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distinct functions, and these proteins are activated by many IL-2 family cytokines. 
STAT5a is involved in prolactin and STAT5b in growth hormone signalling. STAT6 
is activated by IL-4 and IL-13 and it participates in the regulation of Th2 
development (117, 148, 199, 234, 286). 

STATs have the ability to mediate signals from cell membrane into the nucleus to 
activate gene transcription, thus bypassing the involment of any additional signalling 
cascades between cell-surface receptors and the target genes. STAT proteins form 
active homodimers in response to ligand stimulation. In some cases STATs prefer 
heterodimer formation, e.g. STAT1/STAT2 in response to IFN-α/β activity, 
STAT1/STAT3 in response to IL-6 activity and STAT5a/STAT5b in response to 
growth hormone activity (108). STAT2 is unique in that it has not been found to 
bind DNA as a homodimer. Cytokine stimulation leads to a rapid accumulation of 
active STAT dimers into the nucleus. Once in the nucleus, STAT dimers can 
directly bind to DNA sequences known as �-activated sequences (GAS) in the 
promoter regions of cytokine-responsive genes, resulting in modulations of gene 
activity. STAT activation is normally rapid and transient in nature, lasting from 
several minutes to a few hours. The activation is usually quickly down-regulated to 
keep cytokine responses under control. However, it has become apparent that some 
STATs are also involved in controlling constitutive and ligand independent gene 
expression (31). Moreover, it has been shown that STAT1 can also negatively 
regulate certain promoters in response to IFN-� (220).  

 

 

 

 

 

 

 

Figure 4. Schematic representation of STAT1 and STAT2 structure. The N-terminal 
end and the coiled coil domain (CC) mediate interactions with various 
proteins. The DNA binding domain (DNA) is located in the middle of the 
molecule followed by a linker domain. SH2 domain interacts with 
phosphotyrosine residue of the other molecule in STAT dimers. 
Transactivation domain (TAD) is located at the C-terminal end and contains 
the conserved tyrosine residue critical for dimer formation.     
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Structure of STAT proteins 

Full-length STAT proteins are between 750 (STAT1) and 851 (STAT2) amino acids 
long and share several functional domains (Figure 4). N-terminal domain (residues 
1-~140) is involved in formation of dimers, tetramers and other higher order 
complexes between STAT family members. This domain also mediates other 
protein-protein interactions e.g. STAT1 with CBP/p300 transcriptional coactivators 
(296). Next from the N-terminus is a coiled coil region (amino acids ~130-315), 
which mediate many protein-protein interactions in solution or on target promoters. 
The coiled coil region of STAT3 has been shown to contain amino acids essential 
for interaction with importin α molecules (156). Two functional NESs have been 
identified in the coiled coil domain of STAT1 (16, 188). Furthermore, coiled coil 
domain of STAT1 and STAT2 have been shown to interact with interferon 
regulatory factor (IRF) 9 (109, 168). The DNA-binding domain at amino acids 
~300-500 contains an immunoglobulin (Ig)-like fold and it resembles that of NF-�B 
DNA-binding domain. DNA-binding domains of STAT1, STAT2 and STAT3 
contain amino acids essential for interaction with importin α molecules and 
subsequent nuclear import of activated dimers (156, 172, 177). In addition, yet 
another functional NES of STAT1 has been mapped to the DNA binding domain of 
STAT1 (173). The short linker domain connects the DNA-binding domain to the src 
homology-2 (SH2) domain. SH2 domains are found in a large number of proteins 
involved in signal transduction and these domains function to specifically recognize 
phosphorylated tyrosine residues (185). In all STAT molecules the conserved 
activating tyrosine residue (Tyr701 of STAT1 and Tyr690 of STAT2) closely follows 
the SH2 domain. This conserved tyrosine residue undergoes phosphorylation upon 
activation and forms intermolecular interaction with the SH2 domain of the other 
STAT molecule in the active dimer. Dimerization via tyrosine phosphorylation is 
critical in activation of all STAT dimers. However, STATs are the only transcription 
factors known to be activated by tyrosine phosphorylation. The region from the 
activating tyrosine residue to the C-terminal end comprises the transcriptional 
activation domain (TAD). This is the most diverse domain among STAT proteins. In 
the promoters of target genes the TADs of STATs interact with other proteins 
involved in regulation of gene transcription. NES has been identified in the TAD of 
STAT2 (9). The TAD of STAT1 has been shown to interact with CBB/p300 (296). 
The TADs of STAT1, STAT3, STAT4, STAT5a and STAT5b can be modulated by 
serine phosphorylation to further regulate the transcriptional activities of the proteins 
(57, 150). STAT proteins have been described to undergo proteolytic processing and 
alternative splicing to produce shorter isoforms. The full-length STATs are called as α 
isoforms and the shorter products as �, � or � isoforms (14, 37, 150, 283). The crystal 
structures of several STAT dimers have been determined (14, 37, 163, 194, 283). 



