
IJI VOL. 2 NO. 2 Spring 2005 67

The Jak-Stat Signaling Pathway of Interferons 
System: Snapshots 

 
 

Dr. Masoumeh Varedi 

 
 
Department of Physiology, Medical School, Shiraz University of Medical Sciences, Shiraz, Iran. 
Tel/Fax: (+) 98 711 230 2026, P.O. BOX: 71344 e-mail: mavaredi@sums.ac.ir 
 
 
ABSTRACT 
 
Interferons (IFNs) are a family of small regulatory glycoproteins that play a central role in the 
defense against viral infections. Although IFNs have been initially discovered as antiviral fac-
tors, today they are known as an integral part of the cytokine network that affect a wide range of 
biological processes. IFNs exert their pleiotropic effects through their multisubunit cell surface 
receptors in a species specific manner that is believed to be controlled at the receptor and the 
post-receptor levels. Although IFN-mediated signaling and transcription activation of cellular 
gene expression is currently best understood in the context of the JAK-STAT signal transduc-
tion, additional IFNs signaling pathways may also act in certain conditions. The Janus family of 
tyrosine kinase (JAK) enzymes and two families of transcriptional regulators, signal transducer 
and activator of transcription (STATS) and IFN regulatory factors (IRFs), are the principal 
components of the JAK-STAT pathway. Overlapping subsets of JAKS are involved in signaling 
by type I (IFN-α/ß) and type II (IFN-γ IFNs, indicating that the receptor subunits confer speci-
ficity for activating particular JAK family members. A considerable cross talk can exist between 
separate signaling pathways. The emergence of new tools and approaches for study of IFNs sig-
naling has been an exercise in coming to respect the level of complexity of IFNs system. For 
many years, IFNs have been satisfactorily used in many clinical trials. However, their serious 
side effects remain as the major concern in clinical use of IFNs. A better understanding of the 
exact mechanism involved in IFNs signaling pathways and the structure-function relationships 
of the IFNs system components will allow researchers to improve and expand the therapeutic 
potential of these naturally occurring molecules. IFNs actions are mediated through multiple 
signaling pathways. However, due to the space limitation, this review will focus primarily on the 
IFNs-mediated JAK-STAT pathway. 
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INTRODUCTION 
 
Although interferons (IFNs) have been initially discovered as antiviral factors, today they are 
known as an integral part of the cytokines network that affect a wide range of biological proc-
esses including those regulating cell growth and proliferation, differentiation, extracellular 
matrix metabolism, programmed cell death, and modulation of immune responses. In recent 
years tremendous progress has been made toward understanding the basic mechanism in-
volved in IFNs actions. This advancement set the stage for IFNs to be approved for clinical 
use. For more than a decade IFNs have been satisfactorily used in many clinical trials. How-
ever, their serious side effects remain as the major concern in clinical use of IFNs. Because 
IFNs are the best known naturally occurring antiviral factors, mechanisms involved in their 
antiviral actions have been thoroughly studied. Although considerable cross talk can exist be-
tween separate pathways of IFNs signaling network, due to space limitation and for simplicity 
this review has focused on the IFNs JAK-STATs signaling pathway. A better understanding 
of the exact mechanism involved in IFNs signaling and the structure-function relationships of 
the IFNs system components will allow researchers to improve and expand the therapeutic 
potential of these naturally occurring molecules. 
 
