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REVIEW
Signal Transduction and Activation of
Gene Transcription by Interferons
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Advances in the field of interferon research have identified a signal transduction pathway that initiates at
a cell surface receptor and culminates at target genes in the nucleus. The binding of interferon to a
transmembrane receptor stimulates the concomitant activation of tyrosine kinases of the Janus kinase
(JAK) family. Subsequently, latent cytoplasmic transcription factors are activated by tyrosine phosphory-
lation and function as signal transducers and activators of transcription (STATs). The STATs form
homomeric or heteromeric protein complexes that translocate to the nucleus to bind to specific DNA
sequences in the promoters of stimulated genes. The discovery of this regulated pathway in the interferon

system served as a paradigm for receptor to nucleus signal transmission by a variety of cytokines.

Interferons Signal transduction

Gene transcription activation

Tyrosine kinases Cytokines

INTERFERONS (IFNs) are a family of polypep-
tide hormones that share the ability to confer cel-
lular resistance to many viruses (reviewed in Len-
gyel, 1982; Pestka et al., 1987; DeMaeyer and
DeMaeyer-Guiginard, 1988; Staeheli, 1990). This
ability of IFN to interfere with the replication of
viruses led both to its discovery and name, and
serves to define a biological unit of activity (Isaacs
and Lindenmann, 1957; Wheelock, 1965; Stewart,
1979). Since its discovery, many additional biolog-
ical effects of IFN have been recognized, including
the inhibition of cellular proliferation and the acti-
vation of cells in the immune system (reviewed in
Baron et al., 1991). The production of IFN is a
regulated and transient process stimulated by a
variety of inducers that activate transcription of
the IFN genes. The human IFN family of cyto-
kines is comprised of two main types (Diaz et al.,
1993). Type I IFN includes IFN-«, IFN-3, and
IFN-w, and nearly all cells of the body are capable
of producing and secreting type I IFN. IFN-« is
synthesized predominantly by leukocytes and
monocytes, whereas IFN-3 is produced mainly by
fibroblasts. The primary inducers of type I IFN
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production are viruses and double-stranded RNA;
however, bacteria (lipopolysaccharide) and vari-
ous cytokines can also stimulate synthesis. Type I1
IFN is also known as immune IFN or IFN-y and
is produced by T lymphocytes and natural killer
cells when the cells encounter foreign antigens or
various mitogens.

The family of IFNs provides a fundamental de-
fense system that acts to protect healthy cells in
localized infections and acts via the bloodstream
to curb dissemination of infection to distant sites.
Because of their physiological effects, the United
States Food and Drug Administration has ap-
proved the use of IFNs for a variety of infections,
malignancies, and immune disorders. For these
reasons, much effort has been dedicated to under-
standing the molecular mechanism of IFN action.
Induction of specific cellular enzymes, such as the
double-stranded RNA (dsRNA)-dependent pro-
tein kinase (PKR) and the dsRNA-dependent
2’-5' oligoadenylate synthetase, appears to be in-
volved in the antiviral actions of IFN (reviewed
in Pestka et al., 1987). Three decades ago it was
known that the antiviral response to IFN required



new mRNA synthesis (Taylor, 1964). More re-
cently, specific genes that are inducible by IFN
have been isolated, and their cis-regulatory DNA
elements have been identified. These regulatory
DNA elements have led to the characterization of
trans-acting factors and an understanding of the
IFN signal pathway that initiates at the cell sur-
face.

GENE ACTIVATION BY IFNs-o/f
DNA Element Responsive to IFNs-a/f3

To identify and characterize genes induced by
IFN-«/8 stimulation, two basic approaches were
taken. Specific IFN-induced proteins were tar-
geted, and antibodies, hybrid-selected translation,
or amino acid sequences were used to derive
c¢DNA clones (Merlin et al., 1983; Chebath et al.,
1983; Blomstrom et al., 1986; Cheng et al., 1986;
Staeheli et al., 1986). Alternatively, cDNA librar-
ies prepared from IFN-treated cells were screened
with radiolabeled probes complementary to
mRNA from either untreated cells or IFN-treated
cells (Larner et al., 1984; Friedman et al., 1984).
Differential screening identified several IFN-a-
stimulated genes (aISGs) that hybridized specifi-
cally to probes from IFN-treated cells. This ap-
proach provided the ability to characterize and
compare the expression of a group of novel
oISGs. Northern blot hybridization confirmed ex-
pression of the «ISG mRNAs after IFN treatment,
and nuclear run-on transcription assays assured
that the genes were regulated at the level of tran-
scriptional initiation. In unstimulated cells the
aISGs were silent, but they were activated within
minutes following IFN-« stimulation. Transcrip-
tional induction of the «ISGs did not require new
protein synthesis because it was unaffected by
translation inhibitors. However, gene induction
was transient and declined within hours.