 

33 

STAT1 and STAT2 mediated interferon signalling 

The first STATs identified 15 years ago were STAT1 and STAT2. They were 
discovered as targets of IFN activation (78, 233). IFNs are a family of cytokines that 
have the ability to interfere with viral replication and infection. IFNs can be divided in 
three distinct groups: Type I interferons (predominantly IFN-α and -β) are produced 
by many cell types as a first line of defence against viral infections (239). IFN-� is the 
only member of type II IFNs. IFN-� is produced by natural killer cells and T cells and 
it has multiple effects in the regulation of immune responses involved in 
inflammation, antibody production and viral infection (239). The recently described 
type III interferons consist of IFN-�1, IFN-�2 and IFN-�3 (136, 241). Although type I 
and type III IFNs signal through distinct receptor complexes, both types induce 
STAT1, STAT2 and STAT3, and as a result type III interferons have antiviral 
functions similar to those of type I interferons (299). Binding of interferons to their 
cell surface receptors activates antiviral etc. responses via Janus tyrosine kinase (Jak)-
STAT pathway (55). Jaks are receptor associated tyrosine kinases that posess auto- 
and transphosphorylation functions (148). Presently, four members of Jaks have been 
described in humans: Jak1, Jak2, Jak3 and Tyk2 (290). Jak-STAT pathway is the most 
common and best characterized signalling pathway in response to a wide variety of 
cytokines (292). The intracellular activation of Jak-STAT pathway occurs when ligand 
binding induces the multimerization of receptor subunits.  

Type I and type II interferons signal through distinct but related pathways (Figure 
5). IFN-α/� receptor is composed of two transmembrane receptor chains: IFNα/�R1 
and IFNα/�R2. The cytoplasmic domains of the receptor subunits are specifically 
and constitutively associated with Tyk2 (IFNα/�R1) and Jak1 (IFNα/�R2) tyrosine 
kinases. During unstimulated state the receptor subunits are not preassociated with 
one another strongly. Binding of IFN-α/� to its receptor causes dimerization of the 
subunits and brings the receptor associated Jaks into close proximity. This induces 
sequential activation of Tyk2 and Jak1 by auto- and transphosphorylation. Activated 
Tyk2 and Jak1 in turn phosphorylate IFNα/�R1 at specific tyrosine residues, 
constructing a docking site for the SH2-domain of STAT2. Next, Tyk2 and Jak1 
phosphorylate receptor-bound STAT2 at Tyr690. This enables the binding of STAT1 
to the receptor. Receptor associated STAT1 is phosphorylated by Jaks at Tyr701, 
which is critical for the formation of the active STAT1/STAT2 heterodimer. Once 
activated, the dimer dissociates from the receptor. The receptor-dissociated 
STAT1/STAT2 heterodimer, together with the dimer associated IRF9, generates the 
active interferon-stimulated gene factor 3 (ISGF3) complex characteristic of IFN-
α/β stimulation. In the nucleus ISGF3 complex binds to the interferon-stimulated 
response element (ISRE) sites on the promoter regions of IFN-α/� responsive genes. 
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The products of these genes induce the primary IFN-α/β induced response for viral 
infections (239, 248).  

