 

2.3.3 Coimmunoprecipitation 

 

Coimmunoprecipitation (Co-IP) is a common technique to analyze protein-protein 

interactions in vitro. Total cell lysates were prepared in RIPA +/+ buffer as described 

in II.2.2.6 with a subsequent prolonged centrifugation step (30 minutes, 13,200 RPM 

at 4°C) for higher total protein yield. 30 μl of packed Protein G Sepharose beads (GE 

Healthcare, Germany) and 1 μg of the α-GFP antibody (#30694; Rockland, USA)  per 

sample were incubated for 6 h at 4°C under permanent rotation. Resulting antibody-

beads complexes were resuspended in RIPA buffer and spun down (5 minutes, 

2,000 RPM at 4°C) three times. After incubation with 1,000 μg of total cell lysates 

overnight in RIPA +/+ buffer at 4°C, bound complexes were washed three times with 

RIPA +/+ buffer, boiled at 95°C for 10 minutes with 10 µl 4x Laemmli Buffer and 

analyzed by SDS-PAGE and immunoblotting. 
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2.3.4 GST-pulldown 

 

The GST-pulldown assay was used to study protein-protein associations in vitro. For 

this purpose, various purified GST fusion importins were absorbed to S-linked 

glutathione agarose (#G4510, Sigma-Aldrich, USA) at 4°C overnight under constant 

rotation. For each sample, 50 μl of the agarose beads and 1 µg of purified importin 

molecules fused to GST-tag at the N-terminus were used. After washing with RIPA 

buffer three times, beads were incubated overnight with 1,000 µg of whole cell 

lysates in RIPA +/+ buffer. Afterwards, beads were washed three times with RIPA +/+ 

buffer, boiled 10 minutes at 95°C in 10 μl of 4x Laemmli buffer and bound proteins 

were separated on 10% SDS-PAGE and subjected to immunoblotting analysis with 

the indicated antibodies. 

 

2.3.5 Electrophoretic mobility shift assay 

 

Electrophoretic mobility shift assay (EMSA) is a common affinity electrophoresis 

method to study protein–DNA interactions. A double-stranded sis-inducible element 

(SIE) oligonucleotide from the c-fos promoter (m67SIE: 5'-GATCCGGGAG 

GGATTTACGG GAAATGCTG-3’) was radioactively labelled by filling in 5'-protruding 

ends with 2 µl of Klenow enzyme (EP0051, 1 U/μl, Fermentas) and 2.5 µl [α-

32P]dATP (0.37 MBq/µl, Hartmann Analytic) in labeling buffer for 30 minutes at 37°C 

and radioactively labeled oligonucleotides were purified by QIAquick® Nucleotide 

Removal Kit (Qiagen) according to supplier's protocol. Radioactivity was measured 

by BetaScout 2007 liquid scintillation tester (PerkinElmer, USA). Subsequently, total 

cell lysates containing 10 µg protein (adjusted to total volume of 10.5 µl) in RIPA +/+ 

buffer were incubated with about 10 fmol (10,000 cpm) of labelled oligonucleotides in 

EMSA sample buffer for 10 minutes at room temperature. The DNA–protein 

complexes were separated on a 4.5% polyacrylamide gel in 0.25% TBE buffer at 220 

V for 5 hours. Afterwards, the gel was fixed in fixation buffer for 15 minutes and dried 

on a gel dryer (Biotec Fischer) for 3 hours at 75°C. The phosphosignal was captured 

by Storage Phospho-Screen (Molecular Dynamics) at room temperature overnight 

and detected with a Typhoon-9410 fluorescence scanner (GE Healthcare, Germany) 

by excitation with a 633 nm laser line. For gel supershift total cell lysates were 
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incubated with 2.5 µl of specific α-STAT3 antibody (sc-7179X) for 1 hour prior to gel 

loading. 

 

Labeling buffer:    12.63%  Buffer M 

      10 mM dGTP/dCTP/dTTP 

      1%  BSA 

 

5x Gelshift buffer:    50 mM  Hepes/KOH, pH 7.8 

      5 mM  EDTA 

      25 mM MgCl2 

      50%   Glycerol 

 

 

EMSA sample buffer (per sample): 2 µl   1% BSA 

      4 µl  5x Gelshift buffer 

      0.2 µl  0.5 M DTT 

      0.2 µl  0.2 M PMSF 

      1 µl  Poly dIdC 

      0.2 µl    [α-32P]dATP-oligo (10,000 cpm)

      ad 9.5 µl ddH2O 

 

5x TBE Buffer:    1 M   Tris 

      830 mM Boric acid 

      10 mM EDTA, pH 8.3 

 

4.5% polyacrylamide gel:   6.75 ml  40% Acryl-Bisacrylamide (19:1) 

      3 ml  5x TBE buffer 

      4.5 g  Glycerol 

      200 µl  20% APS 

      40 µl  TEMED 

      47.75 ml   ddH2O 

 

Fixation buffer:    10%   Methanol 

      10%  Acetic acid 
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2.4 Confocal laser scanning microscopy methods 

 

2.4.1 Description 

 

For the investigation of fluorescently labeled probes a confocal laser scanning 

microscope (LSM) was used. Confocal microscopy uses a pinhole and point 

illumination to eliminate out-of-focus light from the probe to increase optical 

resolution and contrast of images. It assembles the pixel information into images by 

scanning the probe point by point and line by line. Optical sectioning allows the 

reconstruction of three-dimensional structures from the obtained images.  

 

2.4.2 Microscope settings 

 

The investigation of subcellular distribution of immunostained and fluorescently 

labeled proteins was performed with a confocal laser scanning microscope LSM 710, 

(Carl Zeiss, Germany) using Zen 2012 software (Zeiss, Germany). The following 

setup was used for different fluorescent tags (Tab. 2.1): 

 

 

Fluorescent dye eYFP Alexa 

Fluor®555 

Alexa 

Fluor®488 

DRAQ5™ 

Laser Argon DPSS 561-10 Argon HeNe633 

Excitation 514nm,  2% 561 nm, 2% 488 nm, 2% 633 nm, 2% 

Pinhole 89.9 89.9 89.9 89.9 

Main beam splitter 458/514 458/561  488 458/514/561/633 

Emission Range 519-555 nm 562-655 nm 493-555 nm 661-759 nm 

 

For all samples an image size of 1024×1024 pixels was used in 12-bit format with 

four times averaging and 1.5-2.5 zoom. Imaging was carried out using the LD C-

Apochromat 40x /1.1 W Korr M27 water immersion objective.  

 

Tab. 2.1: The microscope setup during fluorescence signal detection 
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2.4.3 Indirect immunofluorescence staining of cells 

 

Cells were seeded and grown directly on glass coverslips (18 mm, Thermo Scientific) 

in a 12 well plate under standard growth conditions. According to experimental 

procedure cells were stimulated prior to fixation for different time periods. After 

removing the growth medium and washing two times with PBS++ buffer, cells were 

fixed either with 3.7% PFA or ice-cold 100% methanol at room temperature for 20 

minutes for one-step fixation, or with combined treatment of 3.7% PFA at room 

temperature for 15 minutes in the dark and subsequent ice-cold 100% methanol at 

20°C for 10 minutes. After washing with PBS++, cells were permeabilized with 

PBST++ buffer for 5 minutes in the dark, quenched with 50 mM NH4Cl diluted in 

PBST++ for 5 minutes at room temperature to attenuate autofluorescence and 

blocked with PBST++ containing 5% BSA for 1 hour at room temperature to prevent 

unspecific binding of antibodies. Primary antibodies were diluted 1:50 in PBST++ with 

1% BSA and applied to the cell-containing coverslips overnight at 4°C by placing 

coverslips upside-down onto parafilm with 30 µl antibody dilution drops. Afterwards, 

coverslips were dipped three times in PBST++ buffer with 1% BSA and similarly 

stained with Alexa Fluor® 555 anti-rabbit alone or with Alexa Fluor® 488 anti-mouse 

antibody dilutions (1:1,000) for 90-120 minutes at 4°C. Subsequently, cell nuclei were 

stained with DRAQ5™ (Biostatus, UK) at 1:1,000 dilution for additional 20 minutes at 

4°C. 

 

  PBS++      PBS 

1 mM   MgCl2 

0,1 mM  CaCl2 

 

PBST++     PBS 

1 mM   MgCl2 

0,1 mM  CaCl2 

0,1%   Triton X-100 

 

Finally, immunostained coverslips were mounted with Immu-Mount (Thermo 

Scientific) on glass slides and kept in the dark to prevent bleaching.  
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2.4.4 Live cell imaging  

 

Stably transfected MEF ∆/∆ cells were plated 24 hours prior to imaging on 35-mm 

glass-bottomed dishes (Ibidi, Germany) in 300 µl normal growth medium. Cells were 

imaged at 37°C and 5% CO2 in an XL-LSM Incubator (PeCon, Germany) mounted on 

the stage of a Zeiss LSM 710. To prevent evaporation, the objective was immersed 

with Immersol™ fluid instead of water (Carl Zeiss, Germany). 

 

2.4.5  Quantification of nuclear STAT3-FP amounts 

 

The images of stably transfected MEF ∆/∆ cells were taken in real-time using Time 

Series function (1 image per minute) of Zen 2012 for 45 minutes during a live-cell 

imaging experiment.  In order to quantify nuclear accumulation of fluorescent fusion 

proteins, the Profile function of Zen 2012 software was utilized to plot mean 

fluorescence intensities across the nuclear compartments of analyzed cells (Fig. 2.1). 

Changes in nuclear YFP fluorescence were measured within the same cells (n=10-20 

cells per sample) before and 40 minutes after cytokine treatment.  

 

 

 

 

Mean fluorescent intensity was plotted using the GraphPad Prism 6 software 

(GraphPad Software, USA) and changes were statistically evaluated by Student's t-

test. A P value of less than 0.05 was considered significant. 

Fig. 2.1: Demonstration of the profile function of Zen 2012 software. 
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III.Results 

 

1. Characterization of stably transfected MEF ∆/∆ cells  

 

A focal point of this work is the analysis of STAT3 activation and nuclear 

translocation by confocal microscopy. For this purpose, we have chosen STAT3-

deficient mouse embryonic fibroblasts (MEF∆/∆) stably reconstituted with STAT3 

constructs fused to a fluorescent protein (STAT3-FP) as a well-established system 

for studying the importance of STAT3 domains for signaling. Although total knockout 

of STAT3 led to early embryonic lethality in mice [38], conditional gene targeting has 

been successfully used to study STAT3 functions in specific tissues and cells [168, 

169] and STAT3 knockout MEF ∆/∆ have been established [100]. Our group has 

previously generated MEF ∆/∆ cells stably reconstituted with a wild-type (WT) 

STAT3-FP construct using the Flp-InTM system (Figure 3.1 A, B) [52]. In order to 

confirm functionality of the STAT3-FP construct, we analyzed four critical steps of 

STAT3 activation: tyrosine 705 phosphorylation, nuclear accumulation, GAS-element 

binding and transcription of immediate early target genes. 

 

IL-6 treatment of MEF ∆/∆ (WT)STAT3-FP cells for 30 minutes resulted in STAT3 

Y705 phosphorylation similarly to wild-type MEFs. In turn, MEF ∆/∆ cells 

demonstrated complete absence of STAT3 in whole cell lysates as expected (Fig. 

3.1C). STAT3 subcellular localization upon IL-6 stimulation was analyzed in a live-

cell imaging experiment. Similarly to endogenous STAT3 [52], STAT3-FP 

accumulated in the nuclei of IL-6 treated cells reaching its peak at 30 minute time 

point (Fig. 3.1D). Moreover, stable reconstitution of STAT3-FP reversed the absence 

of socs3 mRNA upregulation in MEF ∆/∆ cells to the same extent as in wild-type 

MEFs (Fig. 3.1E). Upon IL-6 stimulation of (WT)STAT3-FP cells three major DNA 

complexes were detected by electrophoretic mobility shift assay (EMSA) (Fig. 3.1F) 

that are composed of STAT3-FP homodimers (S3/S3), STAT3-FP/STAT1 (S3/S1) 

heterodimers and STAT1 homodimers respectively, as expected for wild-type STAT3 

[170]. A supershift experiment with a STAT3 specific antibody confirmed that the 

observed bands upon IL-6 stimulation represent indeed STAT3 homodimer and 
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STAT3/STAT1 heterodimer populations. Combined, these data validate fluorescently 

labeled STAT3 for mimicking endogenous STAT3 activation for further experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Our group has previously published results with MEF ∆/∆ cells stably transfected with 

N-terminal deletion ((∆N)STAT3-FP) and point-mutated putative nuclear localization 

sequences ((∆NLS)STAT3-FP) or nuclear export sequences ((∆NES)STAT3-FP)  

within STAT3 [52]. During this project we have used several fluorescently labelled 

STAT3 mutant constructs, an overview of which can be found in Fig. 3.2A.  

 

Fig. 3.1: Characterization of fluorescently labeled wild-type STAT3 construct. A. STAT3 
monomer structure with flexible NTD and TAD domains. B. Scheme of wild-type (MEF WT), STAT3 
deficient (MEF ∆/∆) and stably reconstituted (MEF ∆/∆ (WT)STAT3-FP) MEF cells. C. Analysis of 
STAT3 tyrosine 705 phosphorylation. Indicated cell lines were stimulated with 20 ng/ml IL-6 and 500 

ng/ml sIL-6R for 30 minutes or left untreated. Total cell lysates were prepared and analyzed by 
immunoblotting with the indicated antibodies. GAPDH immunodetection served as a loading control. 
D. Real-time nuclear translocation of WT STAT3 fusion proteins upon IL-6 stimulation. MEF ∆/∆ cells 
stably reconstituted with (WT)STAT3 fused to CFP-YFP double tags were observed by confocal live-
cell imaging. Cells were either left untreated (left) or stimulated with 20 ng/ml IL-6 and 500 ng/ml 

soluble IL-6R (sIL-6R) for 30 (right). Scale bars represent 10 µm. E. SOCS3 mRNA expression 
increases upon IL-6 treatment. WT MEF, MEF ∆/∆, and MEF ∆/∆ (WT)STAT3-FP cells were treated 

with 20 ng/ml IL-6 and 500 ng/ml soluble IL-6R (sIL-6R) for 60 minutes. Whole cellular mRNA was 
isolated, and the expression of socs3 was measured by RT-qPCR. Expression was normalized to the 
housekeeper protein mGUSB. Data are representative of four independent experiments. ***p < 
0.0005. n.s. = not significant. F. IL-6 induced DNA-binding of STAT3 fusion proteins. MEF ∆/∆ 

(WT)STAT3-FP cells were stimulated with 20 ng/ml IL-6 and 500 ng/ml sIL-6R for 30 minutes or left 
untreated, subsequently total cell lysates were analyzed by an EMSA assay using a STAT1/STAT3 
specific GAS element corresponding to a mutated sequence from the c-fos promoter (m67SIE). 
Explain S1/S1 etc. * Supershifted STAT3 band upon addition of a STAT3 antibody prior to gel loading. 
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Fig. 3.2: Overview of STAT3 constructs used in this work. A. Graphical representation of 
conserved domains of STAT3–FP and mutant constructs used for the generation of stable cell lines. 
Red bars show the positions of the relevant mutations. FP, fluorescent proteins; NTD, N-terminal 
domain; CCD, coiled-coil domain; DBD, DNA-binding domain; SH2, src-homology 2 domain; TAD, 
transactivation domain. B. STAT3 DNA binding abrogation scheme. Left: Ribbon diagram of STAT3 
bound to DNA (only one STAT3 of the STAT3 dimer is shown; PDB accession number: 1BG1) [172]. 
The DNA-binding SNICQ-sequence of STAT3 (center) and the mutated GSSGS sequence (right) are 
highlighted in dark green with amino acid side chains of these motifs represented as rod models. The 
DNA helix recognized by STAT3 (5’TGCATTTCCCGTAAATCT3’) is represented as rod model and van 
der Waals radii of the atoms are indicated as transparent spheres. Graphic representation and 
introduction of point mutations were performed using the PyMOL software (PyMOL Molecular Graphics 
System, Version 1.7.4 Schrödinger, LLC). 
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Presented mutated STAT3–fluorescent protein (FP) constructs were then stably 

transfected in MEF ∆/∆ cells and analyzed during the subsequent parts of this work. 

(R609Q)STAT3-FP represents a STAT3 molecule with dysfunctional SH2 domain 

that cannot bind to the receptor and therefore cannot be activated by a cytokine [50, 

86]. The K685R mutation interferes with STAT3 acetylation on the critical lysine 685 

residue and has a negative impact on cytokine-induced stable dimer formation [171]. 

Furthermore, a C-terminal deletion mutant ((∆TAD)STAT3-FP) and the isolated 

STAT3 NTD ((NTD)STAT3-FP) constructs were stably expressed in MEF ∆/∆ cells 

for further functional analysis of N- and C-terminal ends of STAT3.  

 

In order to analyze connection between GAS recognition and nuclear accumulation 

of STAT3, we have created an artificial STAT3 (mSNICQ)STAT3-FP mutant that is 

not able to specifically recognize GAS elements in order to analyze functional role of 

DNA binding in STAT3 subcellular localization and signaling. In order to abrogate 

specific STAT3 DNA-binding we mutated one of the four STAT3 loops that contact 

the DNA double helix. We introduced mutations into the gα5 loop of the DNA-binding 

domain as this loop provides the most intensive DNA contacts and contains critical 

determinants for the specific recognition of the consensus DNA sequence (Fig. 3.2B, 

left) according to crystal structure of STAT3 dimer bound to DNA [172]. Within the 

SNICQ sequence (Fig. 3.2B, center) residues S465, N466 and Q469 provide the 

most important contacts, most of them consisting of hydrogen bonds. Among these 

amino acids, N466 is of particular importance and provides both polar and 

hydrophobic interactions with DNA, which are crucial for consensus sequence 

recognition. More specifically, it contacts T1, T2 and the guanine base of the G:C 

base pair at position 3 of the motif T1T2C3C4C5G6T7A8A9. C468 contributes to DNA-

binding by forming a hydrophobic pocket together with the methylene groups of 

S465, N466 and Q469 in which the methyl groups of two thymines (T1, T2) are 

accommodated [172]. In order to reduce STAT3-DNA contacts (both hydrogen bonds 

and the mentioned hydrophobic contacts) N466, I467 and Q469 were mutated to 

serine to shorten the side chains while maintaining the polar characteristic of the gα5 

loop. Furthermore, S465 and C468 were mutated to glycine to further reduce the 

contacts to DNA. As visualized at the right of Fig. 3.2B, the introduction of these 

mutations should abrogate STAT3 DNA-binding. 



Results      A.Martincuks           
 

65 

 

 

2. The role of N-terminal domain and GAS-site recognition in 

STAT3 signaling  

 

2.1. Ligand-induced nuclear accumulation and DNA-binding 

ability of STAT3 are independent of each other. 

 

Upon activation, STATs undergo phosphorylation-dependent dimerization and 

accumulate in the nucleus, where they bind to DNA and regulate gene transcription 

[21]. We have previously shown that despite the ability to bind DNA in electrophoretic 

mobility shift assay phosphorylated STAT3 dimers lacking the N-terminal domain 

show defective nuclear accumulation upon stimulation [52]. We were interested, 

whether (mSNICQ)STAT3 can still be imported in the nucleus upon stimulation 

despite its inability to bind to GAS sequences. For this purpose, MEF∆/∆ cells stably 

transfected with different STAT3-FP constructs were stimulated with IL-6 and soluble 

IL-6Rα. Changes in STAT3 subcellular localization were assessed in a live-cell 

imaging experiment with quantification of nuclear fluorescence (Fig. 3.3 A, B).  

 

 

 

 

 

 

Fig. 3.3: IL-6-induced real-time nuclear translocation of STAT3 fusion proteins. A. MEF ∆/∆ 
fibroblasts stably transfected with (WT)STAT3 or (∆N)STAT3 with CFP-YFP double tags or 
(mSNICQ)STAT3 with YFP tag constructs were observed by confocal live-cell imaging. Cells were 
stimulated with 20 ng/ml IL-6 and 500 ng/ml soluble IL-6R (sIL-6Rα) for 30 minutes or left untreated. 
Scale bars represent 10 µm. B. Quantification of the nuclear presence of fluorescently labeled STAT3 
constructs in MEF ∆/∆ cells (means ± SD of n=15 cells per sample). ***p < 0.0005. **p < 0.005. *p < 
0.05. n.s. = not significant. 
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Upon stimulation, wild-type STAT3-FP showed rapid nuclear translocation, while 

NTD deletion mutant did not or only poorly accumulate in the nucleus, as described 

earlier [52]. The mSNICQ mutant, however, entered the nucleus with similar kinetics 

to wild-type. Thus, disruption of the DNA-binding interface of STAT3 does not impair 

nuclear accumulation. 

 

The same stably transfected MEF∆/∆ cells were also used to analyze DNA-binding, 

STAT1 association and tyrosine 705 phosphorylation of (∆N)STAT3-FP and 

(mSNICQ)STAT3-FP in comparison to STAT3-FP wild-type (Fig. 3.4A). Additionally, 

expression of the STAT3 immediate early target gene socs3 upon IL-6 stimulation 

was quantified in order to analyze transcriptional activity of FP constructs (Fig. 3.4B). 