 
INTERFERONS SYSTEM 
 
Genes and Proteins. Interferons are a family of small regulatory glycoproteins that play a critical 
role in the defense against viral infections and regulation of cell growth, differentiation and im-
mune responses (1-5). On the basis of chemical properties, gene structure, cellular source, and 
biological activities, the IFNs have been classified into six distinct IFNs known as IFN−α, IFN−ß, 
IFN-∆, IFN-ω, IFN-tau and IFN−γ (4,5). In contrast to IFN−α gene which is a cluster of twenty -
three interferon−α genes, including several pseudogenes, there is only a single gene for IFN-ß, 
IFN-ω and IFN−γ.  The IFN−α, IFN−ß and IFN-ω genes are simple, lack introns, and located on 
the short arm of human chromosome 9 next to each other (6). Although it is believed that IFN−α 
and −ß may have a common ancestral gene, the proteins exhibit only 15-30% homology in amino 
acid sequence, therefore, they are antigenically different from each other.  There are some evi-
dence to show that the carboxy terminal amino acid residues are not critical for the maintenance 
of biological activities and receptor binding of IFN−α/β. The amino acid residues 139 to 151 are 
highly conserved among alpha interferons and IFN−ß suggesting that this region may participate 
in the formation of a biologically active or a receptor binding domain. This idea has been sup-
ported since both IFN−α and −ß share a common receptor on the surface of target cells. Since 
IFN−α, −ß and -ω have related molecular and functional properties, they are also known as type I 
interferons or viral interferons (4-6). With the exception of mouse embryonal carcinoma cells, 
almost all cells are capable of producing IFN−α and IFN-ß. IFN-ß, originally known as fibroblast 
interferon, is produced mainly by fibroblasts and epithelial cells, whereas, IFN-α is produced by 
leukocytes (7,8). Viral infection is one of the best known inducers of type I interferons. Regarding 
the mechanism of induction, IFN-α genes can be divided into two classes: IFN-α 4 gene which is 
an immediate-early gene and is synthesized rapidly without the need for protein synthesis, and a 
group of IFN-α genes, including IFN-α 2, IFN-α 5, IFN-α 6 and IFN-α 8, that are induced with 
delay and are synthesized more slowly and demand ongoing protein synthesis (6-9). IFN-γ or type 
II interferon, also termed immune interferon, differs from type I interferons at the level of struc-
ture and function (8-11). In contrast to type I interferon genes, the IFN−γ gene is relatively com-
plex. It contains four exons and three introns and is located on different chromosome, the long 
arm of human chromosome 12.   IFN−γ mRNA encodes a 166 amino acid protein which follow-
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ing the cleavage of hydrophobic signal sequence leaves a mature 143−amino acid residue protein. 
The carboxy-terminal sequencing analysis has revealed that this portion of the molecule contains 
a large number of positively charged amino acids. Moreover, 1-6 carboxy terminal residues are 
susceptible to post-translational enzymatic degradation which may be responsible for the length 
and the charge heterogeneity seen in the mature protein (10). Unlike type I IFNs, IFN−γ forms a 
homodimer. Apparently the homodimer is the only form of the peptide that can bind to the spe-
cific IFN−γ receptor. Since the mature molecule is devoid of cysteine residue, two monomers are 
held together by non-covalent forces. Therefore, it is not unexpected that IFN−γ is sensitive to ex-
tremes of pH and heat. Both the carboxy- and amino-terminal regions of the molecule are critical 
for the biological activities and receptor binding of IFN−γ. IFN−γ exhibits two N-linked glycosy-
lation sites. Although these carbohydrate moieties are not important for the IFN−γ biological ac-
tivities, glycosylation appears to influence the stability of the molecule in circulation. T-
lymphocyte and natural killer cells are the major cellular source of IFN−γ. Both antigenic and mi-
togenic stimuli are known to induce immune interferon (11). IFN−γ displays all the biological ac-
tivities that have been ascribed to type I interferons. However, antiviral activity of IFN−γ is 10-
100 fold lower than IFN−α /ß. On the other hand, IFN−γ is 100-1000 times more active as an 
immunomodulator compared with type I IFNs (12).  
Receptors and Signal Transduction Pathways. IFNs exert their extensive and pleiotropic ef-
fects by binding to specific receptors on the surface of target cells in a species specific manner 
which is believed to be controlled at the receptor as well as post-receptor levels (13). Interferons 
receptors are ubiquitously expressed in all cells and even on the surface of most IFN-resistant 
cells. However, until recently, the structure and function of human IFN receptors were poorly elu-
cidated mostly because the receptor number on the cell surface is very limited. Researchers cloned 
the human IFN-α and IFN-γ receptor genes by transfer of human DNA to mouse cells and by se-
lection of mouse cells expressing the human IFN receptors (14-16). These receptors are now 
characterized and have been classified as the members of the cytokines receptor superfamily 
(16,17). In contrast to receptor protein kinases, most cytokines receptors, if not all, do not possess 
intrinsic protein kinase activity or catalytic domain and exhibit limited similarity in their cyto-
plasmic domain. Instead, the cytoplasmic domains of the receptors are associated with a protein 
tyrosine kinase whose activation requires ligand-binding interaction at the cell surface (16-18). 
Type I IFNs bind to a common receptor. The human IFN-α/ß receptor (IFNAR) is composed of 
two identified subunits, IFNAR-1 and IFNAR-2, both map to chromosome 21. The IFNAR-1 
subunit has a single form whereas three different forms of IFNAR-2 are the results of alternative 
processing of the transcript. These forms are specified as long (2c), short (2b) and soluble (2a) 
(17-19). It appears to be a single specific receptor for IFN- γ which is distinct from that used by 