 

 

Figure 5. Type I (left) and type II (right) interferon (IFN) signaling. IFN binding to 
its receptor results in heteromerization of the receptor subunits. This 
induces phosphorylation of receptor-associated Jaks and receptor chains. 
STATs bind to the receptor via their SH2 domains. Receptor-bound STATs 
are phosphorylated by Jaks. Phosphorylated STATs form dimers, dissociate 
from the receptor, enter into the nucleus and bind to the promoter regions of 
IFN-responsive genes.  
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The subunits of the IFN-� receptor, IFN�R1 and IFN�R2, are preassociated with 
Jak1 and Jak2, respectively (Figure 5). The active form of IFN-� is a homodimer. 
Ligand binding to the IFN�R1 subunit leads to the oligomerization of the receptor 
and activation of the receptor-associated kinases by auto- and transphosphorylation. 
Jak2 is activated first and it is needed for the activation of Jak1 (28). Activated Jaks 
in turn phosphorylate the IFN�R1 subunit providing an attachment site for STAT1 
via its SH2 domain. Receptor-associated STAT1 molecules are phosphorylated by 
Jaks at Tyr701, which enables the formation of an active STAT1 homodimer, the �-
activated factor (GAF). It has been proposed that Jak1 is mainly responsible for the 
receptor phosphorylation, and once STAT1 is bound to the receptor, the 
phosphorylation of STAT1 is mediated by Jak2 (28). Phosphorylated STAT1 
homodimer dissociates from the receptor and the dimer translocates into the nucleus. 
In the nucleus STAT1 homodimers bind GAS sites on interferon �-activated genes. 
The transcriptional function of STAT1 homodimers and ISGF3 complexes can be 
further regulated by serine phosphorylation of STAT1 (211). IFN-α/β and IFN-� 
have partly overlapping functions because to a certain extent STAT1 homodimers 
are formed upon IFN-α/β stimulation, and also because STAT1 homodimers 
induced by IFN-� can also be associated with IRF9 and bind to the ISRE sequences 
(248). In addition, STAT1-independent gene regulation has been described in 
respone to IFN-α/β and IFN-� (86, 218, 219). Although a great variety of cytokines 
and cytokine receptor combinations signal through the four Jak molecules and the 
seven STAT proteins, other STAT family members are activated by various 
cytokines similary to STAT1 and STAT2 through receptor oligomerization and 
receptor-associated Jaks, making the IFN signal transduction pathway presented 
above a generic model for STAT-mediated cytokine signalling.   

Originally, the standard model postulated that latent STATs exist as a monomeric 
pool prior to cytokine stimulation (242). However, it has become evident that 
unphosphorylated STATs most likely exist as dimers and probably as tetramers and 
higher order complexes in unstimulated cells (236). First, it was presented that 
STAT3 homodimers and STAT1/STAT3 heterodimers can be 
coimmunoprecipitated from unstimulated cells (94, 198). In addition, large 
multiprotein complexes (up to 1-2 MDa) of STAT3, STAT1, STAT5a and STAT5b 
were identified from Hep3B cells and rat liver cytoplasm prior to cytokine 
stimulation (193). Furthermore, crystallographic analyses of unphosphorylated 
STAT1 revealed a tetrameric conformation (163). However, by further biochemical 
analyses the authors concluded that STAT1 exists predominantly as a dimer prior to 
cytokine stimulation. Moreover, the authors presented two different conformations 
for unphosphorylated STAT1, designated as “parallel” and “antiparallel” models 
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(163, 297). The parallel model was shown to resemble the structure of the tyrosine-
phosphorylated STAT1 homodimer, whereas the antiparallel dimer had a unique 
conformation. The authors further speculated that the antiparallel form is the 
predominant structure in the latent state, whereas the parallel conformation was 
proposed to be the receptor bound form of STAT1 prior to tyrosine phosphorylation. 
Tyrosine phosphorylation upon ligand binding most likely induces a conformational 
change in STAT dimer that causes dissociation of the dimer from the receptor and 
induces a conformation that is recognizable by importin α molecules. 

 

STAT inactivation 

STATs are inactivated in the cytoplasm by several proteins. Supressor of cytokine 
signalling (SOCS) proteins prevent further activation from the receptors by 
interacting with phosphorylated receptor subunits or Jaks (70). SOCS can also 
induce STAT degradation by the ubiquitin-proteasome pathway (137). Cytokine-
induced SH2 protein (CIS) competes with STATs for the same docking sites on the 
receptor (169). In the nucleus, protein inhibitors of activated STATs (PIAS) inhibit 
the DNA binding of active STATs (2), while certain phosphatases have been 
described to dephosphorylate active STATs in the nucleus (263, 285). 
Phosphorylated STATs are not transported back to the cell cytoplasm. Previous 
models of STAT inactivation presented that dephosphorylation releases STATs from 
DNA (97, 248). However, at present it seems that it is the other way round: DNA 
binding protects STATs from dephosphorylation (182, 297). Only upon dissociation 
from the promoter regions STAT dimers are subjected to dephosphorylation. It has 
been proposed that phosphorylated STAT1 dimer undergoes conformational 
rearrangements to the antiparallel form when not bound to DNA. This 
rearrangement of the dimer is most likely required for the efficient presentation of 
phosphorylated STAT1 dimer to the tyrosine phosphatases prior to their nuclear 
export (297). 