 

 

 

 

 

 

 

 

 

Fig. 3.4: Analysis of STAT3-FP construct activation, heterodimer formation, GAS-recognition 
and transcriptional activity. A. IL-6 induced DNA-binding, STAT1 binding and activation of STAT3 
fusion proteins. Indicated cells were stimulated with 20 ng/ml IL-6 and 500 ng/ml sIL-6Rα for 30 
minutes or left untreated, subsequently total cell lysates were prepared and analyzed either in an 
electrophoretic mobility shift assay using hybridized 32P-labelled SIE oligonucleotides, 
coimmunoprecipitation (Co-IP) experiment with the antibody against GFP or by Western blotting using 
indicated antibodies. * Supershifted STAT3 band upon addition of a STAT3 antibody prior to gel 
loading. (B) IL-6-inducible socs3 mRNA expression. MEF ∆/∆ cells stably transfected with fluorescent 
(WT)STAT3-FP, (∆N)STAT3-FP or (∆SNICQ)STAT3-FP mutants were treated with 20 ng/ml IL-6 and 
500 ng/ml sIL-6Rα for indicated times. Whole cellular mRNA was isolated, and the expression of 
socs3 was measured by RT-qPCR. Expression was normalized to the housekeeper gene mGUSB. 
The relative expression ratios were calculated by the ∆∆Ct method [166]. Data are representative of 
three independent experiments. ***p < 0.0005. **p < 0.005. *p < 0.05. 
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As for (WT)STAT3-FP, (∆N)STAT3-FP showed a similar pattern of DNA binding with 

three different homo- and heterodimer populations, but the signals from all three 

complexes were increased, suggesting an increased activation potential of this 

mutant compared to wild-type, given the equal protein expression in cellular lysates. 

As predicted, the STAT3 mutant with disrupted DNA-binding interface could not 

recognize the GAS sequence and only STAT1 homodimers were detected upon IL-6 

stimulation in cells stably expressing the (mSNICQ)STAT3-FP construct. All three 

STAT3-FP constructs form heterodimers with STAT1 and are tyrosine 

phosphorylated at the position 705 after IL-6 stimulation. Similarly to EMSA, 

(∆N)STAT3-FP is more sensitive to the stimulus and binds stronger to STAT1 than 

wild-type, while (mSNICQ)STAT3-FP expression and phosphorylation levels 

remained comparable. Moreover, both (∆N)STAT3-FP and (mSNICQ)STAT3-FP 

expressing cells, but not (WT)STAT3-FP, showed an increased STAT1 activation 

upon IL-6 treatment. Despite its inability to bind DNA, (mSNICQ)STAT3-FP was still 

able to form homodimers and heterodimers with wild-type STAT3-FP (data not 

shown).  

 

To investigate how the NTD deletion and DNA-binding interface mutations affect the 

expression of the STAT3 target gene socs3, cells were stimulated with IL-6 for 30, 

120 and 240 minutes, total mRNA was isolated and analyzed via real-time qPCR 

(Fig. 1D). As expected, significant upregulation of socs3 mRNA was detected after 

30 minutes of stimulation as an immediate early gene response within the cells 

expressing (WT)STAT3-FP. After 2 or 4 hours total levels of socs3 mRNA did not 

significantly differ from unstimulated cell population. Both (∆N)STAT3-FP and 

(mSNICQ)STAT3-FP failed to induce significant socs3 upregulation after 30 minutes 

to the same extent as wild-type. Increase of socs3 mRNA compared to unstimulated 

control was observed after 2 hours in cells expressing the mutated constructs, which 

may be explained by other transcription factor involvement, such as abnormally 

activated STAT1. Taken together, our data demonstrate that the NTD deletion 

mutant is capable to bind DNA but not to accumulate in the nucleus, while the 

mSNICQ mutant demonstrates the diametrically opposed capability to undergo rapid 

nuclear translocation upon stimulation without being able to bind GAS-elements. 

Both mutants were defective in the early induction of socs3 gene expression. 
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2.2. STAT3 N-terminal domain deletion mutant remains in the 

cytoplasm in the form of activated dimers capable of GAS-

element binding 

 

To further explore the consequences of defective nuclear translocation of the STAT3 

NTD deletion mutant, we analyzed its activation kinetics compared to wild-type. It has 

been shown for STAT1 that the deletion of the NTD resulted in a constitutively 

phosphorylated phenotype and inability to be dephosphorylated by phosphatases in 

vivo [173], as well as absence of IFNα-induced nuclear accumulation [174]. MEF∆/∆ 

cells, stably expressing (WT)STAT3-FP and (∆N)STAT3-FP fusion proteins, were 

pulse stimulated with IL-6 for 20 minutes, left untreated for up to 4 hours and total cell 

lysates were subjected to either EMSA or immunoblotting (Fig. 3.5).  

 

 

 

 

 

 

Fig. 3.5: IL-6 induced DNA-binding/dissociation rate and deactivation of the wild-type and ∆N 
STAT3 fusion proteins. Cells were pulse-stimulated with 20 ng/ml IL-6 and 500 ng/ml sIL-6Rα for 20 
minutes, washed with PBS, supplied with fresh medium and left untreated for up to 240 minutes. Total 
cell lysates were prepared at the indicated time points and analyzed either in an electrophoretic 
mobility shift assay using hybridized 32P-labelled m67SIE oligonucleotides or by Western blotting using 
the antibodies indicated. GAPDH immunostaining served as a loading control. 
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While the wild-type fusion protein showed rapid dephosphorylation of tyrosine 705 

and dissociation from DNA already 30 minutes after stimulus elimination, (∆N)STAT3 

remained in the form of phosphorylated dimers for more than 4 hours after cytokine 

removal. Furthermore, STAT1 activation in cells expressing (∆N)STAT3-FP was 

markedly elevated. Apart from (∆N)STAT3-FP homodimers, (∆N)STAT3-FP/STAT1 

heterodimers were bound to radioactive DNA probes for at least 2 hours in contrast 

to cells, expressing (WT)STAT3-FP. This augmented activity of (∆N)STAT3 was not 

correlated with JAK1 activation. Tyrosine phosphorylation of JAK1 in (∆N)STAT3-FP 

cells was only slightly prolonged for 30 minutes after stimulus removal and correlates 

only with increased STAT1 activation in the mutant cell line. 

 

Next, we applied indirect immunofluorescence to analyze the subcellular distribution 

of activated (∆N)STAT3-FP dimers after 30 minutes of stimulation (Fig. 3.6). As 

expected, phosphorylated (WT)STAT3-FP molecules were localized primarily in the 

nucleus. In contrast, phosphorylated dimers of the STAT3 NTD deletion mutant are 

trapped in the cytoplasm. 

 

 

 

 

Fig. 3.6: Immunofluorescence studies of MEF ∆/∆ fibroblasts stably transfected with 
(WT)STAT3-FP or (∆N)STAT3-FP constructs. Cells were stimulated with 20 ng/ml IL-6 and 500 
ng/ml sIL-6Rα for 30 minutes or left untreated, fixed, permeabilized and stained using a 
phospho(Y705)STAT3 antibody, followed by incubation with a secondary Alexa Fluor-555 conjugated 
antibody and DRAQ5 nuclear marker. Scale bars represent 10 μm.   
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The stably transfected MEF∆/∆ cells were also used to compare the IL-6 treatment 

sensitivity of (∆N)STAT3-FP with (WT)STAT3-FP (Fig. 3.7A). Deletion of the N-

terminal domain in the mutant resulted in an increased sensitivity of the protein to IL-

6 stimulation at low concentrations of the cytokine (1-5 ng/ml) compared to wild-type.  

 

 

 

 

 

 

 

 

 

 

Fig. 3.7: IL-6 sensitivity and phosphatase inhibition. A. STAT3 activation in stably transfected 
(WT)STAT3-FP and (∆N)STAT3-FP cells. Cells were stimulated with indicated concentrations of IL-6 
and 500 ng/ml sIL-6Rα for 30 minutes or left untreated. Total cell lysates were prepared and analyzed 
by Western blotting using the antibodies indicated. B. Effect of phosphatase inhibition on (WT)STAT3-
FP or (∆N)STAT3-FP deactivation. MEF ∆/∆ stably transfected with (WT)STAT3-FP or (∆N)STAT3-FP 
were incubated with 1 mM sodium orthovanadate for 1 hour or left untreated. Then cells were pulse-
stimulated with 20 ng/ml IL-6 and 500 ng/ml sIL-6Rα for 20 minutes, washed with PBS, supplied with 
fresh medium and left untreated for 60 minutes. Finally total cell lysates were prepared and analyzed 
by Western blotting using the antibodies indicated. Immunoblots from three independent experiments 
were quantified using Fujifilm MultiGauge v3.2 software. **p < 0.005. *p < 0.05. n.s. = not significant.   
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Since prolonged activation of (∆N)STAT3-FP was not attributed to prolonged JAK1 

activity, a possible role of tyrosine phosphatases for this effect was investigated. If 

the lack of dephosphorylation of (∆N)STAT3-FP was due to ineffective access of 

tyrosine phosphatases which may only be active in the nucleus, phosphatase 

inhibition via sodium orthovanadate would be expected to produce the same 

prolonged activation effect for (WT)STAT3-FP. Stably transfected MEF∆/∆ cells were 

pretreated with or without sodium orthovanadate for 1 hour, pulse stimulated with IL-

6 and left for 60 minutes, as described previously. Total cell lysates were analysed by 

immunoblotting and results from three independent experiments were quantified (Fig. 

3.7B). Indeed, phosphatase inhibition produced the same prolonged p-STAT3 signal 

for the wild-type fusion protein as seen for NTD deletion mutant. Moreover, 

elimination of tyrosine phosphatase activity had no statistically significant influence 

on (WT)STAT3-FP and (∆N)STAT3-FP ligand-dependent phosphorylation intensity, 

but it led to an increase in basal phosphorylation, suggesting that phosphatases are 

able to act on (∆N)STAT3-FP only in the unstimulated state. These findings indicate 

that the conserved NTD is indispensable for cytokine-induced nuclear accumulation 

and subsequent dephosphorylation. 

 

 

2.3. STAT3 NTD is not required for binding to various importin-

α isoforms 

 

Presence of the conserved NTD of STAT1 is required for its association with 

importin-α5 and subsequent nuclear translocation [175]. Here we asked, whether the 

same holds true for STAT3 NTD and its interaction with α-importins. For this purpose, 

we expressed 5 human GST-tagged importins (α1, α3, α5, α6 and α7) with deleted 

IBB domain to eliminate possible autoinhibition [149]. Expressed proteins were 

absorbed to GST-beads and incubated with total cell lysates from IL-6 stimulated 

MEF∆/∆ cells stably expressing (WT)STAT3-FP. Resulted protein complexes were 

analyzed via SDS-PAGE and subsequent immunoblotting (Fig. 3.8A). Activated 

(WT)STAT3-FP was shown to bind importins α5 (strongest), α3 and α7, but not the 

other importins and GST protein alone. 
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 Fig. 3.8: STAT3 binding to α-importins in-vitro A. Wild-type STAT3-FP fusion protein binding to 
different importins analyzed by GST pull-down assay. Indicated GST-importin fusion proteins were 
coupled to GST-beads and incubated with total protein extracts of MEF ∆/∆ cells stably transfected 
with (WT)STAT3-FP construct and stimulated with 20 ng/ml IL-6 and 500 ng/ml sIL-6Rα for 20 
minutes. Precipitated complexes were separated on 10% SDS-PAGE and subjected to Western 
blotting using the antibodies indicated. Lanes 1, 2 and 8 served as internal controls for specific 
interactions between STAT3-FP and importin molecules. B. Endogenous STAT3 and STAT1 protein 
binding to importin-α5 constructs analyzed by GST pull-down assay. GST-importin-α5 or  mutated 
GST-importin-α5(Y476G) proteins bound to GST-beads were incubated with total protein extracts of 
wild-type MEF cells that were stimulated with either 20 ng/ml IL-6 and 500 ng/ml sIL-6Rα or 20 ng/ml 
IFNγ for 20 minutes. Precipitated complexes were analyzed by Western blotting using the antibodies 
indicated similarly to Fig.3A. Lanes 1 and 2 served as internal controls for specific interactions 
between STAT1, STAT3 and importin-α5 molecules. 
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To support the finding that STAT3 binding to GST fusion proteins is specific to 

STAT3 and not fluorescent tags, we performed the pulldown experiment with lysates 

of wild-type MEF cells. For STAT1 importin-α5 binding in vitro has been shown to be 

phosphorylation-dependent and mutation of a single conserved tyrosine at position 

476 to glycine within importin-α5 abolished STAT1 binding [155]. To analyze, 

whether the same applies to STAT3/importin-α5 interaction, we stimulated MEF cells 

with IL-6 and IFNγ and incubated lysates with full-length importin-α5 or mutated 

importin-α5(Y476G) GST-fusion proteins (Fig. 3.8B). Afterwards, we analyzed 

binding of both STAT1 and STAT3 to GST-importin-α5 constructs by immunoblotting. 

Our results confirmed previously published stimulus-dependent STAT1 binding to 

wild-type importin-α5, while binding to the Y476G mutant was almost completely 

eliminated. In contrast, endogenous STAT3 could be precipitated from lysates of both 

unstimulated and IL-6 or IFNγ stimulated cells. Furthermore, the tyrosine 476 

substitution had no detrimental effect on STAT3 association, suggesting distinct 

molecular recognition mechanisms for STAT1 and STAT3 by importin-α5.  

 

To examine, whether the conserved NTD is required for binding to importin-α5, we 

stimulated MEF∆/∆ cells stably expressing (WT)STAT3-FP and (∆N)STAT3-FP 

constructs with IL-6 or left them untreated. Total cell lysates were incubated with 

GST-agarose beads coupled with both full-length importin-α5 and IBB truncation 

mutant fusion proteins and STAT3 association was investigated via immunoblotting 

(Fig. 3.9A). Both (WT)STAT3-FP and (∆N)STAT3-FP were able to co-precipitate 

independently of IL-6 stimulation or presence of the autoinhibitory IBB domain. 

Weaker STAT3 bands from (∆N)STAT3-FP lysates always correlated with lower 

amounts of total STAT3 in these cells compared to cells stably expressing 

(WT)STAT3-FP. GST-∆IBB-importin-α3 and GST-∆IBB-importin-α7 containing beads 

also precipitate STAT3 independent of IL-6 stimulation and presence of the NTD, 

albeit to a lesser extent than importin-α5 (Fig. 3.9B).  

 

Moreover, binding to importin-β1 showed a similar pattern with slightly increased 

association in unstimulated state for (∆N)STAT3-FP (Fig. 3.9C). These data 

demonstrate that in contrast to STAT1, STAT3 in vitro associates with importin alpha 

isoforms independently of phosphorylation and NTD presence. 
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See next page for legend 
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2.4. Nuclear export inhibition does not rescue impaired nuclear 

accumulation of (∆N)STAT3  

 

STAT1, STAT3 and other STATs are present in the nucleus to some extent even in 

the absence of the activating stimuli [26, 27, 49]. As evidence for the existence of a 

“basal” nucleocytoplasmic shuttling, nuclear accumulation of unphosphorylated 

STAT3 was observed upon disruption of a steady state of constant nuclear import 

and export via leptomycin B (LMB)-mediated exportin-1 (CRM1) inhibition [48]. In 

order to validate these data with our fluorescent constructs, MEF∆/∆ cells transfected 

with (WT)STAT3–FP were pulse-stimulated with IL-6 and soluble IL-6Rα for 20 

minutes and left untreated for up to 4 hours after stimulus removal with or without 5 

ng/ml LMB. STAT3 subcellular localization was monitored in a live-cell imaging 

experiment (Fig. 3.10A). Addtionally, STAT3-FP intracellular distribution in the 

presence of LMB was monitored without any stimuli for 16 hours (Fig. 3.10B). As 

expected, in response to IL-6 stimulation fluorescently labeled STAT3 molecules 

showed distinct nuclear accumulation, which was reversed after stimulus removal. 

However, upon nuclear export inhibition STAT3-FP molecules remained present in 

the nuclei of stimulated cells even 4 hours after stimulus removal. Moreover, LMB 

treatment alone led to an increase in nuclear STAT3-FP without any stimuli clearly 

demonstrating the presence of cytokine-independent nuclear trafficking. Thus, 

STAT3 nuclear egress upon cytokine stimulation is completely dependet on CRM1, 

Fig. 3.9: STAT3 binding to α-importins in-vitro A. IL-6-induced wild-type STAT3 and NTD deletion 
mutant binding to either full-length or IBB deletion constructs of importin-α5 analyzed by GST pull-
down assay. GST-importin-α5 and GST-(∆IBB)importin-α5 recombinant proteins were coupled to 
GST-beads and incubated with total protein extracts of MEF ∆/∆ cells stably transfected with either 
(WT)STAT3-FP or (∆N)STAT3-FP constructs. Cells were stimulated with 20 ng/ml IL-6 and 500 ng/ml 
sIL-6Rα for 20 minutes or left untreated and total cell lysates were incubated with GST-beads that 
contained GST-importin-α5 and GST-(∆IBB)importin-α5 proteins. Precipitated complexes were 
analyzed by Western blotting using the antibodies indicated. Lanes 1 and 7 contained no lysates, 
while lanes 2 and 8 had no GST fusion protein on beads, which served as internal controls for specific 
interactions between STAT3-FP and importin-α5 molecules. For input analysis 30 µg of total cell 
lysates were analyzed via immunoblotting using same antibodies. B. IL-6-induced wild-type STAT3 
and NTD deletion mutant binding to importin-α3 or importin-α7 proteins analyzed by GST pull-down 
assay. Same setup as described for Fig.4B was used for the analysis of precipitated protein 
complexes. Similar to Fig. 3.9 A, lanes 1, 2, 7 and 8 served as internal controls. C. IL-6-stimulated 
wild-type STAT3 and NTD deletion mutant binding to importin-β1 analyzed by GST pull-down assay. 
Same setup as described for Fig.3.9 A,B was used for the analysis of precipitated protein complexes.  
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whereas nuclear export of unphosphorylated STAT3 partially relies on classical 

CRM1-mediated nuclear export. 

 

 

 

 

 

To rule out the possibility that previously observed (∆N)STAT3-FP defect in nuclear 

accumulation might be due to rapid nuclear export of phosphorylated (∆N)STAT3-FP 

species, (∆N)STAT3-FP transfected cells were either treated with LMB, IL-6 and 

soluble IL-6Rα or all three reagents together for 4 hours and subcellular distribution 

of fluorescently labeled proteins was monitored in real time in a live-cell imaging 

experiment (Fig. 3.11A). (∆N)STAT3-FP, in contrast to IL-6 treatment (upper panel), 

demonstrates significant nuclear accumulation in LMB-treated cells (middle panel). 

Furthermore, (∆N)STAT3 accumulated in the nuclei of the resting cells much faster 

than wild-type (data not shown). However, combined treatment with IL-6 and LMB did  

not result in enhanced nuclear presence of (∆N)STAT3-FP compared to LMB 

treatment alone (lower panel), suggesting that inhibited nuclear accumulation of 

(∆N)STAT3 stems from defect in nuclear import, rather than nuclear retention. 

 

Next, we wanted to analyze the influence of LMB treatment and the resulting partial 

nuclear accumulation of (∆N)STAT3-FP on dephosphorylation and subcellular 

localization compared to (WT)STAT3-FP. We pulse stimulated LMB-treated or 

untreated MEF∆/∆ (WT)STAT3-FP and MEF∆/∆ (∆N)STAT3-FP cells with IL-6 and 

analyzed STAT3 dephosphorylation kinetics via immunoblotting (Fig. 3.11B).   

Fig. 3.10: CRM1-mediated nuclear export inhibition effect on STAT3 subcellular localization A. 
MEF ∆/∆ (WT)STAT3 cells were stimulated with 20 ng/ml IL-6 and 500 ng/ml soluble IL-6R (sIL-6Rα) 
for 30 minutes, washed with PBS and left in fresh medium for up to 240 minutes without or with 5 
ng/ml LMB. B. MEF ∆/∆ (WT)STAT3 cells were incubated with 5 ng/ml LMB and observed using a 
confocal microscope for up to 16 hours. Scale bars represent 10 µm. 
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Our results indicate that nuclear localization upon CRM1-dependent export inhibition 

had no significant effect on both (WT)STAT3-FP and (∆N)STAT3-FP 

phosphorylation-dephosphorylation cycles (compare with Fig. 3.5). 

 

Finally, we were interested whether CRM1-mediated nuclear export inhibition affect 

cytoplasmic localization of phosphorylated (∆N)STAT3-FP dimers seen in Fig. 3.6. 

Indirect immunofluorescence of LMB-treated or untreated MEF∆/∆ (WT)STAT3-FP 

and MEF∆/∆ (∆N)STAT3-FP cells was performed after 20 minutes of IL-6 stimulation 

and 180 minutes after cytokine removal (Fig. 3.12A). Mean nuclear YFP signal was 

additionally quantified (Fig. 3.12B).  