Because the transcriptional response to IFN-«
did not require new protein synthesis, activation
of this set of genes was thought to involve the
modification of a preexisting transcription factor.
To determine the identity of this factor, DNA se-
quences essential for induction of gene expression
by IFN were first pursued. Genomic clones of the
aISGs were isolated and DNA regulatory se-
quences were examined. Transfection studies per-
formed with oISG reporter gene hybrids revealed
an IFN-a-responsive region in the promoter of
these genes (Vogel et al., 1986; Israel et al., 1986;
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Levy et al., 1986; Sugita et al., 1987; Korber et al.,
1987; Benech et al., 1987; Gribaudo et al., 1987;
Reich et al., 1987). Further characterization deter-
mined that the responsive sequence was required
for activation by IFN-a and could function in a
heterologous promoter, at a distance from the
transcriptional start site, in an orientation-
independent manner (Gribaudo et al., 1987; Reich
et al., 1987). This inducible enhancer was found
to be present in the promoters of other «ISGs and
was termed the IFN-o-stimulated response ele-
ment (ISRE) (Friedman and Stark, 1985; Reich et
al., 1987; Porter et al., 1988; Levy et al., 1988;
Hug et al., 1988). The ISRE is a consensus se-
quence of approximately 15 nucleotides that is
sufficient to confer transcriptional responsiveness
to IFN-a (Reich and Darnell, 1989; Reid et al.,
1989). Table 1 displays homologous ISRE se-
quences found in several aISGs, usually located
approximately 100 nucleotides upstream of the
transcriptional start site. The most notable charac-
teristic of the sequence is the presence of a GAAA
direct repeat.

The IFN-a/8 Activated Transcription
Factor, ISGF3

Once the ISRE was identified, the natural direc-
tion of study was to pursue DNA binding factors
that mediated the response to IFN-«. Proteins that
specifically recognized the ISRE were identified by
DNA footprint analyses or electrophoretic mobil-
ity shift assays (EMSA) (Levy et al., 1988; Porter
et al., 1988; Korber et al., 1988; Cohen et al.,
1988; Rutherford et al., 1988; Reich and Darnell,
1989). EMSA analyses revealed the presence of a
constitutive ISRE binding factor in the nuclei of
untreated cells, termed the IFN-stimulated gene
factor 1 (ISGF1). ISGF1 may be involved in quies-
cence of the aISGs. Following stimulation of cells
with IFN-«, two additional ISRE binding factors
appeared with distinct kinetics, ISGF2 and ISGF3.
ISGF2 was not detectable until 2 h after IFN-«
treatment, and its appearance required new pro-
tein synthesis (Levy et al., 1988). Because the tran-
scriptional response to IFN does not require ongo-
ing protein synthesis, ISGF2 is not the primary
mediator of IFN action. Purification and se-
quence analysis of ISGF2 (Pine et al., 1990) re-
vealed it to be the same as a previously isolated
factor, the IFN regulatory factor-1 (IRF-1) (Miya-
moto et al., 1988). The gene encoding IRF-1 was
isolated by its ability to recognize a DNA sequence
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TABLE 1

EXAMPLES OF INTERFERON-STIMULATED GENES (ISGs) AND THEIR CORRESPONDING

RESPONSE ELEMENTS

aISG ISRE
ISG15 GGGAAACCGAAACTG (— 108/ — 94 Reich et al., 1987)
ISGS4 GGGAAAGTGAAACTA (—87/—-102, Levy et al., 1988)
6-16 GGGAAAATGAAACTG (— 112/ -98, Porter et al., 1988)
2/-5 OASE AGGAAAC-GAAACCA (- 100/ — 87, Rutherford et al., 1988)
+I1SG GAS
FeyRI TATTTCCCAGAAAGG (-32/-18, Pearse et al., 1991)
IRF-1 GATTTCCCCGAAATG (—124/ 111, Sims et al., 1993)
Ly6E ATATTCCTGTAAGTG (- 1222/ - 1208, Kahn et al., 1993)
GBP TTTCATATTACTCTCAAA (— 111/ —94, Decker et al., 1991)

The interferon-stimulated response element (ISRE) of genes activated by interferon-o
(aISGs) are shown above the y-activated site (GAS) of genes activated by interferon-y (yISGs).

in the IFN-3 promoter that shares homology with
the core region of the ISRE. Indeed, both ISGF1
and IRF-1/ISGF2 bind to an inner core region
of the ISRE whereas ISGF3 requires nucleotides
flanking this minimum recognition site (Reich and
Darnell, 1989). IRF-1/ISGF2 likely plays a role in
the secondary response to IFN-« because transfec-
tion of the IRF-1/ISGF2 gene increases aISG
transcription, and constitutive expression confers
resistance to viral infection (Pine, 1992).