type I IFNs (10). However, like type I IFNs receptor, IFN-γ receptor consists of two components, 
IFNGR-1 and the associate IFNGR-2 protein. The human chromosomes 6 and 21 are both neces-
sary for IFN−γ responsiveness indicating that receptor components are located on separate chro-
mosomes. In addition, it has been shown that expression of the human IFN−γ receptor in mouse 
cells is not sufficient for human IFN−γ responsiveness and vice versa suggesting that species-
specific molecule is involved in IFN−γ signal transduction (17-20). Although early reports show 
that IFN-γ receptor mediates its effects on target cells through classical signaling pathways such 
as calcium, serine/threonine protein kinases or ionic channel activation, it is now well established 
that a family of cytoplasmic protein known as JAK (Just Another Kinase or Janus, ancient Roman 
god of gates and doorways with two faces depicted in opposite directions, Kinase) play a central 
role in the IFN-mediated transcriptional activation signaling (10,18,19,21). The JAKs do not con-
tain a ligand-binding domain, a transmembrane domain or a characteristic regulatory domain.  
However, they contain two kinase domains, an active domain (close to carboxy terminal) and a 
second kinase-like domain (in the amino terminal). Hitherto, four members of the JAK family, 
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Jak-1, Jak-2, Jak-3 and Tyk-2 have been identified. Three family members of JAKs, Tyk-2, Jak-1, 
and Jak-2, are involved in IFNs signaling system. The Tyk-2 and Jak-1 kinases are activated by 
IFN-α/ß and Jak-1 and Jak-2 function in IFN-γ signaling. Characterization of full-length cDNAs 
has revealed a great similarity between these enzymes suggesting that these three kinases consti-
tuted a unique subfamily of protein tyrosine kinases (13,18,21-24). Original works conducted by 
Darnell’s and Stark’s groups revealed the involvement of JAK kinases in IFNs signaling path-
ways (21).  Taking advantage of a series of mutant cell types that have lost the ability to respond 
to IFN−α/ß or IFN−γ or both, they demonstrated that in a mutant, so called U1, who was unable 
to respond to IFN−α/ß but retained a normal response to IFN−γ, the IFN−α response was restored 
by transfection of an isolated human genomic fragment that encodes the human Tyk-2 (24). Using 
another mutant, so called U4, who lacked the ability to respond to either IFN−α or IFN−γ, they 
found that responsiveness to both IFNs was restored by introducing Jak-1 gene (25). The third 
mutant, so called γ1, was deficient in IFN−γ response but retained normal IFN−α responsiveness. 
In this mutant, they found that the IFN−γ responsiveness was restored by introducing Jak-2 gene 
(26). Taken together the results from these comprehensive investigations revealed that Tyk-2 & 
Jak-1 are essential for IFN−α/ß, and Jak-1 & Jak-2 are essential for IFN−γ signaling.  Since two 
kinases have shown to be essential for each class of IFN signaling, they postulated that a kinase 
cascade may be involved in the process. However, the detection of tyrosine phosphorylated Jak-1 
in IFN−α−treated U1 mutant and IFN−γ−treated γ1 mutant, and the detection of activated Tyk2 
and Jak-2 in IFN−α/ß or IFN−γ−treated U4 mutant ruled out the existence of a kinase cascade in 
the JAKs−dependent IFNs signaling. 
Recent studies using mice with targeted disruption of Jak-1 and/or Jak-2 not only confirmed the 
Darnell’s and Stark’s groups findings, but also have utterly established the essential developmen-
tal and physiological roles for these kinases (21,27-30). The involvement of overlapping subsets 
of JAKs in signaling by two types of IFNs indicates that receptor subunits, accessory molecules, 
and/or cytoplasmic domains of IFNs receptor confer specificity for binding or activating a particu-
lar JAK family member.   
Having bound to distinct cell surface receptors, IFNs induce transcriptional activities of a number 
of genes by activation of transcription factors (30-33). Transcription of most, if not all, IFNs − 
inducible genes is rapid, within minutes, and does not require new protein synthesis suggesting 
that rapid activation of a preexisting latent cytoplasmic transcription factor is involved in the 
process. The activated transcription factor is then translocated into the nucleus and mediates gene 
activation. Although the receptor, the ligands, and in some cases the responsive genes are differ-
ent, a cis−acting sequence is present in the 5’-flanking region of all tested IFNs − inducible genes 
(32,33). This region is known as IFN-stimulated response element (ISRE). Using deletion analy-
sis, site-directed mutagenesis, and transfection analysis, researchers have found that this consen-
sus sequence for many IFN−α/ß- inducible genes is a 12-15 − base pair segment which is highly 
conserved in IFN−α/(ß)−stimulated genes (32,33). A consensus immediate response element has 
been also identified for IFN−γ−inducible genes. This consensus sequence is known as IFN−γ acti-
vation site (GAS). The promoter of overlapping genes contains both ISRE and GAS elements 
(34). The identities and the functional efficiency of ISRE and GAS of different genes have been 
evaluated by deletion and point mutation analysis. The consensus ISRE and GAS derived from 
several IFN- specific genes (ISGs) are well characterized (34-37). 
For more than a decade, extensive investigations were carried out to understand the mechanisms 
involved in gene activation in response to type I and type II IFNs. It is now accepted that a family 
of latent cytoplasmic proteins, termed STATs (for signal transducers and activators of transcrip-
tion), acts as JAKs substrate that after activation by tyrosine phosphorylation is translocated into 
the nucleus, binds to ISRE or GAS and activates ISGs. So far, seven members of the STAT regu-
latory protein family, Stat-1, Stat-2, Stat-3, Stat-4, Stat-5a, Stat-5b, and Stat-6 have been identi-