Fig. 3.11: CRM1-mediated nuclear export inhibition effect on (∆N)STAT3-FP subcellular 
localization and dephosphorylation kinetics of WT and (∆N)STAT3. A. Subcellular localization of 
(∆N)STAT3-FP upon nuclear export inhibition. MEF ∆/∆ (∆N)STAT3 cells were incubated with 5 ng/ml 
LMB, 20 ng/ml IL-6 and 500 ng/ml soluble IL-6R (sIL-6Rα) or both for indicated time periods and 
monitored in live-cell imaging experiment. B. Effect of nuclear export inhibition on (WT)STAT3-FP or 
(∆N)STAT3-FP deactivation. Cells were pulse-stimulated with 20 ng/ml IL-6 and 500 ng/ml sIL-6Rα for 
20 minutes with or without prior 10 ng/ml LMB treatment, washed with PBS, supplied with fresh 
medium either with or without 10 ng/ml LMB and left untreated for up to 240 minutes. Total cell lysates 
were prepared at the indicated time points and analyzed by Western blotting using the antibodies 
indicated. 
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Fig. 3.12: Subcellular localization of phosphorylated (∆N)STAT3-FP dimers upon nuclear export 
inhibition. A. Immunofluorescence studies of MEF ∆/∆ fibroblasts stably transfected with (WT)STAT3-
FP or (∆N)STAT3-FP constructs. Cells were preincubated with LMB for 3 hours or left untreated, then 
stimulated with 20 ng/ml IL-6 and 500 ng/ml sIL-6Rα for 30 minutes, fixed, permeabilized and stained 
using a phospho(Y705)STAT3 antibody, followed by incubation with a secondary Alexa Fluor-555 
conjugated antibody and DRAQ5 nuclear marker. Scale bars represent 10 μm. B. Mean nuclear 
presence of fluorescently labeled STAT3 constructs in MEF ∆/∆ cells analyzed above (means ± SD of 
n=10 cells per sample). ***p < 0.0005. **p < 0.005. n.s. = not significant. 
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Upon LMB treatment (WT)STAT3-FP is efficiently dephosphorylated but remains 

nuclear even after 180 minutes after cytokine treatment, while phosphorylated 

(∆N)STAT3-FP dimers remain largely cytoplasmic even in LMB treated cells. Both 

(WT)STAT3-FP and (∆N)STAT3-FP demonstrate statistically significant nuclear 

accumulation in the nuclei of resting LMB-treated cells. These data indicate that 

nuclear export inhibition had no significant effect on impaired cytokine-induced 

(∆N)STAT3-FP nuclear accumulation and phosphorylated (∆N)STAT3-FP dimers are 

trapped in the cytoplasm as a result of impaired nuclear import. 

 

 

2.5. Basal nucleocytoplasmic shuttling does not require 

functional N-, SH2 or C-terminal domains 

 

Since both latent (WT)STAT3-FP and (∆N)STAT3-FP accumulate in the nucleus of 

resting cells upon 4 hours of CRM1-mediated nuclear export inhibition, we were 

interested whether other STAT3 mutations could interfere with basal nuclear 

trafficking of STAT3. Nucleocytoplasmic shuttling of mutated putative NES 

((∆NES)STAT3-FP) and NLS ((∆NLS)STAT3-FP) sequences within STAT3 have 

been previously analyzed [52]. Additionally, we have generated MEF∆/∆ cells stably 

expressing C-terminally truncated (∆TAD)STAT3-FP (aa 1-709) and (K685R)STAT3-

FP containing a point-mutation of an acetylated lysine residue within SH2 domain, 

that has been reported to be critical for cytokine-induced dimerization of STAT3 

[171]. Along with the DNA-binding deficient (mSNICQ)STAT3-FP mutant, we 

incubated MEF∆/∆ cell lines stably expressing different STAT3 mutants with 5 ng/ml 

LMB for 4 hours and observed changes in subcellular localization in a live-cell 

imaging experiment (Fig. 3.13A). As expected, latent (WT)STAT3-FP accumulates in 

the nucleus of the resting cells upon 4 hours of CRM1-mediated nuclear export 

inhibition. Moreover, all mutated constructs also showed significant increase in 

nuclear presence after 4 hours of CRM1-dependent nuclear export abrogation. To 

analyze whether functional SH2 domains of STAT3 are of importance for basal 

nucleocytoplasmic trafficking, the construct for the expression of (R609Q)STAT3-FP 

with a non-functional SH2 domain was generated. R609Q mutation leads to 

unresponsiveness to cytokine treatment due to impaired receptor recruitment of  
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STAT3 and abrogates preformed dimer formation [50, 53, 86]. MEF∆/∆ cells stably 

transfected with this construct were analyzed in a live-cell imaging experiment upon 

either IL-6 or LMB treatment and changes in mean nuclear YFP signal were 

quantified (n=15 cells) (Fig. 3.13B). (R609Q)STAT3-FP demonstrates nuclear 

accumulation only in resting cells upon nuclear export blockage and not after IL-6 

stimulation. Taken together, our data suggest that the basal nucleocytoplasmic 

shuttling of inactive STAT3 underlies a different mechanism than ligand-dependent 

active nuclear import and does not require receptor recruitment, DNA-binding, 

preformed dimer formation, functional N-terminal, transactivation and SH-2 domains. 

 

 

 

 

 
Fig. 3.13: LMB-induced nuclear accumulation of different STAT3-FP constructs. A. LMB-induced 
basal nuclear accumulation of (WT)STAT3-FP, (∆TAD)STAT3-FP, (mSNICQ)STAT3-FP, 
(K685R)STAT3-FP, (∆NLS)STAT3-FP or (∆NES)STAT3-FP fusion proteins. MEF ∆/∆ cells stably 
transfected with the indicated fluorescent constructs were treated with 5 ng/ml LMB for 4 hours and 
observed in real-time live-cell confocal imaging. Scale bars represent 10 μm. B. IL-6- or LMB-induced 
influence on subcellular localization of (R609Q)STAT3-FP fusion protein. Left panel: MEF ∆/∆ cells 
stably transfected with (R609Q)STAT3-FP were treated with either 20 ng/ml IL-6 and 500 ng/ml sIL-
6Rα for 20 minutes or 5 ng/ml LMB for 4 hours and observed in real-time live-cell confocal imaging. 
Scale bars represent 10 μm. Right panel: Quantification of the (R609Q)STAT3-FP nuclear presence in 
MEF ∆/∆ cells (means ± SD of n=15 cells per sample). ***p < 0.0005. n.s. = not significant. 
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3. STAT3-mediated regulation of STAT1 signaling 

 

3.1. Mutual intracellular crossregulation between STAT1 and 

STAT3 is asymmetric. 

 

Our data showed an enhanced STAT1 activation through phosphorylation of Y701 in 

MEF∆/∆ (∆N)STAT3-FP and (mSNICQ)STAT3-FP in comparison to STAT3-FP wild-

type (Fig. 3.4A). Previously, enhanced STAT1 activation upon IL-6 stimulation was 

observed in STAT3-deficient MEF cells [100]. In turn, in STAT1-deficient MEFs 

STAT3 was abnormally activated upon IFNγ treatment [94].  To verify these 

observations we have used STAT1- and STAT3-deficient MEFs in order to study 

signaling of STAT3 and STAT1 in the absence of STAT1 and STAT3, respectively,  

via immunoblotting (Fig. 3.14).  

 

 

 

Fig. 3.14: Analysis of STAT3 and STAT1 activation in WT, STAT3 -/- and STAT1 -/- cell lines. A. 
IL6-induced activation of STAT3 and STAT1. Indicated cell lines were stimulated with 20 ng/ml IL-6 
and 500 ng/ml sIL-6Rα for different time periods. Total cell lysates were prepared and analyzed by 
Western blotting using the antibodies indicated. B. IFNγ-induced activation of STAT3 and STAT1. 
Indicated cell lines were stimulated with 20 ng/ml IFNγ for different time periods. Total cell lysates 
were prepared and analyzed by Western blotting using the antibodies indicated. 
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STAT1 and STAT3 deficiency has a significant impact on IL-6 induced activation of 

STAT3 and STAT1, respectively (Fig. 3.14A). Compared to WT MEF cells, the Y705 

phosphorylation of STAT3 is increased after 30 minutes of IL-6 stimulation of STAT1-

deficient cells, while STAT1 Y701 phosphorylation upon IL-6 treatment is markedly 

enhanced and prolonged in STAT3 -/- cells as reported previously [100]. In turn, IFNγ 

stimulation led to slightly increased activation of STAT3 in STAT1 -/- cells in contrast 

to WT MEF, whereas STAT3 absence, although not affecting IFNγ-induced 

upregulation of total STAT1 after 3 hours of stimulation, led to decreased Y701 

phosphorylation during later time points of stimulation (Fig, 3.14B). The absence of 

STAT3 and STAT1 bands in STAT3 -/- and STAT1 -/- verified the knockout 

background of analyzed cells. 

 

Next, to analyze the subcellular distribution of STAT3 and STAT1 in STAT1 -/- and 

STAT3 -/- MEFs, respectively, cells were fixed and analyzed via indirect 

immunofluorescence (Fig. 3.15). As expected for wild-type MEFs, STAT3 translocate 

to the nucleus after 30 minutes of IL-6 and not IFNγ stimulation, whereas STAT1 

showed nuclear accumulation only in IFNγ-treated cells (Fig. 3.15A). Furthermore, 

increased and prolonged IL-6-induced STAT1 activation in STAT3 -/- cells is 

accompanied by increased nuclear presence of STAT1 similar to IFNγ stimulated 

cells (Fig. 3.15B). In contrast, marginally increased STAT3 Y705 phosphorylation in 

STAT1 -/- cells did not result in atypical STAT3 nuclear accumulation after 30 

minutes of IFNγ treatment (Fig. 3.15C). Canonical nuclear accumulation of STAT1 

upon IFNγ treatment and STAT3 after IL-6 stimulation was not significantly affected 

by the ablation of the other transcription factor. Conclusively, these experiments 

showed that STAT1 and STAT3 deficiencies lead to asymmetric effects on one 

another, STAT3 -/- cells showing atypical STAT1 activation and nuclear translocation 

upon IL-6 stimulation, but minor increase in STAT3 phosphorylation in IFNγ-treated 

STAT1 -/- cells does not lead to detectable subsequent nuclear accumulation. 

 

 

 

Fig. 3.15: Nuclear translocation of STAT1 and STAT3 following IL-6 and IFNγ treatment of WT, 
STAT3 -/- and STAT1 -/- MEF. A. Subcellular localization of STAT1 and STAT3 in WT MEF. WT MEF 
cells were stimulated with 20 ng/ml IL-6 and 500 ng/ml sIL-6Rα or 20 ng/ml IFNγ for 30 minutes, fixed 
with methanol and incubated with primary STAT1 and STAT3 antibodies, followed by immunostaining 
with Alexa Fluor-555 and Alexa Fluor-488 antibodies, respectively, as well as DRAQ5 nuclear marker. 
Scale bars represent 10 μm. B, C. Subcellular localization of STAT1 and STAT3 in STAT3 -/- and 
STAT1 -/- MEF. Cells were treated and prepared in the same way as WT MEF. 
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See previous page for legend 
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3.2. STAT3-mediated downregulation of IL-6-induced STAT1 

activation relies on STAT3 transcriptional activity, but not 

on unique NTD functions. 

 

Previous reports demonstrated that presence of STAT3 downregulates IL-6-induced 

STAT1 activation, modulates gp130 signaling toward an IL-6-type rather than an 

IFNγ-type response, and, notably, negatively regulates IFNα/β-induced gene 

expression and antiviral activity [100, 101]. Initial findings indicated the involvement 

of STAT3 transcriptional activity and the expression of specific target genes (such as 

socs3) in this regulatory mechanism [176], however isolated STAT3 NTD fragment 

alone could suppress IFNα/β response directly in a manner independent of STAT3 

function as a transcriptional factor [101]. In order to address the roles of NTD and 

transcriptional potential of STAT3 in regulating atypical IL-6-induced STAT1 

signaling, gain-of-function and loss-of-function approaches were used. 

 

 

 Fig. 3.16: STAT1 and STAT3 phosphorylation upon IL-6 and IFNγ stimulation. Hek293 T-Rex 
stably transfected with WT STAT3-FP, (∆N)STAT3-FP and (R609Q)STAT3-FP constructs were left 
untreated or treated with 10 ng/ml doxycycline for 24 h to induce expression of the gene of interest. 
Subsequently, cells were stimulated with 20 ng/ml IL-6 and 500 ng/ml sIL-6Rα or 20 ng/ml IFNγ for 30 
minutes and total cell lysates were prepared and analysed by immunoblotting using antibodies 
indicated. GAPDH served as a loading control. 
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First, we stably transfected full-length STAT3-FP, (∆N)STAT3-FP and 

(R609Q)STAT3-FP constructs in Hek293 Flp-In T-REx cells that inducibly express 

genes of interest upon doxycycline treatment, stimulated induced and non-induced 

cells with either IL-6 or IFNγ and analyzed the activating tyrosine phosphorylation of 

STAT3 and STAT1 via immunoblotting (Fig. 3.16). Overexpression of wild-type 

STAT3-FP upon doxycycline induction led to decreased phosphorylation of 

endogenous STAT1 upon IL-6 stimulation compared to non-induced controls (lanes 2 

and 5), while IFNγ-induced STAT1 activation remained unchanged, confirming the 

ability of full-length STAT3 to regulate STAT1 signaling upon IL-6 treatment. 

Induction of (∆N)STAT3-FP and (R609Q)STAT3-FP construct expression did not 

significantly affect STAT1 tyrosine 701 phosphorylation upon both IL-6 and IFNγ 

treatment, indicating that N-terminal deletion and SH2 domain mutants of STAT3 lost 

the ability to regulate STAT1. 

 

To further substantiate the involvement of STAT3 NTD in STAT1 signaling regulation, 

we used stably reconstituted STAT3 -/- MEF (MEF∆/∆) cells described in section III.2 

of this thesis. In order to validate the role of wild-type STAT3 in modulating gp130 

signaling, we stimulated WT, MEF∆/∆ and MEF∆/∆ (WT)STAT3-FP with IL-6 and 

analyzed STAT1 tyrosine phosphorylation (Fig. 3.17A). Immunoblotting results 

revealed that the abnormal STAT1 activation seen in MEF∆/∆ can be reversed by 

stable restoration of WT-STAT3-FP in these cells. Of note, higher total (WT)STAT3-

FP amounts also led to an increase in total STAT1 levels. 

 

We have previously published that N-terminal deletion and somatic mutation L78R 

prevent the formation of preformed STAT3 dimers [52, 53]. In order to analyze 

whether latent dimer formation plays a role in regulation of STAT1 signaling, we 

compared IL-6-induced STAT1 activation in WT, MEF∆/∆ and MEF∆/∆ stably 

expressing (WT)STAT3-FP, (∆N)STAT3-FP and (L78R)STAT3-FP constructs. 

Additionally, we transfected MEF∆/∆ cells with the isolated STAT3 NTD 

((NTD)STAT3-FP) fluorescent fusion protein in order to study the impact of NTD 

alone on STAT1 activation. All six cell lines were stimulated with IL-6 and IFNy as a 

positive control for canonical STAT1 signaling and phosphorylation of STAT3 and 

STAT1 was analyzed (Fig. 3.17B). 



Results      A.Martincuks           
 

86 

 

 

 

 

 

 

 

 

 

 

Fig. 3.17: STAT1 and STAT3 phosphorylation upon IL-6 and IFNγ stimulation in reconstituted 
MEF cells. A. STAT3 limits IL-6 induced STAT1 activation. Indicated cell lines were stimulated with 20 
ng/ml IL-6 and 500 ng/ml sIL-6Rα and total cell lysates were analysed by immunoblotting using 
indicated antibodies. B. Effect of different STAT3 mutants on IL-6 induced STAT1 activation. Indicated 
cell lines were stimulated with 20 ng/ml IL-6 and 500 ng/ml sIL-6Rα or 20 ng/ml IFNγ for 30 minutes 
and total cell lysates were analysed by immunoblotting using antibodies as indicated. GAPDH served 
as a loading control. 
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As expected, N-terminal deletion of STAT3 led to a similar increase in STAT1 

phosphoryation on tyrosine 701 as seen in STAT3-deficient MEF∆/∆ cells upon IL-6 

treatment, indicating that the NTD is important for STAT3-mediated regulation of 

STAT1 signaling. In turn, both (WT)STAT3-FP and (L78R)STAT3-FP expressing cell 

lines demonstrated weaker STAT1 phosphorylation upon IL-6 stimulation in 

comparison to IFNγ, indicating that preformed dimer formation ability of STAT3 is not 

essential for crossregulation of STAT1. Moreover, although reported to be sufficient 

for antiviral response suppression [101], the isolated NTD of STAT3 did not 

downregulate IL-6 induced STAT1 activation, suggesting that STAT3 NTD alone is 

not sufficient for regulation of STAT1 phosphorylation. 

 

To support these findings, atypical nuclear translocation of STAT1 observed in 

STAT3 -/- cells upon IL-6 treatment was analyzed in the presence of ectopically 

expressed (WT)STAT3-FP, (∆N)STAT3-FP and (NTD)STAT3-FP constructs. Indirect 

immunofluorescence experiments revealed that nuclear accumulation of endogenous 

STAT1 in IL-6-stimulated cells was abolished upon stable expression of full-length 

(WT)STAT3-FP, but not (∆N)STAT3-FP or (NTD)STAT3-FP (Fig. 3.18). IFNγ-induced 

STAT1 nuclear presence was  not affected by any of the constructs (data not shown). 

 

Conclusively, the results obtained from Hek293-Trex cell lines stably overexpressing 

STAT3 and stably transfected MEF∆/∆ indicate that intracellular STAT3 redirects 

gp130 signaling towards IL-6-type, rather than IFN-type response by suppressing 

STAT1 activation and signaling. Furthermore, although deletion of the N-terminal 

domain inhibited STAT3-mediated regulation of STAT1 activation, immunoblotting 

and immunofluorescence studies with isolated (NTD)STAT3-FP did not confirm the 

specific role of STAT3 NTD in this process. Since both (∆N)STAT3-FP and 

(mSNICQ)STAT3-FP cell lines showed defective transcriptional activity and 

increased STAT1 phosphorylation at the same time, these observations indicate that 

modulation of STAT1 activity upon gp130 signaling relies mainly on STAT3-induced 

target gene expression and not on specific STAT3 NTD properties. In agreement with 

these data, the early downregulation of IL-6-induced STAT1 phosphorylation in the 

presence of STAT3 required de novo protein synthesis, as demonstrated by an 

inhibition of translational elongation via cycloheximide [176]. 
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Fig. 3.18: Immunofluorescence studies of endogenous STAT1 subcellular localization in MEF 
∆/∆ stably transfected with (WT)STAT3-FP, (∆N)STAT3-FP or (NTD)STAT3-FP constructs. 
Indicated cells were stimulated with 20 ng/ml IL-6 and 500 ng/ml sIL-6Rα for 30 minutes or left 
untreated, fixed, permeabilized and stained using a primary α-STAT1 antibody, followed by incubation 
with a secondary Alexa Fluor-555 conjugated antibody and DRAQ5 nuclear marker. Scale bars 
represent 10 μm.   



Results      A.Martincuks           
 

89 

 

 

4. The crosstalk between NF-κB subunit p65 and STAT3  

 

4.1. Simultaneous visualization of p65 and STAT3 requires 

combined PFA and methanol treatment. 