 

STAT nucleocytoplasmic transport 

Classical NLSs have not been identified in STATs. The first report of the existence 
of NLS signals in STAT molecules emerged when an unconventional, structural and 
dimer-specific NLS was identified in STAT1 and STAT2 (177). This structural NLS 
is situated in the DNA-binding domain of the molecule, and two of these elements, 
one in each monomer, were shown to be required for nuclear import of STAT1 and 
STAT2. The amino acids required for nuclear import were mapped to lysines 410 
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and 413 of STAT1 and to arginine 409 and lysine 415 of STAT2. Another study has 
described leucine 407 to be essential for STAT1 nuclear import (172). Previously, 
the mechanism that regulates STAT1 nuclear import was shown to involve the 
function of importin α5 (238).  

STAT3 has been shown to contain two distinct arginine-rich sequence elements, 
which are required for its nuclear import (157). These elements are situated in the 
coiled coil (arginines 214 and 215) and DNA-binding (arginines 414 and 417) 
domains of STAT3. The NLSs of STAT1, STAT2 and STAT3 differ from the 
classical NLS signals to some extent. They do not resemble the consensus sequences 
of classical mono- or bipartite NLSs, and they become active only in dimers. 
Recently, it was presented that the nuclear import of STAT3 is mediated by importin 
α5 and importin α7 in a cytokine-stimulation dependent fashion (156). However, it 
has also been suggested that signal-dependent nuclear import of STAT3 is mediated 
by other importin α isoforms (270). In addition, it has been suggested that nuclear 
import of STAT3 is independent of tyrosine phosphorylation and mediated by 
importin α3 (155). Moreover, a valine-rich sequence consisting of amino acids 466-
469 of STAT5b has been proposed to be required for growth hormone-induced 
nuclear accumulation of STAT5b (102). At present, there is no detailed information 
describing the molecular mechanisms of nuclear import of STAT4, STAT5a, 
STAT5b or STAT6.   

It has been suggested that unphosphorylated STATs shuttle continuously between 
the nucleus and cytoplasm. It has also been proposed that the nuclear import of 
unphosphorylated STATs and tyrosine phosphorylated STAT dimers are 
mechanistically distinct from each other (9, 180, 181, 212, 295). These observations 
were confirmed by import assays with digitonin-permeabilized cells, which retain an 
intact NE but are devoid of cytoplasmic proteins, and thus, importins. It was 
revealed that only unphosphorylated STAT1 could enter the nucleus in the absence 
of cytosolic proteins, whereas the nuclear import of tyrosine phosphorylated STAT1 
dimers required metabolic energy and added cytosol (164). Similar results were 
obtained also for unphosphorylated mouse STAT3 and sheep STAT5 (164). In fact, 
the authors further demonstrated that the constitutive nucleocytoplasmic shuttling of 
STAT1 is mediated by direct interactions of STAT1 with the FG-rich nucleoporins 
of the NPC. Thus, it is apparent that STATs use two distinct pathways. Before 
cytokine stimulation, unphosphorylated STATs shuttle in and out of the nucleus in a 
karyopherin-independent mechanism that involves direct contacts with nucleoporins. 
Active nuclear import of tyrosine phosphorylated STATs, instead, is dependent on 
importins and metabolic energy. These distinct pathways are most likely the 
consequence of the conformational differences between the unphosphorylated 
dimers and the phosphorylation-activated STAT dimers.  
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A few years ago, three groups identified a leucine-rich NES in STAT1 (16, 173, 
188). All of these functional export signals were mapped to distinct locations of the 
molecule. Later, multiple functional NES motifs have been identified in STAT3 and 
STAT5b (19, 295). In addition, the carboxyl terminus of STAT2 has been shown to 
contain leucine rich NES, which mediates the nuclear export of STAT2 and 
STAT2/IRF9 complexes (9). The carrier-dependent nuclear export of STATs is 
mediated by the exportin Crm1. But, as for nuclear import, there is evidence for 
carrier-independent nuclear export that proceeds through contacts with the 
nucleoporins (164). The existence of these distinct transport pathways allows the 
controlled nuclear transport to occur during cytokine induction, as well as the 
carrier- and energy-free nucleocytoplasmic cycling to proceed without metabolic 
energy under unstimulated cellular conditions.  However, apart from that model, it 
has been proposed that STAT2 is constitutively associated with IRF9, and the 
nuclear shuttling of unphosphorylated STAT2 has been proposed to be dependent on 
the NLS of IRF9 and on the C-terminal NES of STAT2 (9, 144, 168). However, no 
karyopherins have been associated to the nuclear import of IRF9 so far. 