Several lines of evidence suggested ISGF3 to
be the primary transcription factor activated by
IFN-a. Activation of ISGF3 occurred within min-
utes of IFN-« treatment in the absence of protein
synthesis, revealing it to preexist in the cell (Levy
et al., 1988). The rapid and transient appearance
of ISGF3 correlated with «ISG transcription. Ac-
tivated ISGF3 was detected first in the cytoplasm
of the cell prior to its translocation to the nucleus,
indicating that it served as a signal to link the
receptor to the nucleus (Dale et al., 1989; Levy et
al., 1989). Purified ISGF3 stimulated the in vitro
transcription of an ISRE-containing promoter (Fu
et al., 1990). More recently, complementation of
cells defective in their response to IFN-« has been
achieved by transfection with genes encoding
ISGF3 (Miiller et al., 1993a).

Characterization of ISGF3 revealed that is was
composed of several subunits. Evidence for the
multimeric nature of ISGF3 was first supported
by the establishment of an in vitro reconstitution
assay (Levy et al., 1990). The DNA binding activ-
ity of ISGF3 was found to be inhibited by treat-
ment with the protein alkylating agent N-ethyl
malemide (NEM). However, active ISGF3 could

be reconstituted by in vitro mixing of NEM-
inactivated ISGF3 with extracts from IFN-y-
treated cells. Although IFN-y does not activate
ISGF3, it stimulates the synthesis of an NEM-
sensitive component of ISGF3, termed ISGF3y.
Reconstitution of ISGF3 is achieved by mixing
ISGF3y in vitro with the NEM-insensitive compo-
nent of ISGF3, termed ISGF3«.

The multisubunit structure of ISGF3 became
more apparent during its partial purification (Fu
et al., 1990; Kessler et al., 1990). Photoaffinity
UV cross-linking and protein renaturation experi-
ments revealed ISGF3y to be the major DNA
binding subunit of ISGF3. ISGF3y consists of a
48 kDa protein (p48) that has low intrinsic affinity
for the ISRE and preexists mainly in the nuclear
compartment of the cell, although it is also detect-
able in the cytoplasm. ISGF3 also contains three
additional proteins of 84 kDa (p84), 91 kDa (p91),
and 113 kDa (p113). These proteins reside in the
cytoplasm of the cell until signal activation by
IFN-a, whereupon they become phosphorylated
on tyrosine residues, associate to form ISGF3«
and translocate the nucleus to complex with
ISGF3v (p48) and form ISGF3.

Partial purification of ISGF3 by affinity chro-
matography provided sufficient protein to obtain
amino acid sequence (Schindler et al., 1992a; Fu
et al., 1992; Veals et al., 1992). The four ISGF3
components were separated by gel electrophoresis,
transferred to nitrocellulose, excised, digested
with trypsin, and subjected to peptide analysis.
This information was used to create degenerate
sense and antisense oligonucleotide primers for
amplification of cDNA fragments in a polymerase



chain reaction that were used to screen a cDNA
library. Recombinant cloning of the genes encod-
ing ISGF3 subunits by J. E. Darnell, Jr. and col-
leagues has been critical to our understanding of
receptor to nucleus signaling by IFNs.

The p48/ISGF3y gene was isolated from a
¢DNA library produced with mRNA from IFN-y-
treated cells (Veals et al., 1992). To demonstrate
that the correct cDNA was isolated, p48 was syn-
thesized in vitro from a recombinant clone and
mixed with a source of ISGF3a to successfully
reconstitute ISGF3. Sequence analysis of the gene
encoding p48 revealed the amino-terminus to pos-
sess significant homology to a family of DNA
binding factors that includes IRF-1/ISGF2, and
to contain a tryptophan repeat found in the DNA
binding domain of the oncogene c-myb (Veals et
al., 1993). Investigation of p48 functional do-
mains by deletion analysis demonstrated that the
amino-terminal region (a.a. 1-117) is responsible
for DNA recognition. In addition, constitutive
serine/threonine phosphorylation of p48 appears
to be necessary for DNA binding. The carboxyl-
terminal region of p48 (a.a. 217-377) was identi-
fied by deletion analysis to be responsible for in-
teraction with ISGF3a (pl113/p91/p84). This
association results in formation of the high-
affinity ISGF3.