 

There is no consensus in the literature as to how STAT3 and NF-κB subunit p65 

influence each others nuclear translocation and signaling in general [135-139]. In 

order to analyze nuclear translocation of endogenous p65 and STAT3 we developed 

and optimized protocol for simultaneous visualization of both factors via indirect 

immunofluorescence. Our group previously showed IL-6-induced nuclear 

accumulation of endogenous STAT3 using methanol fixation and 

immunofluorescence staining of MEF [52]. However, paraformaldehyde fixation has 

been reported to be better suited for visualization of NF-κB p65 localization by 

immunofluorescence [177]. In order to find optimal conditions to analyse both p65 

and STAT3 subcellular localization in parallel, the two conditions of fixation were 

compared. HeLa cells were treated for 30 min with TNF or IL-6 to induce nuclear 

translocation of endogenous p65 or STAT3, respectively, or left untreated. TNFα-

induced nuclear accumulation of p65 was clearly visible in paraformaldehyde fixed 

cells but hardly detectable upon methanol fixation (Fig. 3.19A). However, 

paraformaldehyde fixation is not suited for the analysis of cytokine-induced nuclear 

accumulation of STAT3 because already in unstimulated cells the bulk of STAT3 

appeared nuclear (Fig. 3.19B). In order to resolve these problems, we applied a 

combined protocol of paraformaldehyde fixation followed by methanol treatment and 

after immunofluorescence staining assessed the subcellular localization of both 

factors by confocal microscopy (Fig. 3.19C). Under these conditions, STAT3 shows 

uniform distribution in resting state and nuclear accumulation upon IL-6 stimulation 

as observed in live cell imaging of (WT)STAT3-FP, but not TNFα treatment. In turn, 

p65 appears cytoplasmic in unstimulated cells and enters the nucleus after TNFα but 

not after IL-6 stimulation. These results demonstrate that a combined 

paraformaldehyde and methanol fixation protocol is best suited for parallel analysis of 

cytokine-induced nuclear translocation of endogenous NF-κB and STAT3 via indirect 

immunofluorescence.  
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Fig. 3.19: Nuclear translocation of NF-κB and STAT3 following cytokine treatment after PFA, 
methanol or combined PFA-methanol treatment. A. Indirect immunofluorescence of p65 subcellular 
localization following 3.7% paraformaldehyde (PFA) or methanol fixation. HeLa cells were stimulated 
with 10 ng/ml TNFα for 30 minutes or left untreated, fixed either with 3.7% PFA or methanol, 
permeabilized and stained using a p65 antibody, followed by incubation with a secondary Alexa Fluor-
555 conjugated antibody. B. Indirect immunofluorescence of STAT3 subcellular localization following 
3.7% PFA or methanol fixation. Cells were stimulated with 20 ng/ml IL-6 and 500 ng/ml soluble IL-6R 
(sIL-6Rα) for 30 minutes or left untreated, fixed either with 3.7% PFA or methanol, permeabilized and 
stained with primary STAT3 and secondary Alexa Fluor-488 antibodies. C. Simultaneous visualization 
of p65 and STAT3 subcellular localization following combined 3.7% PFA and methanol treatment. 
Cells were stimulated or left untreated as indicated, incubated with primary p65 and STAT3 
antibodies, followed by immunostaining with Alexa Fluor-555 and Alexa Fluor-488 antibodies, 
respectively, as well as DRAQ5 nuclear marker. Scale bars represent 10 μm. 
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4.2. Absence of STAT3 has no significant effect on canonical 

TNFα-induced NF-κB activation, nuclear translocation and 

target gene expression. 

 

In wild-type MEF, upon TNFα treatment serine 536 phosphorylation of p65 peaked 

after 5 minutes of stimulation, while IκBα was degraded after 15 minutes and 

returned to normal levels at 60 minutes time point, representing canonical NF-κB 

signaling [178]. It has been reported that STAT3 ablation or blockade affects NF-κB 

signaling [137-139]. Using STAT3 knockout MEF, we analysed the impact of STAT3 

deletion on canonical NF-κB activation. STAT3-/- cells were stimulated with TNFα for 

indicated time points and compared with similarly treated WT MEF.  

 

 

 

 

 

 

 

Fig. 3.20: NF-κB activation and target gene expression in wild-type, STAT3-/- and p65-/- MEF 
upon TNFα stimulation. A. Analysis of p65 serine 536 phosphorylation and IκBα phosphorylation and 
degradation. Cell lines were stimulated with 10 ng/ml TNFα for 5, 15 and 60 minutes or left untreated. 
Total cell lysates were analysed by immunoblotting with the indicated antibodies. B. IκBα mRNA 
expression upon TNFα treatment. Wild-type MEF, STAT3-/-, p65-/- cells, as well as p65-/- cells stably 
transfected with a fluorescent p65-YFP construct were treated with 10 ng/ml TNFα for 45 minutes. The 
expression of ikba was measured by RT-qPCR and normalized to mGUSB. Data are representative of 
three independent experiments. ***p < 0.0005. n.s. = not significant. 
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As seen in Fig. 3.20A, STAT3-deficient cells showed essentially the same pattern of 

p65 S536 phosphorylation kinetics, IκBα S32 phosphorylation and degradation in 

response to TNFα stimulation. Cells deficient in endogenous p65 served as a 

negative control and showed lower total IκBα and, interestingly, also lower STAT3 

levels. Analysis of GAPDH levels demonstrated equal loading of all lanes. Next, we 

assessed expression changes of the canonical NF-κB target gene ikba upon TNFα 

treatment. As shown by quantitative real time PCR, the fold change of TNFα-induced 

ikba mRNA in wild-type and STAT3 deficient fibroblasts is comparable (Fig. 3.20B). 

Moreover, in p65 deficient MEF ikba mRNA upregulation was impaired and stable 

transfection of p65-YFP fusion protein in these cells reversed the effect, confirming 

p65 involvement in ikba expression.  

 

Finally, we compared p65 nuclear translocation in WT and STAT3-/- MEF using 

confocal microscopy and subcellular fractionation approaches. Nuclear entry of p65 

was unaltered after 30 minutes of TNFα stimulation in STAT3-deficient cells 

compared with WT MEF, as seen by immunofluorescence and immunoblotting of 

nuclear fractions (Fig. 3.21). Taken together, our data show that STAT3 knockout 

has no major effect on TNFα-induced canonical NF-κB signaling in MEF. 

 

 

 

 

 

 

 

Fig. 3.21: NF-κB nuclear translocation in wild-type, STAT3-/- and p65-/- MEF upon TNFα 
stimulation. A. Subcellular localization of p65 and STAT3 after stimulation with 10 ng/ml TNFα for 30 
minutes. Indicated cell lines were fixed with combined PFA/methanol treatment, incubated with 
primary p65 and STAT3 antibodies, followed by immunostaining with Alexa Fluor-555 and Alexa Fluor-
488 antibodies, respectively, as well as DRAQ5 nuclear marker. Scale bars represent 10 μm. B. 
Analysis of p65 nuclear accumulation by cell fractionation. Wild-type and STAT3-/- MEF were 
stimulated with 10 ng/ml TNFα for 30 minutes, followed by nuclear extract preparation and 
immunoblotting with p65 antibody. Lamin A/C served as nuclear fraction loading control, GAPDH 
served as cytoplasmic marker. 
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4.3. Absence of NF-κB p65 subunit has no influence on IL-6-

induced STAT3 signaling but leads to a decrease in STAT3 

and STAT1 levels. 

 

To further explore the observation of lower total STAT3 levels in p65-/- MEF (Fig. 

3.20A) and to analyse the influence of p65 on canonical STAT3 signaling, we 

stimulated wild-type and p65 deficient cells with IL-6 for 30 minutes and assessed 

STAT3 tyrosine 705 phosphorylation via immunoblotting, as well as expression of the 

STAT3 target gene socs3 upon p65 deletion (Fig. 3.22). 

 

             

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.22: NF-κB nuclear translocation in wild-type, STAT3-/- and p65-/- MEF upon TNFα 
stimulation. A. Analysis of STAT3 tyrosine 705 phosphorylation. Cell lines were stimulated with 20 
ng/ml IL-6 and 500 ng/ml soluble IL-6R (sIL-6Rα). Total cell lysates were analysed by immunoblotting 
with the indicated antibodies. B. Analysis of total STAT1, STAT3 and STAT5 levels upon p65-YFP 
reconstitution. Total cell lysates of WT, p65 -/- and p65 -/- MEF stably transfected with p65-YFP were 
prepared and immunoblotted with the indicated antibodies. C. Increase in SOCS3 mRNA expression 
upon IL-6 treatment. Wild-type MEF, STAT3-/-, p65-/- cells, as well as STAT3-/- MEF stably 
transfected with STAT3-CFP-YFP and p65-/- cells stably transfected with p65-YFP construct were 
treated with 20 ng/ml IL-6 and 500 ng/ml soluble IL-6R (sIL-6Rα) for 60 minutes. Whole cellular mRNA 
was isolated, and the expression of socs3 was measured by RT-qPCR. Data are representative of 
three independent experiments. *p < 0.0005. ***p < 0.0005. 
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Fig. 3.23: Effect of several p65 mutants on STAT3 and STAT1 expression.. A. Analysis of STAT3 
and STAT1 expression via immunoblotting. Whole cell lysates of indicated cell lines stably expressing 
mutated p65-YFP constructs were analysed with antibodies indicated. B. Quantification of total STAT1 
and STAT3 levels from cell lines analyzed above. Immunoblots from three independent experiments 
were quantified using Fujifilm MultiGauge v3.2 software. *p < 0.05. **p < 0.005. ***p < 0.0005. n.s. = 
not significant. 
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Both phosphorylation and total levels of endogenous STAT3 were decreased in p65 

knockout cells compared to wild-type (Fig. 3.22A). Furthermore, total levels of STAT1 

were also downregulated by p65 absence. To examine whether lower levels of 

STAT1 and STAT3 were not an off-target effect of genetic manipulations in p65-/- 

cells, we stably transfected these cells with a construct expressing p65-YFP and 

observed that total amounts of STAT1 and STAT3 recovered and were comparable 

to wild-type, confirming the role of p65 in STAT1 and STAT3 expression (Fig. 3.22B). 

In turn, total STAT5 levels remained unchanged across all three cell lines. Detection 

of GAPDH verified equal protein loading in both blots. 

 

As expected, IL-6 treatment led to an approximately 10-fold increase in socs3 mRNA 

in wild-type MEF and this effect was absent in STAT3-/- cells. In turn, p65 knockout 

led to an almost 2-fold decrease in socs3 upregulation probably due to lower total 

STAT3 levels. In line with this interpretation, stable expression of STAT3-CFP-YFP in 

STAT3-/- cells restored socs3 expression. In p65-/- MEF reconstituted with p65-YFP 

socs3 mRNA upregulation in response to IL-6 was even increased compared to wild-

type cells (Fig. 3.22C). 

 

Having shown that stable wild-type p65-YFP reconstitution supports the recovery of 

total STAT1 and STAT3 in p65 deficient MEFs, serine to alanine mutants of p65-YFP 

were analyzed in order to identify the necessary phosphorylation site and validate 

p65 transcriptional activity for this observation (Fig. 3.23A). MEF p65 -/- cells were 

stably transfected with the indicated p65-YFP mutants and total STAT1 and STAT3 

were analysed via immunoblotting. The STAT recovery potential of p65 mutants was 

compared to WT, p65 -/- and wild-type p65-YFP counterparts. Immunostaning 

experiments revealed that mutation of the key serine at position 276 had comparable 

impact to p65-deficient cells on total STAT1 and levels. It has been shown, that 

phosphorylation of p65 at serine 276 is the major phosphorylation site of p65 and its 

phosphorylation is essential for p65-dependent cellular responses [179], indicating 

that STAT1 and to a lesser extent STAT3 protein amounts depend on p65 activation 

and transcriptional activity. While effects of S311A, S468A and S536A mutations on 

STAT1 expression were less significant, total levels of STAT3 showed only minor 

decrease upon all four point-mutant construct expression (Fig. 3.23B). 



Results      A.Martincuks           
 

96 

 

 

To assess the influence of p65 knockout on STAT3 nuclear import, we stimulated 

cells with IL-6 for 30 minutes and detected STAT3 nuclear accumulation by confocal 

microscopy and immunoblotting of nuclear fractions. Despite lower total STAT3 

fluorescence signal, p65-/- MEF showed prominent nuclear accumulation of 

endogenous STAT3 similar to wild-type cells (Fig. 3.24A). The same pattern was 

observed in nuclear extracts (Fig. 3.24B).  

 

 

 

 

 

 

 

 

 

These findings show that upon p65 knockout IL-6-induced STAT3 activation is 

unaffected but total STAT3 levels are decreased resulting in diminished expression 

of STAT3 target genes upon IL-6 stimulation. In summary, our data show that STAT3 

has very little influence on canonical NF-κB signaling involving the p65 subunit, while 

presence of p65 has significant impact on total amounts of transcribed STAT1 and 

STAT3 proteins, but not STAT5. To further explore these observations, in the next 

part we analyzed the effect of overexpression of both factors on each others 

signaling. 

Fig. 3.24: NF-κB nuclear translocation in wild-type, STAT3-/- and p65-/- MEF upon TNFα 
stimulation. A. Subcellular localization of p65 and STAT3 after stimulation with 10 ng/ml TNFα for 30 
minutes. Indicated cell lines were fixed with combined PFA/methanol treatment, incubated with 
primary p65 and STAT3 antibodies, followed by immunostaining with Alexa Fluor-555 and Alexa Fluor-
488 antibodies, respectively, as well as DRAQ5 nuclear marker. Scale bars represent 10 μm. B. 
Analysis of p65 nuclear accumulation by cell fractionation. Wild-type and STAT3-/- MEF were 
stimulated with 10 ng/ml TNFα for 30 minutes, followed by nuclear extract preparation and 
immunoblotting with p65 antibody. Lamin A/C served as nuclear fraction loading control, GAPDH 
served as cytoplasmic marker. 
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4.4. Inducible overexpression of STAT3 does not alter NF-κB 

signaling, while total p65 increase leads to increased IL-6 

induced STAT3 signaling and atypical STAT1 nuclear 

accumulation. 

 

Since we observed no effect of STAT3 knockout on NF-κB activation, we analysed 

whether overexpression of STAT3 has any influence on NF-κB signaling. For this 

purpose a HeLa Flp-In T-REx system was utilized, which allows for conditional 

expression of the gene of interest upon doxycycline induction. HeLa T-REx cells 

were stably transfected with a STAT3-eGFP expression vector and both induced and 

non-induced cells were stimulated with TNFα for 30 and 60 minutes or left untreated. 

Cytoplasmic and nuclear extracts were prepared and analysed by immunoblotting 

using indicated antibodies (Fig. 3.25).  

 

 

 
Fig. 3.25: Activation and nuclear translocation of p65 after STAT3-eGFP overexpression. HeLa 
Flp-In T-REx cells stably transfected with STAT3-eGFP fluorescent fusion protein were left untreated 
or induced with 10 ng/ml doxycycline for 24 h to induce the expression of the transgene. 
Subsequently, cells were stimulated with 10 ng/ml TNFα for indicated time points and cytosolic and 
nuclear extracts were prepared and analysed by immunoblotting with the indicated antibodies. 
Antibodies against GAPDH and Lamin A/C were used as cytoplasmic and nuclear loading controls 
respectively. 
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As shown in Fig. 3.25, IκBα phosphorylation and degradation, as well as p65 nuclear 

translocation were comparable with or without overexpressed STAT3. Additional 

STAT3 bands with lower electrophoretic mobility than endogenous STAT3 

demonstrate the inducible expression of the fluorescent fusion protein. Detection of 

GAPDH and Lamin A/C verified the cytoplasmic and nuclear fractions. 

 

We could restore total STAT3 and STAT1 levels upon p65-YFP reconstitution in p65-

/- cells (Fig. 3.22B), which led to an overcompensation of socs3 mRNA expression 

upon IL-6 treatment compared to wild-type MEF (Fig. 3.22C). To further substantiate 

this finding we studied the effect of p65 overexpression on expression and activation 

of endogenous STAT3 in inducible HeLa Flp-In T-Rex stably transfected with p65-

dsRed. Doxycycline induced and non-induced cells were either stimulated with IL-6 

or left unstimulated and cytosolic and nuclear fractions were prepared.  

 

Immunoblotting revealed a considerable increase in tyrosine phosphorylation of 

STAT3 in cells overexpressing p65-dsRed upon IL-6 stimulation (Fig. 3.26A). 

Moreover, endogenous STAT1 shows an atypical nuclear presence upon IL-6 

treatment when p65 is overexpressed, confirming the influence of p65 levels on both 

STAT3 and STAT1. However, in contrast to MEF, p65-dsRed overexpression does 

only slightly alter total STAT3 and STAT1 protein amounts in HeLa cells, as judged 

by immunoblotting of cytoplasmic fraction (Fig. 3.26A). In order to prove, that p65-

dsRed overexpression effect on STAT3 overactivation is p65 dependent, we created 

two additional inducible HeLa Flp-In T-REx cell lines stably transfected with p65 or 

dsRed. These cells were stimulated with IL-6 or left unstimulated with or without 

doxycycline induction and total cell lysates were analyzed by immunoblotting. Only in 

cells expressing p65 STAT3 showed increased IL-6-induced phosphorylation upon 

doxycycline induction (Fig. 3.26B), confirming that the effect observed in Fig. 3.26A is 

not due to dsRed induction or doxycycline treatment itself. Staining of p65 and dsRed 

affirms inducible expression of these proteins and GAPDH immunodetection verifies 

equal loading. Taken together, inducible p65 overexpression in HeLa cells leads to 

an increased STAT3 activation and uncharacteristic STAT1 nuclear presence upon 

IL-6 stimulation. Next, we analyzed physical interaction between the two factors upon 

IL-6, TNFα or combined treatment. 



Results      A.Martincuks           
 

99 

 

 

 

Fig. 3.26: STAT3/STAT1 activation and total levels after p65-dsRed overexpression. A. STAT3 
activation and nuclear translocation of STAT1 and STAT3 after p65-dsRed overexpression. HeLa Flp-
In T-REx cells stably transfected with p65-dsRed fluorescent fusion protein were left untreated or 
induced with 10 ng/ml doxycycline for 24 h to induce the expression of the transgene. Subsequently, 
cells were stimulated with 20 ng/ml IL-6 and 500 ng/ml soluble IL-6R (sIL-6Rα) for 30 minutes and 
cytosolic and nuclear extracts were prepared and analysed by immunoblotting with the indicated 
antibodies. Antibodies against GAPDH and Lamin A/C were used as cytoplasmic and nuclear loading 
controls, respectively. B. STAT3 activation after overexpression of dsRed and p65. HeLa Flp-In T-REx 
cells stably transfected with p65 or dsRed were left untreated or induced with 10 ng/ml doxycycline for 
24 h to induce the expression of the transgene. Subsequently, cells were stimulated with 20 ng/ml IL-6 
and 500 ng/ml soluble IL-6R (sIL-6Rα) for 30 minutes and total cell lysates were prepared and 
analysed by immunoblotting with the indicated antibodies. GAPDH served as a loading 
control.respectively. 
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4.5. Weak interaction between NF-κB p65 and STAT3 could be 

detected after TNFα, but not after IL-6 treatment 

 

Several reports demonstrated physical interactions of p65 and STAT3 upon IL-1β-

induced NF-κB activation [128, 134] and combined activation of STAT3 and p65 by 

IGF-1 and TNFα respectively [180]. To assess, whether STAT3 and p65 form 

complexes upon TNFα and IL-6 treatments, we stimulated MEF ∆/∆ (WT)STAT3–FP 

cells with TNFα, IL-6 or both factors for indicated time periods and analyzed p65 

binding to (WT)STAT3–FP via co-immunoprecipitation. Heterodimer formation of 

STAT3 with STAT1 served as a positive control (Fig. 3.27). The stimulation of cells 

with TNFα resulted in a weak interaction of (WT)STAT3-FP with p65 but not STAT1, 

while IL-6 treatment resulted only in STAT1 association. Interestingly, combined IL-6 

and TNFα treatment resulted in weaker STAT1/(WT)STAT3–FP binding compared to 

IL-6 treatment alone, as well as p65/(WT)STAT3–FP interaction only after two hours 

of stimulation compared to TNFα treatment. These results suggest that p65 interacts 

with STAT3 upon NF-κB activating stimuli and not IL-6 treatment alone. 

 

 

 

 

 

Fig. 3.27: Co-immunoprecipitation of STAT3 with p65 and STAT1 upon IL-6 and TNFα 
treatment. MEF ∆/∆ (WT)STAT3-FP cells were stimulated as indicated and total cell lysates were 
prepared, subjected to co-immunoprecipitation with α-GFP antibody and analyzed via immunoblotting 
with indicated antibodies (top). First two lanes in Co-IP blot served as internal controls containing no 
cell lysate or no α-GFP antibody, respectively. 20 µg of whole cell lysates served as an input control 
(bottom). 
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5. Characterization of STAT3-YFP knock-in mice 

 

5.1. Generation and validation of transgenic mice. 

 

Activation of STAT3, which involves its phosphorylation and nuclear accumulation, 

has been observed in several pathophysiological conditions such as cancer, chronic 

inflammation and autoimmunity. We and other groups have successfully used 

fluorescently labelled STAT3 for dissecting previously unknown aspects of STAT3 

signaling and functions [48-50, 52, 53, 58]. In order to apply this tool in vivo, we have 

generated a STAT3-YFP knock-in murine model, expressing fluorescently labelled 

STAT3 (STAT3α-isoform) under the control of the endogenous STAT3 promoter, as 

a potentially powerful tool for the visualization of STAT3 in vivo using common and 

advanced microscopy techniques. 