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fied. Of the known STATs, the Stat-1 and Stat-2 transcription factors play crucial roles in IFN-
mediated responses (35,38-40). 
In addition to STATs, a family of transcriptional regulators, termed IFN regulatory factors (IRFs), 
are important in mediating IFN biological activities (41,42). Nine members of this family of tran-
scriptional regulators are identified, and have been designated IRF-1 to IRF-9 (41). Biochemical 
analysis has revealed that the N-terminal region of these factors is homologous, and corresponds 
to their conserved DNA- binding domain. The IRFs act in conjunction with STATs to establish 
the IFNs signal transduction and gene expression. Moreover, these factors play important roles in 
the regulation of IFNs production and the onset of positive feedback loop in virally- infected cells 
(43). In particular, IRF-3 and IRF-7 have shown to be involved in the regulation of IFN-α/ß syn-
thesis in response to viral infection (43,44). 
In the case of IFN-α/ß, the major factor responsible for ISGs transcriptional activation is a 
trimeric complex consisting of  Stat-1, Stat-2 and IRF-9, collectively termed ISGF3 (42). Appar-
ently, the Stat-2 (113 kD) subunit is associated with IRF-9 (48 kD) in the cytoplasm in unstimu-
lated cells. This pre-association can potentially help the dimerization with Stat-1 (91 kD) upon 
activation, and accelerates nuclear translocation of the complex (41,42). Translocated ISGF3 
complex binds to the ISRE via the IRF-9 DNA binding domain, and activates transcription (45-
47). Although the IRF-9 confers DNA binding activity, in vitro treatment of ISGF3 with phos-
phatases reduces its ability to bind DNA suggesting that phosphorylation of the Stats subunits is 
also important for the ISGF3−DNA binding ability (48). The Stat-1 protein exhibits 40% homol-
ogy (in some regions up to 70% homology) with Stat-2 over a 715 amino acid region, indicating 
that the genes encoding these proteins are closely related but not identical. The N-terminal seg-
ment analysis of these proteins has identified one region of heptad leucine repeats in a potentially 
helical region (49). Therefore, a “leucine zipper” can be involved in the complex formation or 
dimerization of Stats. In addition, it has been noted that a short region in the C-terminal segment 
of these proteins is highly conserved and is similar to the putative Src homology 2 (SH2) domain 
found in various tyrosine kinases and substrates for these enzymes (49). Apparently, this domain 
(in particular Arg. 602) plays a critical role in phosphorylation of Stats (50). Since this domain 
exhibits the phosphotyrosine binding activity, it may also be involved in complex formation and 
dimerization of STAT members. 
In case of the IFN−γ inducible genes, there must be additional pathways. IFN−γ induces expres-
sion of a set of polypeptides including major histocompatibility (MHC) class II antigens and 
guanylate binding protein, in HeLa cells but not in human fibroblasts, with a slower kinetics 
which needs new protein synthesis (51-53). Therefore, these genes may not be activated by modi-
fication of preexisting transcription factors. For simplicity, however, this review focuses on the 
signaling pathways involved in immediate transcriptional activation by IFN-γ. The IFN-α/ß and 
IFN-γ signaling pathways share a common member of STAT family. The immediate cellular re-
sponse to IFN-γ also involves tyrosine phosphorylation of a preexisting latent cytoplasmic Stat-1α 
protein, initially called IFN-γ- stimulated factor (GSF) or IFN−γ− activated factor (GAF).  Having 
bind to its receptor, IFN-γ induces tyrosine phosphorylation of the IFNGR-1 receptor subunit fol-
lowed by subsequent recruitment and serine phosphorylation of Stat-1α (54,55). After activation, 
Stat-1α is dimerized via reciprocal SH2 domain followed by translocation to the nucleus and par-
ticipates in formation of transcriptional factor complex which recognizes GAS sequence and acti-
vates IFN-γ- stimulated genes (40,54,55). Darnell’s group had previously reported that the residue 
tyrosine 701 is the only site on Stat-1α that is phosphorylated in response to IFN-γ and that this 
phosphorylation is essential for immediate IFN-γ-dependent transcriptional activation 
(56). However, recent works show that serine phosphorylation at the position 727 of the transcrip-
tional domain of Stat-1α enhances transcription of IFN-γ-regulated target genes, particularly the 
genes involved in cell growth control, by recruitment of transcriptional co-activators, p300/CBP 
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and BRCA1 (57). The Stat-1ß (84-kD protein, a truncated form of 91-kD Stat-1α) acts in parallel 
with Stat-1α after IFN-γ stimulation, only Stat-1α has shown to act by itself as a direct GAS acti-
vating protein. This indicates that 38 C-terminal residue of Stat-1α may play a key role in 
GAS/GAF activation and that Stat-1ß may compete with Stat-1α; therefore, playing a negative 
role if it is abundant in particular cell or particular condition. The proposed pathways of signal 
transductional activation on cells treated with IFN-α/ß or IFN-γ are shown in Fig. 1. 
The mechanism involved in the IFNs signaling pathways has provided an explanation for some of 
the interactions between IFN−α/ß and IFN−γ,  including the synergistic effect of IFN-γ on the 
transcriptional induction of IFN-α/ß-stimulated genes (53,58,59).  In some cell types although 
IFN-γ does not induce expression of ISGs, pretreatment of these cells with IFN-γ has a profound 
effect on subsequent IFN-α/ß stimulation (59). This effect can be due to the accumulation of IRF-
9, which is produced in response to IFN-γ. The presence of large amounts of this factor may facili-
tate the activation of ISGF3 complex and subsequently intensifies the transcriptional activity of 
IFN-α/ß −activated genes. Particular sensitivity to viral infection of the double–knockout mice 
lacking both the IFN-γ receptor and the IFN-α/ß receptor supports the role of IFN-γ in intensifica-
tion of IFN-α/ß actions (58). 