2.2.2 NF-κB 

NF-�B describes a structurally and evolutionary conserved family of ubiquitously 
expressed transcription factors that have important roles in the regulation of a great 
variety of normal cellular and organismal processes, such as immune and 
inflammatory responses, developmental processes, cell proliferation, differentation 
and apoptosis (7, 85, 100). In addition, dysregulation of NF-�B has been associated 
in a number of common diseases including cancer, chronic inflammation, 
neurodegenerative diseases and diabetes (8, 49, 178, 221, 235). NF-�B was initially 
identified more than 20 years ago as a DNA-binding factor for the enhancer of the Ig 
� light-chain in activated B cells (240). However, as it is known today, NF-�B is 
neither a critical regulator of �B light gene nor it is B cell specific. NF-�B is a 
stimulus-responsive pleiotropic regulator of gene control present in all cell types.  

NF-�B is activated by a great variety of physiological and nonphysiolocical stimuli, 
including bacterial, viral and fungal products as well as inflammatory cytokines, 
oxidative stress, ultraviolet and ionizing radiation and genotoxic drugs (202). 
Moreover, nearly 800 inhibitors of NF-�B signalling have been identified so far, 
including a large variety of natural and synthetic molecules (87). In most 
unstimulated and untransformed cells, NF-�B is sequestered in the cytoplasm in an 
inactive, latent state by association with inhibitor of NF-�B (I�B) molecules (6, 
280). The activation of NF-�B is controlled mainly via its nuclear localization. Upon 
stimulation, NF-�B is activated in most cases through the I�B kinase (IKK) 
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complex-dependent phosphorylation of IκB proteins and subsequent degradation of 
I�Bs from the IκB/NF-κB complexes by the ubiquitin-proteasome system (40, 128, 
232). The IKK complex contains two kinase subunits, IKKα and IKK�, and a 
noncatalytic regulatory subunit IKK� (64, 179, 226, 291, 294). Once liberated from 
the inhibitors, NF-�B transcription factors translocate into the nucleus. In the 
nucleus NF-κB binds to functional κB sites in the promoter regions of target genes 
and modulates the expression of several hundred target genes, including genes, 
which produce cytokines and chemokines, growth factors, pro- and antiapoptotic 
proteins, cell surface receptors, cell adhesion molecules, immunoreceptors and 
transcription factors (104, 105) (an extensive list can be found at: www.nf-kb.org). 
Since the activation of NF-�B does not require de novo protein synthesis, some 
genes can be transcriptionally upregulated within minutes after the stimulation. 

 

NF-κB and IκB proteins 

NF-�B transcription factors are dimers of polypeptides belonging to the Rel family 
of proteins (85). All of these proteins share an N-terminal 300 amino acids long 
highly conserved domain called the Rel homology domain (RHD). RHD was first 
recogniced in the transforming gene of the avian reticuloendotheliosis virus (35, 93). 
In mammals NF-�B family of transcription factors is comprised of five members: 
p50, p52, p65 (RelA), c-Rel and RelB (85) (Figure 6). Mature NF-κB proteins are 
between 433 (p50) and 619 (c-Rel) amino acids in lenght. In contrast to p65, c-Rel 
and RelB, which are synthesized as mature proteins, p50 and p52 are first 
synthesized as large precursor molecules of 105 (p105) and 100 kDa (p100), 
respectively. Removal of the C-terminal halves of the precursors by the 
proteasome results in the formation of active p50 and p52 subunits (18, 71, 185).  
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