 

 

 

 

 

 

 

 

Fig. 3.28: Generation and validation of STAT3-YFP knock-in mice. A. Overview of the strategy for 
STAT3-YFP insertion via homologous recombination. B. STAT3-YFP knock-in mice genotyping. Upper 
and lower gels show PCR amplicons for wild-type and knock-in alleles, respectively, for any given 
mice. Animal sex and numbers are indicated at the top. Isolated gDNA from WT, STAT3-YFP 
heterozygous (+/-) and homozygous (+/+) embryonic stem cells (ESC) were used as an amplicon 
controls. Expected (exp.) and observed (app.) amplicon sizes are indicated with black arrows. 
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After cloning of the targeting construct in our lab, transgenic animals were generated 

by homologous recombination by the group of Valeria Poli (University of Turin, [100, 

176]). The YFP cDNA was inserted behind the C-terminal region of Stat3α at 

chromosome 11 and fused in frame with exon 20, provided with a polyadenylation 

site and placed within two homology regions together with a neomycin resistance 

cassette (Fig. 3.28A). Subsequently, frozen embryos of transgenic mice were 

transferred to Institute for Laboratory Animal Science and Experimental Surgery at 

RWTH Aachen University (Aachen, Germany) and C57BL/6 mice were used for 

embryo transplantation. Animal genotype was analyzed by PCR using specific primer 

combinations (See II.1.5) for wild-type and knock-in allele (Fig. 3.28B). During this 

thesis a total of 235 transgenic animals were genotyped. Both heterozygous and 

homozygous transgenic animals demonstrated no obvious aberrations in their 

phenotype, viability and mating potential.   

 

5.2. Characterization of transgenic mice. 

 

To verify the proper expression of STAT3-YFP in vivo, we performed cytospin of 

spleen cells from a homozygous STAT3-YFP knock-in mouse and YFP signal of 

fixed cells was detected using confocal microscopy (Fig. 3.29A). Also, spleen cell 

lysates were prepared and STAT3-YFP protein expression was analyzed in Western 

blot analysis (Fig. 3.29B). As expected, immunoblotting demonstrated an 

endogenous STAT3 band at 90 kDa in lysates from WT animal. Two STAT3 bands 

corresponding to endogenous STAT3 and STAT3-YFP were detected in spleen cells 

from heterozygous animal and one STAT3-YFP band at around 110 kDa in lysates 

from homozygous mouse. The results from these experiments verified STAT3-YFP 

protein expression in heterozygous and homozygous STAT3-YFP knock-in mice. 

 

Additionally, primary hepatocytes of wild-type, heterozygous and homozygous mice 

were isolated from livers of 10 weeks old animals via two-step in-situ collagenase 

perfusion method by the group of Ralf Weiskirchen [181], fixed with 3.7% PFA and 

subjected to confocal microscopy analysis (Fig. 3.29C). Microscopy verified the 

proper expression of STAT3-YFP protein in primary hepatocytes from heterozygous 
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and homozygous mice. The stronger signal in homozygous STAT3-YFP knock-in 

cells indicates a gene dosage effect. 

 

 

 

 

 

 

 

 

In conclusion, the herein demonstrated results indicate that STAT3-YFP knock-in 

mice were successfully generated and that the expression of STAT3-YFP can be 

detected by immunoblotting and confocal microscopy, as well as flow cytometry and 

2-photon microscopy (data not shown). 

Fig. 3.29: Characterization of transgenic STAT3-YFP knock-in mice. A. Confocal microscopy of 
fixed spleen cells from STAT3-YFP knock-in homozygous mice. B. Western blot of spleen cell lysates 
from WT, heterozygous and homozygous STAT3-YFP knock-in mice performed with the indicated 
antibodies. WT - wild type; -/+ – knock-in heterozygous;  +/+ – knock-in homozygous. C. Confocal 
microscopy of isolated primary hepatocytes from indicated animals (left). DRAQ5 was used as a 
nuclear marker. Scale bars represent 10 μm. 
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IV. Discussion 

 

The JAK-STAT signaling module constitutes a fundamental intracellular signal 

transduction pathway that relays numerous signals of crucial importance for 

development and homeostasis in animals. The JAK-STAT system has evolved early 

in metazoa and exists already in the slime mold Dictyostelium discoideum and in the 

fruit fly Drosophila melanogaster [75, 182]. The genomes of mammals encode four 

JAKs (JAK1, JAK2, JAK3, Tyk2) and seven STATs (STAT1, 2, 3, 4, 5A, 5B, 6). The 

JAK-STAT pathway is of central importance for the transmission of signals from 

numerous cytokine and growth factors, which are essential determinants for the 

generation of blood and immune cells as well as the regulation of various processes 

in other tissues of the organism [21-23, 36, 37]. 

 

STAT3, a pleiotropic transcription factor that is the most studied member in the STAT 

family, is involved in many physiological processes including embryonic 

development, hematopoiesis and immunity. Extracellular ligands such as cytokines 

and growth factors activate STAT3 by specific binding to transmembrane receptors 

and the subsequent activation of receptor-associated and cytoplasmic tyrosine 

kinases [21, 22, 39]. According to the canonical model, upon activation STAT3 

monomers are phosphorylated at the critical tyrosine 705 residue, form homo- or 

heterodimers and translocate to the nucleus, where they regulate gene expression. 

Under physiological conditions STAT3 activation is a tightly controlled transient 

process, which involves negative regulators such as SOCS3, PIAS3, phosphatases 

and other proteins [40]. Recently, various non-canonical aspects of STAT3 signaling 

have emerged [24]. Latent STAT3 already forms  homodimers or heterodimers with 

STAT1 [25, 45-47] and constantly shuttles in and out of the nucleus [48-50]. 

Unphosphorylated STAT3 can bind to DNA and drive gene expression in a distinct 

manner from phosphorylated STAT3, as well as functionally interacts with other 

transcription factors, such as NF-κB [131]. 

 

To date persistent activation of STAT3 has been observed in many 

pathophysiological conditions such as malignant transformation and tumorigenesis; 

fibrosis in kidney, lung, and liver; rheumatoid arthritis, Alzheimer’s disease, psoriasis, 
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autoimmune and cardiovascular diseases [67-69, 183]. Therefore, STAT3 inhibitors 

are currently under intense development in many therapeutic fields.  

 

In order to suppress STAT3 signaling, direct STAT3 inhibitors usually target one of 

three structural domains of STAT3: SH2 domain, DNA-binding (DBD) domain or N-

terminal (NTD) domain [73, 74, 183]. Hence, the main focus of this work was to 

further elucidate the roles of NTD, DBD and SH2 domains in cytokine-induced and 

latent STAT3 signaling mechanisms, as well as to gain further insight into STAT3 

crosstalk with STAT1 and NF-κB transcription factors.  

 

1. STAT3-FP reproduces functional characteristics of 

endogenous STAT3 cells 

 

In the past, fluorescent fusion proteins of STAT3 (STAT3-YFP and STAT3-CFP-YFP) 

have been successfully used by our group to study subcellular localization and 

intracellular dynamics of STAT3 [49, 52, 53, 58, 184]. Fluorescent fusion proteins of 

all other mammalian STATs have also been successfully generated and 

characterized [185-190]. STAT3-deficient MEF cells developed by Poli and 

colleagues [100] stably transfected with wild-type STAT3-FP ((WT)STAT3-FP) were 

reported to mimic endogenous STAT3 tyrosine 705 phosphorylation and cytokine-

induced nuclear translocation [52, 58].  

 

To further validate MEF ∆/∆ STAT3-FP cells as a useful tool for studying STAT3 

signaling, GAS-recognition and immediate early STAT3 target gene expression were 

analyzed in addition to tyrosine phosphorylation and nuclear accumulation of 

(WT)STAT3-FP (Fig. 3.1). The results of these experiments revealed that in line with 

published observations for endogenous STAT3 [170], the IL-6-induced activation 

(WT)STAT3-FP leads to formation of three major DNA complexes: STAT3-FP 

homodimers (S3/S3), STAT3-FP/STAT1 (S3/S1) heterodimers and STAT1 

homodimers. Moreover, IL-6 stimulation of both WT MEF and MEF ∆/∆ STAT3-FP 

cells resulted in comparable 10-fold socs3 mRNA upregulation, as it has been 

reported previously [191]. Thus, (WT)STAT3-FP stably expressed in STAT3-deficient 

MEF ∆/∆ cells is a functional transcription factor that faithfully reproduces important 

functional characteristics of endogenous STAT3 (cytokine-induced phosphorylation, 
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nuclear translocation, DNA-binding and transcriptional activity) and fluorescently 

labeled STAT3 constructs can be used for further analysis of STAT3 signaling.  

 

2. GAS‐element‐specific DNA recognition is dispensable for 

nuclear accumulation of STAT3  

 

Like for all other members of the STAT family, upon extracellular ligand treatment 

STAT3 activation involves tyrosine phosphorylation, dimerization, nuclear 

translocation and subsequent binding to specific DNA sequences [21]. Apart from 

this canonical activation model STAT3 has been also shown to shuttle permanently 

between cytoplasm and nucleus independently of cytokine treatment. However, the 

molecular mechanisms of STAT3 nuclear trafficking are not yet defined. In the first 

major part of this work, we were interested, if nuclear accumulation of cytokine-

activated STAT3 requires GAS‐element‐specific DNA-binding, to assess the role of 

the N-terminal domain in STAT3 nuclear trafficking and whether latent 

nucleocytoplasmic shuttling uses the same nuclear import machinery as cytokine-

induced nuclear accumulation. 

 

For STAT1 several DNA-binding mutants do not recognize specific GAS sequences, 

but many of them retain the ability to accumulate in the nucleus upon cytokine-

dependent activation [192]. In turn, nuclear accumulation of STAT5B upon growth 

hormone stimulation was abrogated by disrupting specific STAT5B-DNA-binding 

[193]. In order to assess whether STAT3 nuclear accumulation relies on specific 

DNA-binding we have generated an artificial STAT3 mutant that does not recognize 

the consensus DNA sequence. For this purpose we have chosen to target the amino 

acid sequence 465SNICQ469 in the gα5 loop of the STAT3 DNA-binding domain. 

Hypomorphic mutations of S465, N466 and Q469 that lead to a disruption of STAT3 

signaling have been reported in patients with hyperimmunoglobulinemia E syndrome 

(HIES) [194], where serine 465 mutation to phenylalanine leads to abrogated DNA 

binding and socs3 upregulation upon cytokine stimulation despite intact nuclear 

translocation [195]. The residue C468 has been previously shown to be alkylated by 

a selective STAT3 small molecule inhibitor C48, which resulted in abrogation of DNA-

binding [196]. The asparagine at position 466 has also been involved in interaction 

with one of the compounds that disturb STAT3-DNA interaction in nuclear extracts 
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[197]. In agreement with these data, we disrupted the DNA-binding interface while 

maintaining the polar properties of this loop by introducing five amino acid 

substitutions: S465G, N466S, I467S, C468G and Q469S (Fig. 3.2B). 

 

Indeed, the mSNICQ mutant was not able to bind a radioactively labelled m67SIE 

probe in EMSA assay despite its intact ability to become phosphorylated on tyrosine 

705 and form heterodimers with STAT1 upon IL-6 stimulation (Fig. 3.4A). 

Nevertheless, (mSNICQ)STAT3-FP rapidly accumulated in the nucleus upon IL-6 

stimulation (Fig. 3.3) similarly to (WT)STAT3-FP. Interestingly, despite intact 

stimulus-dependent (mSNICQ)STAT3-FP/STAT1 heterodimer formation in co-

immunoprecipitation assay, only STAT1/STAT1 homodimer bands were detected by 

EMSA in cells stably expressing (mSNICQ)STAT3-FP construct upon stimulation, 

indicating that both monomeric partners within a STAT3/STAT1 heterodimer require 

intact DNA-binding interfaces for cytokine-driven GAS-element recognition. In 

contrast, (∆N)STAT3-FP was unable to accumulate in the nucleus upon cytokine 

treatment (Fig. 3.3) while still being able to recognize GAS sites and form tyrosine-

phosphorylated dimers (Fig. 3.4A), as reported previously [52, 79].  

 

Upregulation of the immediate early endogenous STAT3 target gene socs3 was 

significantly reduced for both mutants after 30 minutes but still present with delayed 

kinetics (Fig. 3.4B). Delayed socs3 upregulation explain the contradicting 

(∆N)STAT3-driven gene induction results in two different publications [80, 84]. 

Although (∆N)STAT3-FP failed to accumulate in the nucleus upon stimulation, the 

NTD truncation mutant of STAT3 has been previously shown to inducibly associate 

with the socs3 promoter in a two-step ChIP assay [84], suggesting that despite 

deficient nuclear accumulation (∆N)STAT3-FP might still be able to induce STAT3 

target genes as a homodimer or (∆N)STAT3-FP/STAT1 heterodimer, albeit less 

efficiently than the wild-type. On the other hand, the socs3 gene promoter is capable 

of binding both STAT1 and STAT3 and both factors at least in part mediate socs3 

upregulation by leukemia inhibitory factor [191]. Moreover, socs3 induction by IFNγ in 

human fibrosarcoma, human lung adenocarcinoma and wild-type MEFs is STAT1-

dependent [198]. Given that STAT1 has been previously shown to induce STAT3 

target genes upon IL-6 type cytokine treatment with delayed kinetics in the absence 

of STAT3 [199, 200], increased STAT1 activation observed in (∆N)STAT3-FP and 
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(mSNICQ)STAT3-FP expressed cells (Fig. 3.4A) can account for delayed IL-6-

induced socs3 induction despite dysfunctional STAT3 signaling. 

 

Taken together, our data indicates that for successful immediate target gene 

induction both nuclear accumulation and specific GAS sites recognition are required. 

However, IL-6-induced active nuclear import and nuclear accumulation of STAT3 are 

not regulated by the availability of GAS binding sites. The same observation has 

been made for IFNγ-induced STAT1 signaling [201]. The authors propose other 

mechanisms than GAS-element binding of STAT1 for intact nuclear localization. A 

recent publication reported the ability of latent STAT3 to bind an AGG-element with 

the consensus sequence AGGN3AGG without involvement of a functional DNA-

binding domain [202]. This DNA-binding activity might not be relevant for activated 

STAT3. 

 

3. STAT3 N-terminal domain deletion mutant remains in the 

cytoplasm in the form of activated dimers capable of GAS-

element binding  

 

A recent study demonstrated that deletion of the first 126 amino acids of STAT3 

resulted in significant reduction of LIF-induced expression of STAT3 target genes as 

a result of decreased STAT3 binding to their regulatory regions [85]. One alternative 

explanation for the impact of N-terminal domain deletion on target gene transcription 

can be its functional role in STAT3 nuclear accumulation. In our study, (∆N)STAT3 

remains phosphorylated and is able to bind specific DNA sequences for up to 4 hours 

after stimulus removal (Fig. 3.5). Moreover, phosphorylated dimers of (∆N)STAT3 

localize primarily to the cytosol in contrast to wild-type, as demonstrated by 

immunofluorescence (Fig. 3.6) and this cytoplasmic trapping cannot be rescued by 

inhibition of CRM1-dependent nuclear export (Fig. 3.12). 

 

It has been shown that NTDs are involved in dephosphorylation of STATs. STAT1 

dephosphorylation requires NTD-mediated spatial reorientation of phosphorylated 

dimers [203], while point-mutations within the N-terminal domains of STAT1 and 

STAT5A/B led to defective dephosphorylation of these molecules upon cytokine 

stimulation [204]. Furthermore, prolonged phosphorylation and DNA-binding, as well 
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as the inability to accumulate in the nucleus upon stimulation has been also 

demonstrated for the NTD deletion mutant of STAT1 [173, 174]. STAT1 lacking the 

N-terminal domain was constitutively phosphorylated on tyrosine 701 and was more 

sensitive to cytokine-induced activation [173].  

 

In our study (∆N)STAT3-FP was more sensitive to lower cytokine concentrations than 

(WT)STAT3-FP, however, in contrast to STAT1, deletion of NTD did not induce 

STAT3 activation without any stimulus (Fig. 3.7A). Enhanced sensitivity of 

(∆N)STAT3 cannot be explained by its inability to form unphosphorylated dimers, 

since somatic point mutation of leucine 78 to arginine also causes defects in latent 

dimer formation, but this mutant is not as sensitive as (∆N)STAT3 [53]. (∆N)STAT3 

prolonged phosphorylation also cannot be explained by NTD requirement for 

extensive spatial reorientation of the monomers, reported for STAT1 [200], because 

both latent and active monomers of STAT3 have been shown to have parallel 

orientation in contrast to STAT1 [53, 205]. Therefore, prolonged phosphorylation of 

(∆N)STAT3 homodimers might be a consequence of cytoplasmic retention. 

 

STAT1 and STAT3 activation in response to IL-6 has been shown to rely mainly on 

JAK1 kinase [51]. Being that JAK1 activation was only slightly elongated and 

correlated only with prolonged STAT1 phosphorylation in cells stably expressing 

(∆N)STAT3-FP (Fig. 3.5), the prolonged phosphorylation profile of STAT3 N-terminal 

truncation mutant could not be explained by prolonged reactivation at the receptor 

alone. For STAT1 it has been demonstrated, that the N-terminal domain appears to 

regulate association with the nuclear phosphatase TC45 (the nuclear isoform of the 

T-cell protein tyrosine phosphatase (TC-PTP)) and subsequent STAT1 

dephosphorylation [204]. The same phosphatase is also involved in STAT3 

deactivation [206] and we hypothesized, that instead of constant reactivation, 

prolonged phosphorylation may be induced by the inability of (∆N)STAT3 to interact 

with phosphatases.  

 

Inhibiting cellular phosphatases with sodium vanadate resulted in prolonged tyrosine 

705 phosphorylation for (WT)STAT3-FP upon IL-6 pulse stimulation for up to 1 hour 

similar to (∆N)STAT3-FP in cells without vanadate treatment (Fig. 3.7B), indicating 

that lack of NTD results in phosphatase inability to dephosphorylate STAT3. 
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However, the NTD does not mediate STAT3-TC45 physical interaction, since the 

presence of only linker, SH2 and transactivation domains of STAT3 is sufficient for 

phosphatase binding [207]. TC45-mediated STAT3 dephosphorylation also requires 

the small proteins GdX and SIPAR that convert TC45 into a STAT3-specific 

phosphatase and enhance complex formation, though again not the N-terminal 

domain, but DNA-binding and linker domains of STAT3 are important for physical 

association with GdX and SIPAR [208, 209]. Basal phosphorylation of wild-type 

STAT3 and to a greater extent (∆N)STAT3 was elevated upon vanadate treatment 

(Fig. 3.7B), suggesting that some cytoplasmic phosphatases are still able to act on 

NTD truncation mutant of STAT3 in resting cells. These findings suggest that the 

activated dimers of STAT3 NTD truncation mutant are not able to interact with 

nuclear TC45 due to defect in their nuclear localization. 

 

Recently, DUSP2, a member of dual-specificity phosphatase (DUSP) family, has 

been reported to negatively regulate Th17 development by dephosphorylating STAT3 

on tyrosine 705 and serine 727 residues. Furthermore, STAT3 N-terminal domain 

was essential for its interaction with DUSP2 [210]. However, since DUSP2 is 

expressed exclusively in immune cells [211] and in MEF cells there is no detectable 

DUSP2 protein expression [212], it is unlikely that in our system (∆N)STAT3-FP fails 

to be dephosphorylated due to lost ability to interact with DUSP2. Nevertheless, MEF 

cells abundantly express DUSP5 phosphatase [212], which belongs to the same type 

II DUSPs and has a structure similar to DUSP2 [213]. Moreover, STAT3 binds to the 

promoter regions of human DUSP5 in HepG2 and A549 cells [214]. Taken together, 

these data suggests DUSP5 as a potential candidate phosphatase for STAT3 

dephosphorylation which requires the NTD. 

 

4. STAT3 NTD is not required for binding to various importin-α 

isoforms 

 

Next, we assessed whether the inability of (∆N)STAT3 to accumulate in the nucleus 

upon IL-6 treatment is caused by defective binding to α-importins. STAT1 nuclear 

import in IFNγ-stimulated cells relies mainly on importin-α5/NPI-1 [153] and the NTD 

of STAT1 is required for association with importin-α5 [175]. Of note, no difference of 

STAT1 phosphorylation and nuclear accumulation was detected between wild type 
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and importin-α5-deficient MEFs [215], suggesting that importin-α5 is preferred rather 

than required by phosphorylated STAT1 dimers for nuclear import. Because STAT1 

and STAT3, but not STAT5A, have been reported to similarly bind to importins α5 

and α7 upon cytokine stimulation in different cell lines [159] we hypothesized that 

STAT3 N-terminal domain deletion can lead to a defect in α-importin association, as 

observed for STAT1.  

 

In agreement with the above mentioned data, wild-type STAT3-FP precipitated 

together with importins α5 and α7, as well as α3, importin-α5 association being the 

strongest (Fig. 3.8A). Importin binding specifically to STAT3 molecules and not to 

fluorescent tags was confirmed by co-precipitation of endogenous STAT3 with GST-

importin-α5 from wildtype MEFs (Fig. 3.8B).  Association with importin-α5 has also 

been described to be important for axonal retrograde transport of STAT3 [216]. 

Unexpectedly, in our hands STAT3 binding to importin-α5, as well as α3 and α7, was 

not dependent on IL-6 stimulation (Fig. 3.8B, 3.9A and B). Stimulus independent 

STAT3 association with importin-α3 (∆IBB) has been proposed as possible 

explanation for STAT3 nuclear presence without cytokine treatment [157]. Moreover, 

both (WT)STAT3-FP and (∆N)STAT3-FP also associated with nuclear carrier 

importin-β1 in-vitro independently of IL-6 stimulation (Fig. 3.9C), which has also been 

reported previously [160, 217]. To date, there is no unified model as to how and 

under which stimulation conditions STAT3 interacts with importin molecules [157-

160]. Additionally, both STAT1 and STAT3 latent nuclear import have been shown to 

be independent of energy or transport carriers [218], which warrants further studies in 

order to elucidate the exact nuclear import mechanism for STAT proteins. 