 
NEGATIVE REGULATORS OF IFNs SIGNALING  
 
Growing body of evidence shows that both cellular and viral proteins can function as negative 
regulators and antagonists of JAK-STAT-mediated signaling and gene activation (60,61). 
Among cellular proteins, the members of suppressors of cytokines signaling (SOCS)/ STAT-
induced STAT inhibitors (SSI)/cytokines-inducible SH2 protein (CIS) and protein inhibitors 
of activated Stat (PIAS), are known to function as negative regulators of JAK-STAT signaling 
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Figure 1. Schematic representation of the IFNs /JAK-STAT signaling engine. The ligand IFN binds to its 
cognate receptor subunit and induces JAKs kinase activation that leads to phosphorylation and subse-
quent translocation-in case of IFN-along with IRF-9-to the nucleus. The complex binds to corresponding 
cis-acting DNA element and activates the transcription of IFN-inducible genes. See the text for the details 
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(60,61). Most cytokines, if not all, induce SOCS family members. For example, IFN-γ  in-
duces SOCS-1 that binds to the kinase domain of all four members of JAK kinases and inhib-
its signaling process of both types of IFNs. Interestingly certain viruses may suppress the IFN 
signaling by rapid induction of a particular SOCS family member in order to replicate effi-
ciently (62). The most recent study conducted by Yokato and colleagues revealed that the in-
duced SOCS-3 by herpes simplex virus-1 (HSV-1) in the host T-cell line CCRF-CEM and FL 
cells is required for efficient replication of the virus (63). The induction is shown to be differ-
ent among several tested cell types of human cell line, indicating that SOCs-3 may determine 
the efficient HSV-1 replication in a cell type specific manner (63). In contrast to SOCSs 
which inhibits JAK kinases, PIAS family members directly bind and block the DNA binding 
activity of STATs. Treatment with IFNs or IL-6 leads to association of PIAS-1 and PIAS-3 
with Stat-1 and Stat-3, respectively, blocking DNA binding-activity and Stats-mediated gene 
activation (64).  
Potentially, protein phosphatases can block almost all cell surface receptor-mediated signaling 
pathways, including cytokines receptor-mediated signaling pathways.  Regarding IFNs signal-
ing, SH2- domain containing protein tyrosine phosphatase-1 (SHPTP-1) is known to interact 
with JAKS, catalyzing their dephosphorylation and, thereby, suppressing IFNs signaling 
process (65, 66). Ironically, study with a dominant negative form of SHPTP-2D revealed that 
this phosphatase is required for IFN-α /ß –induced gene activation, indicating that SHPTPs 
may play a dual role in the IFNs signaling systems (66). 
Viral proteins are the best known antagonists of IFNs signaling pathways (67-70). Although 
viruses use multiple strategies to impair IFNs actions, molecular mimicry is the most common 
tactic used by viruses (68,69). Using mimicry mechanisms, viruses antagonize the IFNs sig-
naling, thereby impairing the development of antiviral condition. Viruses may block IFN-
mediated signaling pathway at the pre- and post-receptor levels. For instance, several strains 
of poxviruses encode soluble IFN-γ receptor homologues (vIFN-γRc). Once synthesized and 
secreted into the media of poxvirus-infected cells, these soluble receptors bind IFN-γ, and 
prevent them from interacting with their natural receptors to evoke an antiviral action (68,69). 
It is noteworthy that the vIFN-γRc M-T7 gene product, the first known poxvirus IFNs recep-
tor homologue, is a critical virulence factor for poxvirus pathogenesis (67). Likewise, the 
vIFN-α/ß receptor homologues, B18R and B19R gene products, secreted by vaccinia virus 
and several additional orthopoxviruses bind different IFN-α  subspecies as well as IFN-ß and 
prevent activation of  IFN-α/ß signaling pathway (68,69). Adenovirus, papillomavirus, and 
human herpesvirus 8 (HHV-8) block the pathway at the post- receptor levels; at a point up-
stream of the activation of ISGF3. These DNA viruses block the IFN-mediated signaling 
mainly by production of IRFs homologues (vIRF) or proteins that can bind and specifically 
inactivate the IRFs (67). Human papillomavirus, for example, produces the oncoprotein E6 
that binds selectively to cellular IRF-3, but not to IRF-2 and IRF-9, and block the antiviral 
response (70).  HHV-8, a gamma herpesvirus associated with Kaposi’s sarcoma, synthesizes a 
vIRF that acts as a repressor of transcriptional activation induced by either type I or type II 
IFNs (67,71,72). A different strategy of antagonism may occur in other herpesviruses.   In 
varicella-zoster virus the expression of Stat-1 and Jak-2 proteins is inhibited, whereas in cy-
tomegalovirus –infected cells there is a specific decrease in the level of Jak-1 due to its en-
hanced degradation (67,71). Several RNA viruses use similar mechanisms of antagonism. In 
case of mumps virus, enhanced proteosome-mediated degradation of Stat-1, and in case of 
Sendai virus, impaired synthesis of Stat-1 by protein C hinder IFNs  actions (73-75). 
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CONCLUSION 
 
In spite of the growing body of information about the biological activities and   signaling 
pathways of IFNs, many questions remain to be answered.  What is the significance of sharing 
JAK1 by both types of IFNs? Why do so many IFN-α genes exist?  Do they all compete for 
the same receptor? Do they use same signaling pathway and exhibit the same biological ac-
tivities? Although, targeted disruption of the single IFN-ß gene on chromosome 4 leads to 
high susceptibility to viral infection, why has less attention been given to IFN-ß? In addition 
to Stat-1 and Stat-2, other STAT factors, Stat-3, Stat-4, Stat-5, and Stat-6 have also been ob-
served to be activated by IFNs. What is the significances of activation of different STAT fac-
tors and their contribution to cell-type-restricted signaling in response to IFNs? Do different 
IFNAR-2 isoforms confer any specificity for activating different Stat factors? If they do, what 
are the biological significances? Do these specifications play roles in the type I interferon-
mediated actions? Why does IFN−γ activate one gene with two different kinetics? Under cer-
tain conditions, in addition to JAK-STAT signaling pathway, the RNA-dependent protein 
kinase, mitogen activated protein kinase and phosphatidylinositol 3-kinase operate in response 
to IFN-γ. Surprisingly, some genes are activated by IFN-γ only in the absence of Stat1. This is 
of special significance in those viral infections where Stat-1 function is antagonized. There-
fore, it is possible that an extensive network allows considerable cross talk between separate 
pathways involved in IFNs signaling with respect to the IFNs actions. Complexity of the IFNs 
signaling network is not unexpected because IFNs are involved in the control of integrated 
processes such as cell death, survival, proliferation and differentiation. Searching for the spe-
cific effector molecules in the network can lead to further insights into the mechanisms of vi-
ral pathogenesis and synthesis of regulatory molecules that are pivotal in mammalian cell life. 
For more than a decade IFNs have been satisfactorily used in many clinical trials. However, 
serious side effects such as neuropsychiatric, cardiovascular and hypersensitivity disorders 
remain as the major concern in clinical use of IFNs. A better understanding of the exact 
mechanism involved in IFNs signaling pathways and the structure–function relationships of 
the IFNs system components will allow researchers to improve and expand the therapeutic 
potential of these naturally occurring molecules. 
 
 
REFERENCES 
 
1. Pestka S, Langer JA, Zoon KC, Samuel CE. Interferons and their actions. Annu Rev Biochem. 1987;56:727-77. 
2. Diaz MO, Bohlander S, Allen G. Nomenclature of the human interferon genes. J Interferon Cytokine Res. 
1996;16:179-80. 
3. Isaacs A, Lindenmann J. Virus interference. I. The interferon. Proc R Soc Lond B Biol Sci. 1957;147:258-67. 
4. Finter NB. The naming of cats--and alpha-interferons. Lancet. 1996;348:348-9. 
5. Bekisz J, Schmeisser H, Hernandez J, Goldman ND, Zoon KC. Human interferons alpha, beta and omega. 
Growth Factors. 2004;22:243-51. 
6. Roberts RM, Liu L, Guo Q, Leaman D, Bixby J. The evolution of the type I interferons. J Interferon Cyto-
kine Res. 1998;18:805-16. 
7. Sheehan KCF, Schreiber RD.  The synergy and antagonism of interferon gamma and TNF in: Tumor Necrosis 
Factors: The molecules and their emerging role in medicine by, Bruce Beutler. Raven Press, Ltd. New York 1992. 
8. Estrov Z, Kurzrock R, Talpaz M. Structural, physical and physiological properties of interferon. In: Inter-
ferons, Basic principles and clinical application. R.G. Landes Company 1993. 
9. Marie I, Svab J, Robert N, Galabru J, Hovanessian AG. Differential expression and distinct structure of 69- 
and 100-kDa forms of 2-5A synthetase in human cells treated with interferon. J Biol Chem. 1990;265:18601-7. 
10. Barber GN, Thompson S, Lee TG, Strom T, Jagus R, Darveau A et al. The 58-kilodalton inhibitor of the 
interferon-induced double-stranded RNA-activated protein kinase is a tetratricopeptide repeat protein with onco-
genic properties. Proc Natl Acad Sci U S A. 1994;91:4278-82. 