 

In our hands full-length importin-α5 binds endogenous STAT1 only upon IFNγ 

stimulation and this association is abolished by the critical tyrosine mutation Y476G 

in importin-α5, faithfully reproducing previously published observations [155]. But 

endogenous STAT3 binds to both wild-type and Y476G-mutated GST-fusion 

importin-α5 molecules independently of stimulation, pointing to mechanistic 

differences in nuclear import of STAT1 and STAT3 (Fig. 3.8B).  Moreover, STAT3 

bound both full-length and ∆IBB truncation mutant of importin-α5 (Fig. 3.9A), 

suggesting that STAT3 nuclear translocation also does not rely on classical NLS 

recognition by α-importins, as similarly reported for STAT1 [155]. In contrast to 
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STAT1 [175], deletion of the NTD of STAT3 had no detrimental effect on importin-α5, 

-α3 and -α7 binding (Fig. 3.9A and B). Conclusively, our results show that despite 

similar independence from canonical importin alpha binding in-vitro via a classical 

NLS, mechanistical aspects of STAT3 association with importin alpha isoforms is 

distinct from that proposed for STAT1. 

 

The exact role of STAT3 NTD in active nuclear import is still unclear. The NTD of 

STAT3 may be involved with other than α-importin protein-protein interactions. For 

instance, STAT3 nuclear import has been shown to be also dependent on RanGTP 

[214], as well as on the small GTPase Rac1 and the GTPase-activating protein for 

Rho family GTPases MgcRacGAP [219]. As further evidence for the essential role of 

the NTD for active nuclear import, the tumor suppressor ARHI is able to 

downregulate STAT3 transcriptional activity by blocking nuclear translocation of 

phosphorylated STAT3 via direct interaction with the NTD of STAT3 and prevention 

of STAT3-importin complex formation [220, 221]. Furthermore, several other STAT3 

interacting proteins have been identified over the last two decades involved in both 

promoting and repressing STAT3 signaling (see Conclusions and Outlook section) 

and N-terminal deletion of STAT3 may affect the association with some of them. 

 

It is likely that the NTD is required for the correct conformation of full-length activated 

STAT dimers necessary for nuclear import and proper STAT phosphorylation-

dephosphorylation cycles. Phosphorylation-induced conformational changes of 

STAT5A/B led to both local SH2-domain and long-distance structural rearrangements 

within other domains, affecting the entire structure of STAT5 [222]. Given that 

interactions of a phosphotyrosine 705-peptide with the SH2 domain caused structural 

and dynamic changes in LD and DBD domains of STAT3 [223], N-terminal deletion 

might have an inter-domain allosteric effect on other STAT3 domains, which leads to 

observed defects in cytokine-induced nuclear accumulation and subsequent 

dephosphorylation. In summary, the exact molecular mechanisms responsible for 

cytoplasmic trapping and subsequent defective dephosphorylation of phosphorylated 

(∆N)STAT3-FP dimers remain ill-defined and require further analysis. In this context, 

we decided to analyze the role of CRM1-mediated nuclear export of STAT3. 
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5. Latent nucleocytoplasmic shuttling of STAT3 does neither 

require GAS-element recognition, nor functional N-terminal or 

SH2 domains 

 

Re-export of STAT3 from the nucleus back to the cytoplasm after stimulation is 

dependent on CRM1, a LMB-sensitive export protein [48, 49, 58]. We hypothesized 

that (∆N)STAT3-FP may still be imported properly in the nucleus, which is then 

followed by rapid nuclear export causing the observed lack of nuclear accumulation. 

In order to test this hypothesis, we decided to block CRM1-mediated nuclear export 

using Leptomycin B (LMB) and to monitor STAT3-FP subcellular distribution via 

confocal microscopy. As demonstrated previously [48], STAT3 nuclear export was 

effectively blocked by LMB treatment, leading to predominantly nuclear localization of 

(WT)STAT3-FP even after 4 hours after stimulus removal compared to untreated 

control (Fig. 3.10A).  

 

Additionally, LMB treatment of cells leads to partial nuclear accumulation of 

unphosphorylated STAT3, confirming continuous STAT3 trafficking in and out of the 

nucleus in the absence of cytokine treatment (Fig. 3.10B). Our group had previously 

shown that both basal nuclear import and latent nuclear export of fluorescently 

labeled STAT3 were markedly reduced upon IL-6 stimulation and that latent 

nucleocytoplasmic shuttling of STAT3 is much slower than cytokine-induced nuclear 

translocation [49]. In line with these observations, LMB treatment of unstimulated 

cells led to slow and only partial (WT)STAT3-FP nuclear localization compared to 

rapid IL-6-induced nuclear accumulation (Fig. 3.12B). 

 

Confocal live-cell imaging showed that (∆N)STAT3-FP also accumulated in the nuclei 

of unstimulated cells upon LMB treatment (Fig. 3.11A). However, CRM1-mediated 

nuclear export blockage in combination with IL-6 did not lead to improved nuclear 

accumulation of (∆N)STAT3-FP as compared to LMB treatment alone. Previously, we 

have demonstrated that (∆N)STAT3-FP shuttles between the nucleus and the 

cytoplasm of resting cells despite its inability to form latent dimers and to accumulate 

in the nucleus upon IL-6 stimulation. Moreover, upon LMB treatment (∆N)STAT3-FP 

accumulated in the nuclei much faster than (WT)STAT3-FP (data not shown), which 
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is in agreement with our previous observation that the NTD deletion mutant shuttled 

more rapidly than STAT3 wild-type [52]. Thus, the previously observed lack of 

(∆N)STAT3-FP nuclear accumulation upon cytokine stimulation is not due to rapid 

CRM1-mediated nuclear egress. 

 

Interestingly, inhibition of CRM1-mediated nuclear export had no significant effect on 

(WT)STAT3-FP dephosphorylation kinetics (Fig. 3.11B) despite nuclear export 

inhibition and prolonged nuclear retention in LMB-treated cells. Thus, we conclude 

that main phosphatases acting on activated STAT3 dimers localize predominantly in 

the nuclear compartment and CRM1-mediated nuclear export of STAT3 is not 

required for Y705 dephosphorylation after cytokine stimulation.  

 

Likewise, inhibition of CRM1-mediated nuclear export had no significant effect on 

both prolonged (∆N)STAT3-FP phosphorylation (Fig. 3.11B) and cytoplasmic 

trapping of activated dimers (Fig. 3.12A and B), indicating that phosphorylated 

(∆N)STAT3-FP dimers are not entering the nucleus as efficiently as (WT)STAT3-FP, 

rather than not being retained and exported back to cytoplasm. Given that 

(∆N)STAT3-FP cannot form latent dimers prior to cytokine stimulation [52] and 

activated dimers are still mainly cytosolic even after nuclear export blocking, we 

conclude that LMB-induced nuclear accumulation in cells stably expressing 

(∆N)STAT3-FP is achieved predominantly through latent monomers.  

 

Furthermore, since activated dimers of (∆N)STAT3-FP are unable to localize in the 

nucleus upon cytokine treatment despite increased and prolonged tyrosine 705 

phosphorylation, but latent (∆N)STAT3-FP monomers still can accumulate upon 

blocking of CRM1-mediated export, our data indicates that cytokine-induced active 

nuclear import of STAT3 is different from basal nucleocytoplasmic shuttling. The 

same has been shown for STAT1 [224]. Both unphosphorylated STAT1 and STAT3 

have been shown to enter the nucleus in the absence of cytosolic proteins, such as 

importins, whereas tyrosine-phosphorylated STAT1 dimers required both metabolic 

energy and added cytosol for nuclear import [218]. 

 

Although unphosphorylated STATs have been shown to regulate expression of 

specific target genes [30, 131], the exact purpose and functional connection between 
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preformed dimer formation and constitutive nucleocytoplasmic shuttling of STAT 

proteins remains unclear. We have previously published that although NTD deletion 

leads to complete absence of latent STAT3 dimers, it does not impede basal nuclear 

import, indicating that preformed dimers are not required for nucleocytoplasmic 

shuttling of STAT3 [52]. Also, both (∆N)STAT3-FP and (L78R)STAT3-FP mutants 

that exist as pure monomers in the latent state show similar uniform distribution 

across nucleus and cytoplasm in live-cell imaging experiments prior to stimulation 

compared to predominantly cytoplasmic localization of (WT)STAT3-FP [52, 53, Fig. 

3.3A]. Based on the observations that (∆N)STAT3-FP with inhibited latent 

dimerization shuttles faster [52] and accumulates in the nuclei of resting cells in 

response to LMB more rapidly than (WT)STAT3-FP, as well as parallel cytoplasmic 

trapping of activated (∆N)STAT3-FP dimers despite nuclear accumulation of 

(∆N)STAT3-FP monomers upon CRM1-mediated nuclear export inhibition (Fig. 

3.12A and B), we propose that the nuclear fraction of unphosphorylated STAT3 in 

resting cells consists predominantly of monomers and not preformed dimers. 

 

Confocal live-cell imaging showed that (WT)STAT3-FP and (∆N)STAT3-FP similarly 

accumulated in the nuclei of unstimulated stably transfected MEF cells upon LMB 

treatment (Fig. 4A), confirming the notion, that basal nuclear import does not require 

the N-terminal domain. Afterwards, we wanted to analyze whether disruption of 

previously reported putative NLS [225] or NES [48] of STAT3, lack of specific DNA-

binding, mutation of critical lysine residue 685 or C-terminal deletion has any 

influence on basal nuclear import of STAT3. Confocal live-cell imaging revealed that 

previously identified putative NLS and NES sequences of STAT3, intact acetylation 

of lysine 685, specific GAS-recognition and TAD domain of STAT3 are not required 

for basal nuclear accumulation of latent STAT3 in resting cells upon CRM1-mediated 

nuclear export inhibition (Fig. 3.13A). 

 

As a final point, we decided to assess possible roles for SH2 domains in basal 

nuclear transport using fluorescent fusion protein of STAT3 with a non-functional 

SH2 domain [226] (Fig. 3.13B). (R609Q)STAT3-FP failed to accumulate in the 

nucleus after IL-6 treatment but localized in the nucleus after 4 hours of blocking 

CRM1-mediated nuclear export, showing that a functional SH2 domain is also 

generally dispensable for constitutive nuclear shuttling of STAT3. Our findings are in 
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agreement with previously published observations that N- and C-terminal domains 

are not essential for constitutive nucleocytoplasmic shuttling of STAT1, STAT3 and 

STAT5 [218] and that inactivating mutations in the SH2 domain do not alter the 

subcellular distribution of the mutated fusion proteins in resting cells compared to 

wild-type [50]. Moreover, constitutive nuclear import of unphosphorylated Stat1 has 

been shown to be mediated by direct interactions with nucleoporin 153 and 

nucleoporin 214 of the nuclear pore and STAT3 competed for the same NPC-binding 

sites with STAT1 and importin-β, suggesting similarity between STAT1 and STAT3 

latent nuclear import mechanisms [218].  

 

6. STAT3 downregulates gp130/STAT1 signaling via target gene 

expression 

 

STAT1 and STAT3 despite their very similar structures very often have opposing 

effects on cellular processes. While STAT3 exerts anti-inflammatory functions, 

stimulates cell survival and proliferation downstream of several cytokine or growth 

factor receptors, STAT1 inhibits proliferation and promotes innate and adaptive 

immune responses. In addition, both transcription factors appear to play opposite 

roles in tumorigenesis, STAT3 being beneficial for tumor progression and immune 

evasion, while STAT1 is often described as a tumor suppressor. Apart from often 

reported functional antagonism, STAT1 and STAT3 activation are reciprocally 

regulated and imbalances in their expression or activation levels may re-direct 

cytokine or growth factor signals from proliferative to apoptotic, or from inflammatory 

to anti-inflammatory [88-90]. In the second part of this thesis, we have investigated 

STAT3-mediated downregulation of atypical IL-6-induced STAT1 activation and 

analysed the role of the NTD and transcriptional activity of STAT3 in this process. 

 

In the absence of STAT1, STAT3 phosphorylation on tyrosine 705 is enhanced 

following IFNγ treatment, which can replace STAT1 in STAT1-deficient MEF cells to 

induce GAS-dependent gene transcription [94]. Similarly, in STAT3 null MEFs, 

STAT1 expression and activation are increased following IL-6 stimulation and this re-

directs IL-6 signaling to an IFNγ-like response [100]. To verify these observations, we 

stimulated WT, STAT3 -/- and STAT1 -/- MEF cell lines with IL-6 and IFNγ for 

different time points and analyzed endogenous STAT activation and nuclear 
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translocation. Indeed, the absence of STAT3 led to abnormal Y701 phosphorylation 

of STAT1 after IL-6 stimulation without significantly affecting IFNγ-induced STAT1 

activation (Fig. 3.14A). This mimics increased STAT1 activation observed in MEF ∆/∆ 

(∆N)STAT3-FP and (mSNICQ)STAT3-FP cells (Fig. 3.4A). Furthermore, IL-6-induced 

atypical STAT1 activation resulted in nuclear accumulation in STAT3 null MEFs (Fig. 

3.15B). In contrast, despite slightly increased tyrosine 705 phosphorylation of STAT3 

in STAT1-deficient cells (Fig. 3.14B) there was no nuclear translocation of 

endogenous STAT3 observed in STAT1 -/- MEF upon IFNγ stimulation (Fig. 3.15C). 

 

Abnormal activation and expression of STATs in STAT-deficient cells has been 

previously described in different systems. In line with our observations, in MEFs 

neither STAT1 nor Erk1/2 activation were affected downstream of IFNγ signaling by 

STAT3 absence, whereas upon IL-6 type cytokine (OSM) stimulation STAT1 

activation is much stronger and more prolonged in STAT3 -/- MEFs [199]. 

Furthermore, the activation of STAT1 in human neoplastic T lymphocytes after IFNγ 

stimulation was generally unaffected by STAT3 silencing, while IL-6 stimulation of the 

same cells correlated with prolonged STAT1 activation and the induction of major 

histocompatibility complex (MHC) class I expression [227].  

 

Depletion of STAT1 resulted in an enhanced early STAT3 activation upon IL-6 

stimulation (Fig. 3.14A). Constitutively active STAT1C mutant has been shown to 

attenuate IL-6-induced STAT3 activation and the expression of pro-apoptotic genes 

[102], whereas gain-of-function STAT1 mutations impair STAT3 activity in patients 

with chronic mucocutaneous candidiasis [228], suggesting that the presence of 

STAT1 might downregulate IL-6/STAT3 signaling in a similar manner to STAT3, 

which has been shown to negatively regulate STAT1-dependent gene activation 

[101, 229]. However, our preliminary data showed that socs3 upregulation is not 

further increased in STAT1 -/- MEFs upon IL-6 treatment (data not shown).  

 

On the other hand, the absence of nuclear accumulation of endogenous STAT3 in 

STAT1 -/- cells upon IFNγ treatment does not support the previously reported ability 

of STAT3 to replace STAT1 in inducing GAS-dependent gene expression [94]. Of 

note, although strong and sustained IFNγ-induced STAT3 activation in STAT1−/− 

fibroblasts has been reported by several groups [94, 198], one group could not 
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reproduce these results with the cells of the same origin [230]. Moreover, in the 

human fibrosarcoma cell line U3A STAT1 deficiency did not affect STAT3 Y705 

phosphorylation and nuclear translocation upon OSM stimulation [97], but  IFNγ 

treatment did not activate STAT3 at all in the same cells [198], suggesting that IFNγ-

induced STAT3 activation is cell-type specific. STAT1 and STAT3 depletion effects 

on one another found in the literature are summarized in tables 4.1 and 4.2. 

 

 

 

Cell type Depletion Effect on STAT1 Ref. 

Murine embryonic 

fibroblasts 

Genetic 

knockout 

IL-6 induced increased and prolonged 

Y701 phosphorylation and increased (?)  

enhanced type I IFN-gene expression 

100, 

101, 

199 

Murine BM-derived 

hematopoietic cells 

Genetic 

knockout 

Increased Y701 phosphorylation and total 

STAT1 expression 

231- 

233 

Murine peritoneal 

macrophages 

Genetic 

knockout 

Constitutive Y701 phosphorylation and 

increased STAT1 expression 

234 

Murine intestinal 

epithelial cells 

Genetic 

knockout 

Increased STAT1 expression 235 

Murine CD4+ T cells STAT3 mRNA 

destabilization 

Increased and prolonged Y701 

phosphorylation upon Th17 differentiation 

236 

Human lung MRC-5  siRNA 

knockdown 

Increased (?) IL-6 induced  STAT1 gene 

expression 

229 

Human monocytic cell 

line THP-1 

shRNA 

knockdown 

Enhanced type I IFN-gene expression 227 

Human T cells shRNA 

knockdown 

IL-6 induced increased and prolonged 

Y701 phosphorylation and increased (?) 

STAT1 gene expression; 

237 

Human CRC HT-29 shRNA 

knockdown 

IL-6 induced increased Y701 

phosphorylation,  increased STAT1 

expression 

238 

Human CRC LS174T,   shRNA 

knockdown 

Increased STAT1 expression 238 

Human CRC SW620,  

HCT116 

shRNA 

knockdown 

Reduced STAT1 expression 238 

Tab. 4.1: STAT3 depletion consequences on STAT1 signaling. BM – bone marrow, CRC – 
colorectal carcinoma  
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Based on literature data and our own observations, we conclude that reciprocal 

crossregulation of IFNγ/STAT1 and IL-6/STAT3 signaling pathways is cell-type 

specific and asymmetric in MEFs. Asymmetric functions for STAT1 and STAT3 have 

also been demonstrated in T cells, where STAT3 is responsible for the overall 

transcriptional output driven by both IL-6 and IL-27 cytokines, whereas STAT1 

regulates the specific cytokine signatures and cannot compensate for STAT3 

absence [244].  

 

The ratio of phosphorylated STAT1 to phosphorylated STAT3 in naive CD4+ cells 

determines whether the combination of IL-6 and IL-27 inhibits or induces Th17 cell 

differentiation [242], whereas gain-of-function STAT1 mutations recapitulated the 

impact of dominant-negative STAT3 mutations on Tfh and Th17 cells, confirming a 

putative inhibitory effect of hypermorphic STAT1 over STAT3 [245]. Moreover, total 

Cell type Depletion Effect on STAT3 Ref. 

Murine embryonic 

fibroblasts 

Genetic 

knockout 

IFNγ-induced increased and prolonged 

Y705 phosphorylation, increased STAT3 

and STAT1 gene expression; 

94, 

198 

Murine lung type II 

epithelial cells 

Genetic 

knockout 

Increased and prolonged Y705 

phosphorylation and total STAT3 

expression 

239 

Murine plasmacytoid 

dendritic cells 

Genetic 

knockout 

Increased STAT3 expression 240 

Murine macrophages Genetic 

knockout 

IFNβ- and  IFNγ-induced prolonged Y705 

phosphorylation 

241 

Murine naive CD4+ T 

cells   

Genetic 

knockout 

IL-6 + IL-27-induced increased Y705 

phosphorylation 

242 

Human fibrosarcoma 

U3A cell line 

Chemical 

mutagenesis 

No observed effect on STAT3 signaling 97, 

198 

Human isolated CD4+ 

T cells   

Autosomal 

deficiency 

IL-21-induced increased Y705 

phosphorylation and STAT1 gene 

expression; 

243 

Tab. 4.2: STAT1 depletion consequences on STAT3 signaling.  
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ratio of STAT1 to STAT3 expression is proposed as a key determinant of colorectal 

tumor progression [237], while lower stat1 and stat3 transcript levels correlated with a 

particularly high survival rate in patients with acute lymphoid leukemia [246]. Finally, 

human cytomegalovirus has been recently shown to re-direct gp130 signaling from 

an IL-6 type response to an IFNγ-like response via viral IE1 protein [236], which 

mimics the phenotype observed in STAT3-deficient MEFs [100]. Thus, understanding 

the exact mechanisms of mutual crossregulation between STAT1 and STAT3 in 

different cell types and tissues will foster therapeutic progress in treating several 

pathological conditions. 

 

Using STAT-deficient cells we have demonstrated, that STAT3 intracellular presence 

negatively regulates STAT1 activation upon IL-6 stimulation. Although the exact 

mechanism of STAT3-mediated downregulation of STAT1 signaling has not been 

clarified to date, three non-mutually exclusive explanations have been proposed. 

First, the absence of STAT3 may release competition for the common receptor 

docking sites, favoring recruitment and activation of STAT1 by gp130 upon IL-6 

treatment.  Second, in STAT3 -/- cells STAT3 does not sequester STAT1 into 

heterodimers, thereby increasing the efficacy or strength of STAT homodimer signals 

[97, 229]. Third, specific STAT3 target gene(s) such as socs3 are involved in 

differential activation of STAT3 and STAT1 downstream of gp130 [176].  

 

In line with our previous observations, increase in total intracellular STAT3 levels was 

accompanied with further decrease in STAT1 Y701 phosphorylation following IL-6, 

but not IFNγ treatment (Fig. 3.16). Furthermore, N-terminal deletion and 

transcriptionally dead R609Q mutants could not reproduce this effect, suggesting that 

STAT3 transcriptional activity is involved in this process. Interestingly, NTD of STAT3 

alone was sufficient for STAT3-mediated downregulation of STAT1-dependent genes 

[101]. Given that STAT1 activation after IL-6 treatment was markedly increased in 

cells stably transfected with (∆N)STAT3-FP constructs (Fig. 3.4A), it may be possible 

that the NTD of STAT3 is responsible for negative regulation of STAT1 activity upon 

IL-6 activation. 

 

To test this hypothesis, we analyzed IL-6-induced STAT1 activation in STAT3 -/- 

MEFs stably transfected with (WT)STAT3-FP and found that stable reconstitution of 
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full-length STAT3 could reverse the effect, confirming the role of wild-type STAT3 in 

this regulation mechanism (Fig. 3.17A). Afterwards, the activation of endogenous 

STAT1 upon both IL-6 and IFNγ treatment was compared across WT, STAT3 -/- and 

STAT3 -/- MEFs stably expressing (WT)STAT3-FP or (∆N)STAT3-FP.  The 

(L78R)STAT3-FP construct only lacks preformed dimer formation in latent state with 

all other STAT3 properties intact and the isolated NTD of STAT3 has been previously 

shown by our group to have an effect on STAT3-regulated gene transcription [53]. In 

order to analyze whether STAT3 preformed dimer absence or isolated STAT3 NTD 

presence have an effect on IL-6 induced STAT1 activation, MEF STAT3 -/- stable 

transfected with (L78R)STAT3-FP and (NTD)STAT3-FP constructs were added to 

the experiment. As expected, STAT3-deficient and (∆N)STAT3-FP showed similar 

upregulation of STAT1 phosphorylation at tyrosine 701 upon IL-6 stimulation, while 

both (WT)STAT3-FP and (L78R)STAT3-FP could rescue abnormal STAT1 signaling, 

indicating that lack of preformed dimer formation does not prevent STAT3 to regulate 

STAT1 activation (Fig. 3.17B). Furthermore, stable expression of the isolated STAT3 

NTD in STAT3 -/- could not rescue atypical STAT1 activation in IL-6-treated cells. 

Given that in cells stably expressing (∆N)STAT3-FP and (NTD)STAT3-FP STAT1 

demonstrated strong nuclear accumulation after IL-6 treatment (Fig. 3.18) in the 

same manner as in STAT3 null MEFs, we conclude that N-terminal deletion mutant 

could not regulate STAT1 signaling, but this effect was not due to absence of the 

NTD itself. 

 

In summary, the mechanisms that enable STAT3 to regulate STAT1 activation upon 

gp130 signaling involve its transcriptional activity. Since NTD alone could not reverse 

the abnormal STAT1 activation, we conclude that (∆N)STAT3-FP cannot regulate 

STAT1 due to its defect in target gene expression (Fig. 3.4A) (such as socs3, as 

reported previously [176]) and not specific NTD properties. SOCS3 deficiency led to 

increased activation of STAT1 and STAT3 after IL-6 treatment but normal activation 

of STAT1 after stimulation with IFNγ. Conversely, IL-6-induced STAT1 and STAT3 

activation is normal in SOCS1 deficient cells, whereas STAT1 activation induced by 

IFNγ is prolonged, indicating SOCS protein family involvement in reciprocal 

regulation of IL-6 and IFNγ signaling [56]. In agreement with these data, cells 

expressing the DNA-binding deficient (mSNICQ)STAT3 mutant with intact NTD but 
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incapable of proper socs3 induction also showed enhanced STAT1 phosphorylation 

after IL-6 treatment (Fig. 3.4A).  

 

Given that STAT1 abnormal activation is still present despite proper (∆N)STAT3-FP 

activation at the receptor, competition for receptor binding could not account for 

STAT3-mediated downregulation of gp130-mediated STAT1 signaling. In line with 

these observations, despite the ability of constitutively active gp130 to activate both 

STAT1 and STAT3 without ligand stimulation [247], abnormal activation of STAT1 via 

mutated gp130 was not sufficient for the induction of STAT1-dependent genes in 

endothelial cells [99], in contrast to IFNγ-like response observed in STAT3-deficient 

MEFs [100]. 

 

Of note, abnormally activated STAT1 in (∆N)STAT3-FP expressing cells existed 

predominantly as a (∆N)STAT3-FP/heterodimer (Fig.3.4A), while in STAT3 -/- MEFs 

only STAT1/STAT1 homodimers are formed. STAT heterodimers have been 

described to have functions distinct from homodimers [248], however in mice 

expressing exclusively dominant negative STAT3β isoform most of the activated 

STAT1 molecules formed heterodimers with STAT3β and induction of IFN-γ targets 

correlated with STAT-deficient MEFs [176]. Potentially different gene expression 

profiles between STAT3-/- and (∆N)STAT3-FP expressing cells require further 

investigation. 

 

7. Canonical signaling of STAT3 and NF-κB are independent of 

each other but NF-κB supports expression and activation of 

STAT1 and STAT3  

 

STAT3 and NF-κB are pleiotropic transcription factors that are involved in various 

physiological processes, such as development, differentiation, immunity and 

metabolism. Both proteins are often constitutively activated in numerous cancers due 

to upregulation of upstream signaling pathways in response to autocrine and 

paracrine signals present within the tumor microenvironment. STAT3 and NF-κB 

activation pathways differ in their activation mechanisms. STAT3 activation is 

characterized by an activating phosphorylation followed by dimerization, while 

canonical NF-κB signaling involves proteasome-mediated degradation of inhibitory 

proteins resulting in the release of DNA-binding subunits. However, once activated, 
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both factors control the expression of several groups of genes, including anti-

apoptotic, proliferative and immune response genes. Some of these genes overlap 

and are activated via transcriptional cooperation between the two factors. Other 

forms of crosstalk between NF-κB and STAT3, such as physical interaction, 

cooperation at gene promoters or negative regulation of each other, have been 

described [60].  In the next part of this thesis, we show that STAT3 has no direct 

influence on canonical TNFα-induced NF-κB signaling, while the p65 subunit of NF-

κB positively affects STAT3 and STAT1 signaling.  

 

We first defined optimal sample preparation conditions for simultaneous visualization 

of both p65 and STAT3 in cultured cells via immunofluorescence using combined 

paraformaldehyde/methanol treatment. The choice of the processing method is most 

important for appearance of the immunostainings and the interpretation of the results 

may vary depending on the protocol used [249]. In our hands, NF-κB p65 subunit 

nuclear accumulation upon TNFα treatment is clearly detectable after 

paraformaldehyde fixation but hardly visible after methanol fixation (Fig. 3.19A). Our 

findings are in agreement with previously published data that methanol treatment 

results in a perinuclear localization of p65 in human dendritic cells upon stimulation 

[177]. Paraformaldehyde preparation also preserved the intracellular and membrane 

structures better than methanol and resulted in a more accurate localization of Fas 

and FasL proteins in liver cells [250]. 

 

In turn, several reports describing the visualization of STAT3 nuclear translocation by 

microscopy have used different methods of fixation [52, 81, 157]. Our data 

demonstrates that paraformaldehyde fixation leads to a predominant nuclear 

localization of endogenous STAT3 both in resting and IL-6-stimulated cells, while 

methanol fixation and combined protocols lead to a more uniform distribution of 

STAT3 in unstimulated cells and a significant increase in nuclear STAT3 after 

cytokine treatment (Fig. 3.19B). These observations could explain the previously 

reported prominent nuclear localization of endogenous STAT3 in both resting and 

activated states in different cell lines [157], which is contradictory to live-cell imaging 

of ectopically expressed STAT3 fluorescent fusion proteins showing predominant 

cytoplasmic localization of STAT3 in resting cells and rapid nuclear accumulation 

upon stimulation [52, 53]. Paraformaldehyde fixation has been shown previously to 
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cause misinterpretation of the subcellular localization of plant proteins causing 

dissociation of these proteins from metaphase chromosomes [251]. While 

paraformaldehyde preserves structural elements at the expense of reduced antigen 

accessibility, fixation with methanol can disturb structural integrity of the cells [252]. 

We found a combined paraformaldehyde/methanol fixation protocol to be optimal for 

parallel p65 and STAT3 visualization in cultured cells by immunofluorescence (Fig. 

3.19C). In line with our observations, combined treatment has been reported 

previously to be more useful for proper visualization of transmembrane and soluble 

cytoplasmic proteins than paraformaldehyde or methanol fixation alone [253, 254].  

 

To assess the role of STAT3 in canonical NF-κB signaling, we compared TNFα-

induced pathway activation in wild-type and STAT3-/- cells. Our results demonstrate 

that the absence of STAT3 has no significant effect on total p65 levels, p65 

phosphorylation on serine 536, IκBα phosphorylation and degradation, as well as 

subsequent p65 nuclear translocation and ikba gene induction (Fig. 3.20 A and B, 

3.21A and B). At least five kinases converge on p65 phosphorylation at serine 536 

[255], which is one of the most extensively studied p65 posttranslational 

modifications [104], suggesting that all molecular steps upstream of p65 S536 

phosphorylation remained unaffected upon STAT3 deletion.  

 

In contrast to previously published data [136], the absence of STAT3 had no 

detrimental effects on TNFα-induced nuclear translocation of NF-κB p65 and target 

gene expression, as demonstrated by our optimized immunostaining protocol and 

subcellular fractionation experiments (Fig. 3.21A, B). IκBα is a classical NF-κB target 

gene, which is linked with p65 in a regulatory feedback loop [256]. Deletion of p65, 

but not STAT3, had detrimental effects on ikba expression and this effect can be 

rescued by p65 reconstitution, confirming the dependence of IκBα expression on the 

NF-κB p65 subunit. Since the regulation of several other target genes has been 

reported to require both p65 and STAT3 DNA association [132-134], genes other 

than ikba may have been influenced by STAT3 deletion. However, proper ikba 

upregulation indicates that canonical NF-κB signaling is intact in STAT3-/- cells. 

Furthermore, overexpression of STAT3 also had no effect on p65 activation and 

nuclear translocation in HeLa cells (Fig. 3.25).  
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These data indicate that STAT3 has no direct influence on canonical NF-κB signaling 

upon TNFα stimulation, suggesting that previously published observations of STAT3 

silencing being beneficial for NF-κB activation in cancer or primary cells [137-139] 

are not universal, but rather cell-type or stimulus specific, along with the impact of 

oncogenesis or the extracellular microenvironment.  

 

Knockout of endogenous p65 in MEF led to downregulation of total STAT3 and 

STAT1 levels and this effect was rescued in p65-YFP-complemented p65-/- cells 

(Fig. 3.22B) confirming the involvement of p65 in controlling total STAT3 and STAT1 

levels [257, 258]. Interestingly, total STAT5 levels were unaffected upon deletion and 

subsequent reconstituition of p65-YFP. Furthermore, several serine to alanine 

mutations affecting p65 transcriptional activity were tested in order to further 

elucidate critical residues in p65-mediated regulation of STAT3 and STAT1 

expression (Fig. 3.23). Our results revealed, that serine 276 substitution to alanine in 

p65 led to a similar decrease in STAT1 and partially STAT3 amounts observed in 

p65-deficient cells, while S311A, S468A and S536A mutants demonstrated only a 

minor decrease. In contrast to classical single tyrosine phosphorylation of STAT 

proteins, several serine residues of the p65 subunit are phosphorylated and 

phosphorylation of these residues affects the activity of NF-κB and its interaction with 

co-regulators differently [259]. Phosphorylation of p65 at serine 276 regulates a 

subset of NF-κB target genes with specific cis-acting elements in their promoters, 

such as those encoding IL-6, IL-8, Gro-β, and ICAM-1 [259], as well as allowing for 

binding of CREB-binding protein (CBP)/p300 [121]. In contrast phosphorylation of 

serine 536 favors binding of TATA-binding protein-associated factor II31, a 

component of TFIID [255]. Our data indicate, that expression of STAT1 and STAT3 

depends on p65 activity and S276A mutation of p65 had the most detrimental effect 

on total levels of STAT1 and to a lesser extent STAT3 compared to wild-type p65. 

 

Despite lower total amounts of protein, cytokine-induced nuclear import of STAT3 

remained intact in p65-/- cells (Fig. 3.24 A, B) suggesting that IL-6 induced signaling 

itself was less affected. Interestingly, reconstitution of p65-/- cells with p65-YFP led to 

an increased socs3 upregulation in response to IL-6 (Fig. 3.22C). Several reports 

suggest a positive association between NF-κB transcriptional activity and STAT3 
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activation. Direct activation of NF-κB led to increased STAT3 expression in 

cardiomyocytes, which could be abrogated by a NF-κB inhibitor [260]. In the absence 

of tumour suppressor p53, both NF-κB and STAT3 were constitutively activated and 

depleting p65 suppressed constitutive activation of STAT3 [257]. Similarly, 

suppression of NF-κB activity by p65R siRNA in Sirt1-null MEF reduced 

mitochondrial function and the expression of STAT3 [258]. In turn, in human 

hypopharyngeal epithelium cells acidic-bile salts induced a substantial increase in 

total p65 amounts, which was subsequently correlated with upregulation of STAT3 

[261]. Moreover, in our hands inducible overexpression of p65-dsRed in HeLa cells 

led to an increased STAT3 activation and nuclear accumulation along with abnormal 

STAT1 nuclear presence (Fig. 3.26A). Therefore we conclude that p65 supports 

expression and activation of STAT3 and STAT1. 

 

STAT3 and STAT1 have been demonstrated to separately associate with NF-κB in 

the cytoplasm resulting in various effects [113, 262]. While both NF-κB and STAT3 

signaling pathways, but not MAPKs, were dysregulated by interferons in STAT1-null 

macrophages, overactivation of STAT3 was the key mechanism in downregulation of 

NF-κB signaling [241]. Additionally, deficiency of one of the major NF-κB activating 

receptors TLR4 led to enhanced STAT1-driven Th1 differentiation and suppressed 

STAT3-driven Th17 expansion [263], whereas IL-27, a crucial cytokine for bridging 

innate and adaptive immunity, has been shown to rely on all three transcription 

factors for its proper signaling [264]. Taking this into account, a triple collaboration of 

STAT1, STAT3 and NF-κB in immunological and pathological processes is worth 

exploring further. Taken together, our results suggest that TNFα-induced canonical 

NF-κB signaling does not rely on STAT3, while expression of the NF-κB p65 subunit 

positively correlate with total STAT3 and STAT1 levels and augments their activation. 

 

Physical interaction between the p65 and STAT3 has also been described, both in 

cytoplasm [113, 128] and nucleus [133, 134, 180, 265-269]. Importantly, STAT3 is 

known to directly bind to the transactivation domain of NF-κB through its DNA-

binding domain [134, 269]. Given that we have successfully used a GFP antibody in 

co-immunoprecipitation experiments with MEF ∆/∆ STAT3-FP cells to study 

STAT3/STAT1 heterodimer formation (Fig. 3.4A), we decided to analyze physical 

association between STAT3 and p65. Both NF-κB activation alone and combined 
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activation of NF-κB and STAT3 have been reported to result in STAT3/p65 complex 

formation [128, 180], therefore the cells stably expressing (WT)STAT3-FP were 

treated with IL-6, TNFα and a combination of both cytokines (Fig. 3.27).  

 

Co-immunoprecipitation revealed STAT3/p65 physical binding upon TNFα treatment 

and prolonged IL-6 + TNFα stimulation, but not IL-6 treatment alone. This is in 

agreement with previously published observations [128, 180]. However, compared to 

STAT3/STAT1 binding, this association was much weaker and more transient. Since 

our data from STAT3 -/- MEFs indicate that STAT3 is dispensable for canonical NF-

κB signaling, this interaction might be relevant only for induction of some specific 

genes that require complex formation of both STAT3 and p65, ikba being not one of 

them. 

 

8. STAT3-YFP knock-in mice have been successfully generated 

 

In the past, fluorescent fusion proteins of STAT3 have been successfully used by our 

group to study subcellular localization and intracellular dynamics of STAT3 [49, 52, 

53, 58]. STAT3-YFP nuclear translocation upon activation with IL-6 can be observed 

in living cells using confocal microscopy. Nuclear accumulation peaks after 20 

minutes and thereafter decreases within 120 minutes, demonstrating STAT3 

feedback inhibition via SOCS3 [49]. In order to utilize this tool in vivo, we have 

created in collaboration with Valeria Poli group a STAT3-YFP knock-in mice, 

expressing fluorescently-labeled STAT3α-isoform under control of the endogenous 

STAT3 promoter. In the last part of this thesis, we genotyped and characterized 

STAT3-YFP knock-in mice in order to verify correct STAT3-YFP expression and to 

validate the transgenic murine model for further research. 

 

The fluorescent tag insertion did not influence the biological activity of STAT3-YFP, 

because both heterozygous and homozygous mice were obtained at a Mendelian 

ratio and seemed to be normal and fertile (Fig. 3.28). We did not observe any 

differences with respect to their wild-type littermates in many biological parameters, 

such as life expectancy and body weight. The insertion of YFP at the end of the stat3 

gene leads to sole presence of the STAT3α isoform without expression of the 

truncated STAT3β isoform that is normally generated through alternative splicing. 
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Although mice expressing exclusively STAT3α isoform displayed no significant 

differences compared to wild-type concerning fertility and survival [176], these 

STAT3β null mice exhibited reduced recovery from endotoxic shock and 

hyperresponsiveness of endotoxin-inducible genes in the liver [270]. Moreover, 

peritoneal macrophages from STAT3β-deficient mice showed impaired IL-10 

production [176], thus indicating an important role for STAT3β in STAT3-mediated 

anti-inflammatory responses. These observations should be kept in mind during 

future experiments with this in-vivo model. 

 

To analyze the expression of STAT3-YFP, we prepared whole cell lysates from 

spleen and analyzed them by immunoblotting. Endogenous STAT3 was the only 

band detected in wild-type mice, but two bands corresponding to both native STAT3 

and STAT3-YFP transgene have been observed in heterozygous animals (Fig. 

3.29B). Furthermore, homozygous mice showed only STAT3-YFP signals, as 

expected. Confocal microscopy of splenic cells and freshly prepared primary 

hepatocytes confirmed the presence of STAT3-YFP and signal intensity correlates 

with the genotype (Fig. 3.29A and C). In summary, our characterization of the 

STAT3-YFP knock-in murine model verified the proper expression of functional 

STAT3-YFP without any observed adverse effects, which makes STAT3-YFP knock-

in mice a very promising tool to study STAT3 dynamics in vivo. 
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V. Summary and Outlook 

 

Signal transducer and activator of transcription 3 (STAT3) is a pleiotropic 

transcription factor that is activated by a variety of cytokines and is involved in many 

physiological processes including embryonic development, haematopoiesis and 

immunity. Activation of STAT3, which involves its phosphorylation at Y705 and 

nuclear accumulation, has been observed in several pathophysiological conditions 

such as cancer, chronic inflammation and autoimmunity. Besides canonical activation 

at the receptor by JAK kinases and subsequent dimerization and nuclear 

translocation, STAT3 forms latent dimers and constitutively shuttles in and out of the 

nucleus or unstimulated cells. Moreover, functional crosstalks with other transcription 

factors, such as STAT1 and NF-κB, have been studied in the context of immune 

response and cancer progression. During this doctoral thesis we investigated non-

canonical aspects of STAT3 signaling and analysed its interplay with STAT1 and NF-

κB signaling pathways. For this purpose, we used STAT3-deficient MEFs stably 

transfected with several fluorescently labeled STAT3-FP constructs. In our hands, 

stably expressing wild-type STAT3-FP reproduces endogenous STAT3 signaling 

including phosphoryation of tyrosine 705, nuclear translocation, specific GAS-

element binding and induction of the target gene socs3. 

 

The first part of this work elucidates the functions of the N-terminal domain and GAS-

site recognition in STAT3 nuclear trafficking, as well as functional difference between 

cytokine-induced and latent nucleocytoplasmic shuttling of STAT3. Our results show 

that GAS‐element‐specific DNA recognition is dispensable for nuclear accumulation 

of STAT3, because (mSNICQ)STAT3-FP still underwent nuclear translocation upon 

IL-6 treatment despite its inability to bind a radioactively labelled DNA probe in EMSA 

assay. Interestingly, although (mSNICQ)STAT3-FP still binds STAT1 in IL-6 

stimulated cells, phosphorylated (mSNICQ)STAT3-FP/STAT1 heterodimers are also 

not able to bind specific GAS sequence, indicating that both monomeric partners in 

STAT3/STAT1 heterodimers must be able to recognize and associate with specific 

GAS-sequences in order to exert their functions. The functional relevance and 

mechanistic features of STAT heterodimers in vivo are still not fully understood [248], 
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therefore further analysis of DNA recognition by STAT heterodimers could help to 

understand the molecular basis for STAT heterodimer formation and function in vivo, 

revealing novel therapeutic approaches to treat dysfunctional STAT signaling. 