Varedi M 
 

IJI VOL. 2 NO. 2 Spring 2005 75

11. Young HA. Regulation of interferon-gamma gene expression. J Interferon Cytokine Res. 1996;16:563-8. 
12. Pace JL, Russell SW, LeBlanc PA, Murasko DM. Comparative effects of various classes of mouse inter-
ferons on macrophage activation for tumor cell killing. J Immunol. 1985;134:977-81. 
13. Schindler C. Cytokines and JAK-STAT signaling. Exp Cell Res. 1999;253:7-14. 
14. Uze G, Lutfalla G, Gresser I. Genetic transfer of a functional human interferon alpha receptor into mouse 
cells: cloning and expression of its cDNA. Cell.;60:225-34. 
15. Aguet M, Dembic Z, Merlin G. Molecular cloning and expression of the human interferon-gamma receptor. 
Cell. 1988;55:273-80. 
16. Howard OM, Dean M, Young H, Ramsburg M, Turpin JA, Michiel DF et al. Characterization of a class 3 
tyrosine kinase. Oncogene. 1992;7:895-900. 
17. Rawlings JS, Rosler KM, Harrison DA. The JAK/STAT signaling pathway. J Cell Sci. 2004;117:1281-3. 
18. Sonenberg N. Measures and countermeasures in the modulation of initiation factor activities by viruses. 
New Biol. 1990;2:402-9. 
19. Prejean C, Colamonici OR. Role of the cytoplasmic domains of the type I interferon receptor subunits in 
signaling. Semin Cancer Biol. 2000;10:83-92. 
20. Bach EA, Aguet M, Schreiber RD. The IFN gamma receptor: a paradigm for cytokine receptor signaling. 
Annu Rev Immunol. 1997;15:563-91. 
21. Darnell JE Jr, Kerr IM, Stark GR. Jak-STAT pathways and transcriptional activation in response to IFNs 
and other extracellular signaling proteins. Science. 1994;264:1415-21. 
22. Hanks SK, Quinn AM, Hunter T. The protein kinase family: conserved features and deduced phylogeny of 
the catalytic domains.  Science. 1988;241:42-52. 
23. Firmbach-Kraft I, Byers M, Shows T, Dalla-Favera R, Krolewski JJ. tyk2, prototype of a novel class of non-
receptor tyrosine kinase genes. Oncogene. 1990;5:1329-36. 
24. Velazquez L, Fellous M, Stark GR, Pellegrini S. A protein tyrosine kinase in the interferon alpha/beta sig-
naling pathway.  Cell. 1992;70:313-22. 
25. Muller M, Briscoe J, Laxton C, Guschin D, Ziemiecki A, Silvennoinen O et al. The protein tyrosine kinase 
JAK1 complements defects in interferon-alpha/beta and -gamma signal transduction. Nature. 1993;366:129-35. 
26. Watling D, Guschin D, Muller M, Silvennoinen O, Witthuhn BA, Quelle FW et al. Complementation by the 
protein tyrosine kinase JAK2 of a mutant cell line defective in the interferon-gamma signal transduction path-
way. Nature. 1993;366:166-70.   
27.  Parganas E, Wang D, Stravopodis D, Topham DJ, Marine JC, Teglund S et al. Jak2 is essential for signal-
ing through a variety of cytokine receptors.  Cell. 1998;93:385-95. 
28. Boehm U, Klamp T, Groot M, Howard JC. Cellular responses to interferon-gamma. Annu Rev Immunol. 
1997;15:749-95. 
29. Rodig SJ, Meraz MA, White JM, Lampe PA, Riley JK, Arthur CD et al. Disruption of the Jak1 gene demon-
strates obligatory and nonredundant roles of the Jaks in cytokine-induced biologic responses. Cell. 1998;93:373-83. 
30.  Schindler C, Darnell JE Jr. Transcriptional responses to polypeptide ligands: the JAK-STAT pathway.  
Annu Rev Biochem. 1995;64:621-51. 
31. McCormack SJ, Thomis DC, Samuel CE. Mechanism of interferon action: identification of a RNA binding 
domain within the N-terminal region of the human RNA-dependent P1/eIF-2 alpha protein kinase. Virology. 
1992;188:47-56. 
32. Levy DE, Kessler DS, Pine R, Reich N, Darnell JE Jr. Interferon-induced nuclear factors that bind a shared 
promoter element correlate with positive and negative transcriptional control. Genes Dev. 1988 Apr;2(4):383-93. 
33.  Cohen B, Vaiman D, Chebath J. Enhancer functions and in vitro protein binding of native and mutated in-
terferon-responsive sequences. Nucleic Acids Res. 1989;17:1679-95. 
34. Decker T, Lew DJ, Darnell JE Jr. Two distinct alpha-interferon-dependent signal transduction pathways 
may contribute to activation of transcription of the guanylate-binding protein gene.  Mol Cell Biol. 
1991;11:5147-53. 
35. Darnell JE Jr. STATs and gene regulation. Science. 1997;277:1630-5. 
36. Leonard WJ, O'Shea JJ. Jaks and STATs: biological implications. Annu Rev Immunol. 1998;16:293-322. 
37. Stark GR, Kerr IM, Williams BR, Silverman RH, Schreiber RD. How cells respond to interferons. Annu 
Rev Biochem. 1998;67:227-64. 
38. Durbin JE, Hackenmiller R, Simon MC, Levy DE. Targeted disruption of the mouse Stat1 gene results in 
compromised innate immunity to viral disease. Cell. 1996;84:443-50. 
39.  Meraz MA, White JM, Sheehan KC, Bach EA, Rodig SJ, Dighe AS et al. Targeted disruption of the Stat1 gene 
in mice reveals unexpected physiologic specificity in the JAK-STAT signaling pathway. Cell. 1996;84:431-42. 
40. Horvath CM. STAT proteins and transcriptional responses to extracellular signals. Trends Biochem Sci. 
2000;25:496-502. 



IFN-γ signaling pathways 
 

IJI VOL. 2 NO. 2 Spring 2005 76

41. Nguyen H, Hiscott J, Pitha PM. The growing family of interferon regulatory factors. Cytokine Growth Fac-
tor Rev. 1997;8:293-312. 
42. Nguyen KB, Cousens LP, Doughty LA, Pien GC, Durbin JE, Biron CA. Interferon alpha/beta-mediated in-
hibition and promotion of interferon gamma: STAT1 resolves a paradox. Nat Immunol. 2000;1:70-6. 
43. Marie I, Durbin JE, Levy DE. Differential viral induction of distinct interferon-alpha genes by positive 
feedback through interferon regulatory factor-7. EMBO J. 1998;17:6660-9. 
44. Yeow WS, Au WC, Juang YT, Fields CD, Dent CL, Gewert DR et al. Reconstitution of virus-mediated ex-
pression of interferon alpha genes in human fibroblast cells by ectopic interferon regulatory factor-7.  J Biol 
Chem. 2000;275:6313-20. 
45. Grieder FB, Vogel SN. Role of interferon and interferon regulatory factors in early protection against Vene-
zuelan equine encephalitis virus infection. Virology. 1999;257:106-18. 
46. Matsuyama T, Kimura T, Kitagawa M, Pfeffer K, Kawakami T, Watanabe N et al. Targeted disruption of 
IRF-1 or IRF-2 results in abnormal type I IFN gene induction and aberrant lymphocyte development. Cell. 
1993;75:83-97. 
47. Reis LF, Harada H, Wolchok JD, Taniguchi T, Vilcek J. Critical role of a common transcription factor, IRF-
1, in the regulation of IFN-beta and IFN-inducible genes. EMBO J. 1992;11:185-93. 
48. Veals SA, Kessler DS, Josiah S, Leonard DG, Levy DE. Signal transduction pathway activating interferon-
alpha-stimulated gene expression. Br J Haematol. 1991;79:9-13. 
49.  Fu XY, Schindler C, Improta T, Aebersold R, Darnell JE Jr. The proteins of ISGF-3, the interferon alpha-
induced transcriptional activator, define a gene family involved in signal transduction. Proc Natl Acad Sci U S 
A. 1992;89:7840-3. 
50. Shuai K, Stark GR, Kerr IM, Darnell JE Jr. A single phosphotyrosine residue of Stat91 required for gene 
activation by interferon-gamma.  Science. 1993;261:1744-6. 
51. Kara CJ, Glimcher LH. Regulation of MHC class II gene transcription. Curr Opin Immunol. 1991;3:16-21. 
52. Blanar MA, Boettger EC, Flavell RA. Transcriptional activation of HLA-DR alpha by interferon gamma 
requires a trans-acting protein. Proc Natl Acad Sci U S A. 1988;85:4672-6. 
53. Lew DJ, Decker T, Darnell JE Jr. Alpha interferon and gamma interferon stimulate transcription of a single 
gene through different signal transduction pathways. Mol Cell Biol. 1989;9:5404-11. 
54. Levy DE. Physiological significance of STAT proteins: investigations through gene disruption in vivo. Cell 
Mol Life Sci. 1999;55(12):1559-67. 
55. Imam AM, Ackrill AM, Dale TC, Kerr IM, Stark GR. Transcription factors induced by interferons alpha 
and gamma. Nucleic Acids Res. 1990;18:6573-80. 
56.  Shuai K, Schindler C, Prezioso VR, Darnell JE Jr. Activation of transcription by IFN-gamma: tyrosine 
phosphorylation of a 91-kD DNA binding protein. Science. 1992;258:1808-12. 
57. Zhang JJ, Zhao Y, Chait BT, Lathem WW, Ritzi M, Knippers R et al. Ser727-dependent recruitment of 
MCM5 by Stat1alpha in IFN-gamma-induced transcriptional activation. EMBO J. 1998;17:6963-71.    
58.  van den Broek MF, Muller U, Huang S, Aguet M, Zinkernagel RM. Antiviral defense in mice lacking both 
alpha/beta and gamma interferon receptors. J Virol. 1995;69:4792-6. 
59. Levy DE, Lew DJ, Decker T, Kessler DS, Darnell JE Jr. Synergistic interaction between interferon-alpha 
and interferon-gamma through induced synthesis of one subunit of the transcription factor ISGF3. EMBO J. 
1990;9:1105-11 
60. Naka T, Fujimoto M, Kishimoto T. Negative regulation of cytokine signaling: STAT-induced STAT inhibi-
tor. Trends Biochem Sci. 1999;24:394-8. 
61. Starr R, Willson TA, Viney EM, Murray LJ, Rayner JR, Jenkins BJ et al. A family of cytokine-inducible 
inhibitors of signalling. Nature. 1997;387:917-21. 
62. Yokota S, Yokosawa N, Okabayashi T, Suzutani T, Miura S, Jimbow K et al. Induction of suppressor of 
cytokine signaling-3 by herpes simplex virus type 1 contributes to inhibition of the interferon signaling pathway. 
J Virol. 2004;78:6282-6. 
63. Yokota S, Yokosawa N, Okabayashi T, Suzutani T, Fujii N. Induction of suppressor of cytokine signaling-3 
by herpes simplex virus type 1 confers efficient viral replication. Virology. 2005;338:173-81. 
64. Shuai K. The STAT family of proteins in cytokine signaling. P Prog Biophys Mol Biol. 1999;71:405-22.. 
65. David M, Chen HE, Goelz S, Larner AC, Neel BG. Differential regulation of the alpha/beta interferon-
stimulated Jak/Stat pathway by the SH2 domain-containing tyrosine phosphatase SHPTP1. Mol Cell Biol. 
1995;15:7050-8. 
66. Endo TA, Masuhara M, Yokouchi M, Suzuki R, Sakamoto H, Mitsui K et al. A new protein containing an 
SH2 domain that inhibits JAK kinases. Nature. 1997;387:921-4. 
67. Knipe DM, Samuel CE, Palese P. Virus-host cell interactions. In: Knipe DM, Howley PM, editors. Fields 
Virology. 4th ed. Philadelphia: Lippincott-Raven; 2001. p.133-170. 



Varedi M 
 

IJI VOL. 2 NO. 2 Spring 2005 77

68. Alcami A, Symons JA, Smith GL. The vaccinia virus soluble alpha/beta interferon (IFN) receptor binds to 
the cell surface and protects cells from the antiviral effects of IFN. J Virol. 2000;74:11230-9. 
69. Colamonici OR, Domanski P, Sweitzer SM, Larner A, Buller RM. Vaccinia virus B18R gene encodes a type 
I interferon-binding protein that blocks interferon alpha transmembrane signaling. J Biol Chem. 
1995;270:15974-8.  
70. Ronco LV, Karpova AY, Vidal M, Howley PM. Human papillomavirus 16 E6 oncoprotein binds to inter-
feron regulatory factor-3 and inhibits its transcriptional activity. Genes Dev. 1998;12:2061-72. 
71. Weber F, Kochs G, Haller O. Inverse interference: how viruses fight the interferon system. Viral Immunol. 
2004;17:498-515. 
72.  Gil J, Esteban M. Vaccinia virus recombinants as a model system to analyze interferon-induced pathways. J 
Interferon Cytokine Res. 2004;24:637-46. 
73. Didcock L, Young DF, Goodbourn S, Randall RE. The V protein of simian virus 5 inhibits interferon signal-
ling by targeting STAT1 for proteasome-mediated degradation. J Virol. 1999;73:9928-33.  
74. Garcin D, Curran J, Kolakofsky D. Sendai virus C proteins must interact directly with cellular components 
to interfere with interferon action. J Virol. 2000;74:8823-30. 
75. Komatsu T, Takeuchi K, Yokoo J, Tanaka Y, Gotoh B. Sendai virus blocks alpha interferon signaling to 
signal transducers and activators of transcription. J Virol. 2000;74:2477-80. 
 