 

In contrast to DNA-recognition mutant, the STAT3 N-terminal domain deletion mutant 

remains in the cytoplasm in the form of activated dimers capable of GAS-element 

binding after IL-6 stimulation. We conclude that the observed prolonged 

phosphorylation and reduced expression of STAT3-regulated genes after deletion of 

the NTD is a result of defective nuclear accumulation, which cannot be rescued via 

CRM1-mediated nuclear export inhibition. Based on our observations of (∆N)STAT3-

FP and (mSNICQ)STAT3-FP signaling we determined that nuclear accumulation and 

GAS-recognition during cytokine-induced STAT3 signaling are two separate 

processes that does not depend on each other. Nevertheless, both mechanisms are 

required for full STAT3 target expression, as demonstrated by defective early socs3 

induction by these mutants. Of note, at later time points both mutants showed 

upregulation of socs3, which can be attributed either to delayed action of mutated 

STAT3 constructs or to possible STAT3 replacing mechanism, such as STAT1 or 

other unidentified proteins. Given that MEFΔ/Δ proliferate and thrive in culture, it is 

worthwhile to define which mechanisms compensate for STAT3 absence. Most 

prominent candidates are STAT1 and MAPK pathways, which are continuously 

activated upon IL-6 type cytokine treatment as described previously [199]. 

 

The exact mechanisms impeding (∆N)STAT3-FP nuclear translocation upon cytokine 

treatment remains to be elucidated. In contrast to STAT1, STAT3 NTD is not required 

for binding to various importin-α isoforms (α3, α5 and α7), as demonstrated by our in-

vitro pulldown experiments. Moreover, the importin-α5 mutant Y476G that does not 

bind STAT1 is still able to bind endogenous STAT3, indicating that there are 

molecular and mechanistic differences between STAT1 and STAT3 active nuclear 

import. Although in-vitro pulldown experiments with bacterially expressed proteins 

have been widely used to study nuclear trafficking of STATs [155, 157-160, 175], the 

expression of recombinant proteins might produce unwanted biological artifacts or 

lead to incorrect conformation of desired proteins. Furthermore, the relatively large 

size of the GST-tag attached to importin molecules may interfere with the activity or 
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impose dimerization of recombinant proteins [271, 272]. Thus, other systems for 

studying intracellular STAT-importin interactions must be employed.  

 

Lack of cytokine-induced nuclear accumulation or defective dephosphorylation of 

(∆N)STAT3-FP observed in this work can be attributed to abolished protein-protein 

interaction due to either direct absence of the NTD or an indirect allosteric effect on 

integrity of the STAT3 molecule. Data from the literature showed many STAT3 

interacting partners as potential candidates important for both nuclear translocation 

and subsequent deactivation of STAT3. First, several proteins apart from classical 

receptor/JAK complexes have been identified to enhance and facilitate STAT3 

phosphorylation and nuclear translocation. Most prominent examples are Src [94, 

273-275], p300 [81, 171], c-Jun/JunB [276], SMAD1/4 [277], Rac1 via MgcRacGap 

[219], STAP-2 [278], ZIPK [279], Y14 [280], Brk [281] and ARL3 [282]. On the other 

hand, other than SOCS3 proteins are tightly involved in STAT3 negative regulation 

by promoting dephosphorylation and STAT3 degradation via direct interactions. 

These include several phosphatases, such as TC-PTP (PTPN2) [206], DUSP2 [210], 

Meg2 (PTPN9) [283] and SHP2 (PTPN11) [284], as well as other proteins, including 

HDAC1 [285], PIAS3 [286], GdX [208], SIPAR [209], ARHI [220], PDLIM2 [287], 

cyclin D [288], Daxx [289], KAP-1 [290], ECHS1 [291], Tip60 [292], HIC1 [293], 

Sin3A [294], PML [295], MyOD [296], p21WAF1 [297], STATIP1 [298], LMW-DSP2 

[299], GATA-1 and GATA-2 [300]. Out of these, DUSP2, HDAC1, ECHS1, ARHI and 

PDLIM2 interacted with the NTD of STAT3. Further analysis of consequences of 

NTD deletion on association with different activating and suppressing factors can 

reveal potential mechanism required for STAT3 active nuclear import or 

dephosphorylation. Recent advances in STAT3 interactome analysis identified 136 

proteins as putative interaction partners of STAT3 in Hek293 cells [301], yielding new 

potential candidates for further research. 

 

Inhibition of CRM1-mediated nuclear export by LMB results in nuclear accumulation 

of latent STAT3 and prolonged nuclear presence of STAT3 after cytokine-induced 

nuclear translocation. Nevertheless, dephosphorylation kinetics of both (WT)STAT3-

FP and (∆N)STAT3-FP remained unchanged upon LMB treatment in IL-6 treated 

cells. These results revealed that nuclear export is not required for STAT3 

dephosphorylation after cytokine activation and main phosphatases involved in 
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STAT3 deactivation are localized in the nucleus. TC45 [206] and DUSP2 [210] 

nuclear phosphatases have been described previously as important STAT3 negative 

regulators. 

 

Our data also showed that presence of functional SH2 or N-terminal domains, as well 

as preformed dimers and GAS‐element‐specific DNA recognition are all dispensable 

for constitutive nucleocytoplasmic shuttling of latent STAT3, supporting the idea that 

basal nuclear import of STAT3 employs different transport mechanisms than 

cytokine-induced active nuclear translocation similarly to STAT1 [224]. Studying the 

interactions of STAT3 with nucleoporins such as Nup153 and Nup214, previously 

reported to interact with STAT1 [218], may help to clarify the exact mechanism of 

latent nucleocytoplasmic shuttling for STAT3. 

 

STAT3 null MEFs stably expressing mutated (∆N)STAT3-FP and (mSNICQ)STAT3-

FP constructs also demonstrated increased STAT1 activation upon IL-6 stimulation in 

comparison to (WT)STAT3-FP expressing cells. Previous reports demonstrated that 

in the absence of STAT1, STAT3 phosphorylation is enhanced following IFNγ 

treatment and that STAT3 activation can replace STAT1 in GAS-dependent gene 

induction [94]. Likewise, in the absence of STAT3, STAT-1 activation is increased 

following IL-6 stimulation and this leads to an IFNγ-like responses, suggesting mutual 

cross-regulation mechanisms [100]. In the second part of this work we demonstrate, 

that mutual regulation of STAT1 and STAT3 is not symmetric. While the absence of 

STAT3 led to enhanced phosphorylation and nuclear accumulation of endogenous 

STAT1, IFNγ stimulation of STAT1 null MEFs resulted only in a slight increase in 

STAT3 phosphorylation without subsequent nuclear translocation. The expression of 

target genes for both factors (for example socs3, cfos and junB as STAT3 targets 

and irf1, gbp2, stat1 as STAT1-dependent genes) under these conditions will further 

clarify transcriptional activity for atypically activated STAT1 and STAT3. 

 

In order to further clarify the exact mechanism by which STAT3 can downregulate 

non-canonical STAT1 activation upon IL-6 treatment, we used cell lines stably 

expressing wild-type and mutated STAT3-FP constructs. Our data reveal that stable 

restoration of wild-type STAT3-FP in STAT3-deficient MEFs rescued the abnormal 

STAT1 phosphorylation, while STAT3-FP overexpression further decreased IL-6-
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induced activation of STAT1 in HeK293 cells. IFNγ-induced STAT1 activation was 

unaffected across all conditions. Furthermore, NTD deletion and transcriptionally 

defective STAT3 mutants (R609Q and mSNICQ) could not reproduce this effect, 

indicating that transcriptional activity and, possibly, unique functions of STAT3 NTD 

are responsible for modulating atypical STAT1 signaling. The comparison of several 

mutants stably expressed in STAT3-null MEFs showed that preformed dimer 

formation, competition for receptor docking sites and unique functions of the isolated 

STAT3 NTD are not involved in STAT3-mediated regulation of gp130/STAT1 

signaling. It has been reported that in IL-6-treated cells, STAT1 dephosphorylation 

required de novo protein synthesis when STAT3 is present [176], while SOCS3-/- 

macrophages and hepatocytes induce IFNγ-responsive genes in response to IL-6, 

similarly to IFNγ-like response observed in STAT3-/- MEFs [56, 57, 302]. 

Conclusively, our data together with previously published results indicate that STAT3 

target gene expression, such as socs3, is negatively regulating IL-6-induced STAT1 

activation under normal conditions. Hence, stable transfection of (∆N)STAT3-FP and 

(mSNICQ)STAT3-FP mutants that are defective in socs3 gene expression did not 

rescue abnormal STAT1 activation in STAT3-null cells as (WT)STAT3-FP did. 

 

NF-κB and STAT3 are essential transcription factors in immunity and act at the 

interface of the transition from chronic inflammation to cancer. Different functional 

crosstalks between NF-κB and STAT3 have been recently described arguing for a 

direct interaction of both proteins. In the third part of this work, we systematically 

analysed canonical NF-κB p65 and STAT3 signaling in p65-/- and STAT3-/- cells. 

Our data demonstrated that the fixation procedure has a strong influence on the 

appearance of the subcellular distribution of STAT3 and NF-κB subunit p65 having 

important implications for the interpretation of published data. The consistent parallel 

analysis of endogenous p65 and STAT3 subcellular distribution by 

immunofluorescence required an optimized fixation protocol with 3.7% PFA treatment 

followed by short ice-cold methanol incubation.  

 

Using p65-/- or STAT3 -/- MEFs, we have found that STAT3 does not interfere 

directly with canonical TNFα-induced NF-κB signalling. However, expression of NF-

κB positively correlates with total STAT3 and STAT1 levels and supports STAT3 and 

STAT1 activation. Given that stable reconstitution of wild-type p65-YFP but not the 
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S276A mutant in p65-deficient cells restored normal STAT1 and STAT3 levels, we 

conclude that transcriptional activity of p65 controls the expression of total STAT1 

and STAT3, but not STAT5, without affecting canonical IL-6-induced STAT3 

signaling. Analysis of p65 binding to STAT1 and STAT3 promoters and initiation of 

transcription will further clarify the role of NF-κB in STAT signaling. Taken together, 

our findings indicate that previously reported functional cross-talks between both 

pathways are not universal but rather cell-type specific. 

 

In the last part of this thesis we generated and characterized STAT3-YFP knock-in 

mice as a potentially powerful tool to study STAT3 dynamics in-vivo. Our data show 

that STAT3-YFP knock-in mice were successfully generated. The animals do not 

show any obvious abnormal phenotype. The YFP fluorescence can be detected by 

flow cytometry and confocal microscopy. STAT3-YFP knock-in mice will be a 

valuable tool for deciphering the functions and dynamics of STAT3 in many 

physiological and pathological processes in-vivo using different murine disease 

models and advanced microscopy techniques. 
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VII.  Abbreviations  

 

+/+     Homozygous knock-in ESC 

+/-     Heterozygous knock-in ESC 

± SD      Standard deviation 

∆IBB     Lacking IBB domain 

∆N     Lacking N-domain 

∆NES     Lacking NES 

∆NLS     Lacking NLS 

∆TAD     Lacking TAD 

°C     Degree Celsius 

µg, µl, µm    Micrograms, microliters, micrometers 

α-32P     Radioactevelly labeled with Phosphorus-32 

 

A 

 

A     Adenine 

A549     Adenocarcinomic human lung epithelial cells. 

APE1     Apurinic/apyrimidinic endonuclease 1 

APRF     Acute phase response factor (STAT3) 

APS     Ammonium persulfate  

ARHI     Aplysia ras homology member I    

ARL3     ADP-ribosylation factor-like protein 3 

ARM      Armadillo repeats 

 

B 

 

BIRC5     Baculoviral inhibitor of apoptosis repeat-containing5 

BRD4     Bromodomain-containing protein 4 

Brk     Breast tumor kinase 

BSA     Bovine serum albumin 
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C 

 

C     Cytosine 

C57BL/6     C57 black 6 inbred strain of laboratory mouse 

CAS      Cellular apoptosis susceptibility protein 

CCD     Coiled-coil domain 

cDNA     Complementary DNA    

cfos     Cellular Fos proto-oncogene gene 

CFP     Cyan fluorescent protein 

c-Jun     Jun proto-oncogene 

CLC     Cardiotrophin-like cytokine  

CNTF     Ciliary neurotrophic factor 

CO2     Carbon dioxide 

Co-IP     Co-immunoprecipitation 

CRM1     Chromosomal maintenance 1 

CRP     C-reactive protein 

CT-1      Cardiotrophin-1 

C-terminal    Carboxy-terminal 

 

D 

 

dATP     Deoxyadenosine triphosphate 

Daxx     Death-associated protein 6 

DBD     DNA-binding domain 

dCTP     Deoxycytidine triphosphate 

ddH2O    Double distilled water 

dGTP     Deoxyguanosine triphosphate 

DMEM     Dulbecco’s modified Eagle's medium 

DMSO    Dimethyl sulfoxide 

DNA     Deoxyribonucleic acid 
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dNTPs    Deoxyribose-containing nucleoside triphosphates 

dsRed     Red fluorescent protein 

DTT     Dithiothreitol 

dTTP     Deoxythymidine triphosphate 

DUSP     Dual-specificity phosphatase 

 

E 

 

E.Coli      Escherichia coli  

ECHS1    Enoyl Coenzyme A hydratase short chain 1 

EDTA     Ethylenediaminetetraacetic acid 

eGFP     Enhanced green fluorescent protein 

EMSA     Electrophoretic mobility shift assay   

ESC     Embryonic stem cells, murine 

 

F 

 

FACS     Fluorescence-activated cell sorting 

FCS     Fetal calf serum 

FLP     Flippase recombinase     

FP     Fluorescent protein, forward primer 

FRT     Flippase recognition target 

 

G 

 

G     Guanine      

GAPDH    Glyceraldehyde 3-phosphate dehydrogenase 

GAS     Gamma IFN-activated site     

GATA     Transcription factors that bind to "GATA" sequence 

gbp2     Interferon-induced guanylate-binding protein 2 gene 

G-CSF    Granulocyte colony-stimulating factor 

gDNA     Genomic DNA 

gp130     Glycoprotein 130 

gp80     Glycoprotein 80 
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GPCRs    G protein–coupled receptors 

GST     Glutathione S-transferases 

 

 

H 

 

HDAC1    Histone deacetylase 1 

Hek293    Human embryonic kidney 293 cells 

HeLa     Henrietta Lacks, human cervical cancer cells 

HIC1     Hypermethylated in cancer 1 protein 

HRP      Horseradish peroxidase 

HUVEC    Human umbilical vein endothelial cells 

 

I 

 

IB     Immunoblot 

IBB     Importin-beta binding 

ICAM-1    Intercellular adhesion molecule 1 

IE1     Immediate-early 1 protein 

IF     Immunofluorescence 

IFN     Interferon 

IFNGR    Interferon gamma receptor 

IgG     Immunoglobulin G 

IKK     IκB kinase 

IL     Interleukin 

IL-6Rα    Interleukin-6 receptor alpha subunit 

iNOS     Nitric oxide synthase, inducible isoform 

irf1     Interferon regulatory factor 1 gene   

ISGF     Interferon-stimulated gene factor 3   

ISRE     Interferon-stimulated response element 

IκBα     Inhibitor of kappa beta alpha 

ikba     IκBα gene 

 

J 
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JAK     Janus kinase 

JunB     Jun B Proto-Oncogene 

junB     Jun B Proto-Oncogene gene 

 

K 

 

K48-linked     Lysine 48 linked 

KAP-1     KRAB-associated protein-1 

kDa     Kilodaltons 

 

L 

   

LD     Linker domain 

LIF     Leukemia inhibitory factor 

LIFR     LIF receptor 

LMB     Leptomycin B 

LMW-DSP2    Dual specificity protein phosphatase 22 

LPS     Lipopolysaccharide 

LSM     Laser scanning microscopy 

 

M 

     

MAPK     Mitogen-activated protein kinases 

MEF     Mouse embryonic fibroblasts 

MEF ∆/∆    STAT3-deficient MEFs 

Meg2     Tyrosine-protein phosphatase non-receptor type 9 

MgcRacGAP    Rac GTPase activating protein 

mGUSB    Murine beta-glucuronidase gene   

min     Minutes 

ml     Mililiters 

mm     Milimeters 

mRNA     Messenger RNA 

MSK1     Mitogen- and stress-activated protein kinase-1 
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mSNICQ    Mutated SNICQ amino acid sequences 

MyOD     Myogenic differentiation 1 protein 

 

 

N 

 

n     Amount 

NaVO3    Sodium orthovanadate 

NEMO    NF-Kappa-B essential modulator 

NES     Nuclear export signal 

NF-κB     Nuclear factor kappa beta 

ng, nm    Nanograms, nanometers 

NLS     Nuclear localization signal     

NPCs     Nuclear pore complexes 

NTD     N-terminal domain 

Nup     Nucleoporin 

N-terminal    Amino-terminal 

 

O 

 

OD     Optical density 

OSM     Oncostatin M 

OSMR    OSM receptor 

 

P 

 

p21WAF    Cyclin-dependent kinase inhibitor 1 

p300     Histone acetyltransferase p300 

p65     NF-κB  subunit p65, RelA 

p65 -/-     p65-deficient 

PCR     Polymerase chain reaction 

PDLIM2    PDZ and LIM domain protein 2 

PFA     Paraformaldehyde 

PIAS3     Protein inhibitor of activated STAT 3 
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PML     Promyelocytic leukemia protein 

pmol     picomol     

PMSF     Phenylmethylsulfonyl fluoride 

Poly(dI-dC)    Poly(deoxyinosinic-deoxycytidylic) acid 

PTEFb    Positive transcription elongation factor  

PTPN     Protein tyrosine phosphatases, non-receptor type 

PVDF     Polyvinylidene fluoride 

 

Q 

 

qPCR     Quantitative real-time PCR 

 

R 

 

Rac1     Ras-related C3 botulinum toxin substrate 1 

Ran     Ras-related nuclear protein 

RanBP1    Ran-specific binding protein 1 

RanGAP    Ran GTPase-activating protein 

RanGTP    Guanosine-5'-triphosphate-bound Ran 

RANTES  Regulated on activation, normal T cell expressed 

and secreted protein 

RATs     Ratjadones 

RelA     NF-κB  subunit RelA, p65 

RHD     Rel homology domain 

RhoA     Ras homolog gene family, member A 

RIPA     Radioimmune precipitation assay    

RNA     Ribonucleic acid 

RNA Pol II    RNA polymerase II 

RP     Reverse primer 

RPM      Rounds per minute 

RTKs     Receptor tyrosine kinases 

 

S 
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S1/S1     STAT1 homodimers 

S3/S1     STAT3/STAT1 heterodimers 

S3/S3     STAT3 homodimers 

SAA     Serum amyloid A 

SCF–βTrCP     Multi-protein E3 ubiquitin ligase 

SDS     Sodium dodecyl sulfate 

SDS-PAGE     SDS polyacrylamide gel electrophoresis 

SH2     Src Homology 2 domain 

SHP2  Src homology-2 domain containing protein tyrosine 

phosphatase-2 

SIE     sis-inducible element 

Sin3A     Paired amphipathic helix protein 

SIPAR    STAT3-Interacting Protein As a Repressor 

SMAD  Sma and Mad (Mothers against decapentaplegic) 

protein 

SOCS3    Suppressor of cytokine signaling 3 

socs3     SOCS3 gene 

Src     Rous sarcoma oncogene cellular homologue 

STAP-2    Signal-transducing adaptor protein 2   

STAT     Signal transducer and activator of transcription 

STAT1 -/-     STAT1-deficient 

STAT1C    Constitutively active STAT1 

STAT3 -/-     STAT3-deficient 

STATIP1    STAT3-interacting protein 1 

 

T 

 

T     Thymine 

TAD     Transactivation domain 

TAK1     TGFβ-activated kinase 1 

TC45     Nuclear isoform of TC-PTP 

TC-PTP    Tyrosine-protein phosphatase non-receptor type 2 

TEMED    Tetramethylethylenediamine 

Tfh     Follicular B helper T cells 
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Th1     T helper cell subset 1 

Th17     T helper cell subset 17 

Th2     T helper cell subset 2 

Tip60     60 kDa Tat-interactive protein    

TNFα     Tumor necrosis factor alpha 

TRAF     TNF receptor associated factors 

T-Rex     Tetracycline repressor protein expressing cells 

Tris     Tris(hydroxymethyl)aminomethane 

TYK2     Non-receptor tyrosine kinase 2 

 

U 

 

U4C-JAK1  Mutant fibrosarcoma cell line reconstituted with 

JAK1 

UBL4A    Ubiquitin-like protein 4A  

U-STATs    Unphosphorylated STAT proteins 

 

V 

 

VP24     Viral protein 24 

 

W 

     

WT      Wild type 

 

Y 

 

YFP     Yellow fluorescent protein 

YXXQ     Tyrosin-any two amino acids-glutamine motif 

 

Z 

 

ZIPK     Zipper interacting protein kinase 
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