Isolation and sequence analysis of the pl113,
p91, and p84 cDNAs revealed the existence of
a unique gene family of transcription factors.
c¢DNAs corresponding to p91 and p84 clearly dem-
onstrated that these two proteins were encoded by
differentially spliced mRNAs from the same gene
(Schindler et al., 1992a). p91 contained an addi-
tional 38 amino acids at the carboxy-terminus that
were absent in p84. In addition, the cDNA of p113
encoded a protein with approximately 40% overall
identity to p91, establishing it as a homologous
family member (Fu et al., 1992; Fu, 1992). The
sequences of p91 and p113 genes also provided a
compelling clue to the signal activation pathway
of ISGF3. Each protein contained a region of ho-
mology to the Src oncoprotein referred to as the
Src homology 2 domain (SH2) (Fu, 1992). SH2
domains have been demonstrated to be binding
sites for phosphotyrosine-containing peptides and
thereby play a critical role in protein-protein in-
teractions (reviewed in Pawson and Schlessinger,
1993). The presence of this domain suggested tyro-
sine phosphorylation was involved in the regula-
tion of ISGF3. Indeed, the p84, p91, and pil3
subunits were found to be phosphorylated on ty-
rosine residues following IFN stimulation. These
proteins were also found to possess two additional
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conserved structural motifs that serve to promote
protein-protein interactions: a Src homology 3
(SH3) domain located adjacent to the SH2 do-
main, and a heptad leucine repeat within the
amino-terminal portion of the proteins. SH3 do-
mains appear to associate with components of the
cytoskeleton that may direct cellular localization
(reviewed in Pawson and Schlessinger, 1993).
Heptad leucine repeats, known as leucine zippers,
were first identified as protein dimerization do-
mains in transcription factors (reviewed in Land-
schulz et al., 1988). Because the p84, p91, and
pl113 components of ISGF3 remain latent in the
cytoplasm and associate and translocate to the nu-
cleus only after tyrosine phosphorylation, proteins
with this structure and function have been termed
signal transducers and activators of transcription
(STATS) (reviewed in Darnell et al., 1994; Zhong
et al., 1994a). p91 and p84 have been designated
STATI1« and STATIR, respectively, because they
are encoded by the same gene, whereas p113 has
been designated STAT2. The structure of p91/
STATl« is depicted in Fig. 1 and represents the
general structure of members of the STAT family.

Signal Activation of ISGF3

Many cellular responses are induced by rapid
phosphorylation/dephosphorylation events trig-
gered by extracellular stimuli. Earlier studies with
the protein kinase inhibitor staurosporine, a broad
spectrum inhibitor with potent effects on tyrosine
kinases, demonstrated a requirement of phosphor-
ylation for activation of latent ISGF3 by IFN-«
(Reich and Pfeffer, 1990). In addition, treatment
of cells with genistein, a specific tyrosine kinase
inhibitor, was found to block signal activation of
ISGF3 (Fu, 1992; Gutch et al., 1992). The inhibi-
tory effects of genistein were found to be specific
to the ISGF3« subunit of ISGF3 because in vitro
reconstitution of ISGF3 could be achieved with
ISGF3y (p48), but not with ISGF3«, from gen-
istein-treated cells (Gutch et al., 1992). Evidence
that the ISGF3a proteins were themselves sub-
strates of an IFN-induced tyrosine kinase was pro-
vided with the use of antibodies that recognize
phosphotyrosine. Phosphotyrosine-specific anti-
bodies reacted with ISGF3-ISRE complexes in
EMSAs to produce a “supershift” complex and
recognized p91/STATla, p84/STATIB, and
pl13/STAT?2 in immunoblot assays only after sig-
nal activation by IFN (Fu, 1992; Gutch et al.,
1992; Schindler et al., 1992b). Confirmations of
phosphotyrosine content was provided with phos-
phoamino acid analysis of STAT1 and STAT2
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FIG. 1. Diagrammatic representation of the p91 signal transducer
and activator of transcription (STATl«). The leucine heptad repeats
(containing leucine, valine, or isoleucine), the SH3 domain, and the
SH2 domains are shown. The single tyrosine (Y701) that is phosphory-
lated following interferon stiumlation is indicated. Numbers corre-

spond to amino acid residues.

proteins metabolically labeled in vivo in the pres-
ence of [*Plorthophosphate and IFN. Both pro-
teins contained phosphotyrosine only after IFN-«
stimulation (Fu, 1992; Schindler et al., 1992b). It
was determined subsequently that one specific ty-
rosine residue in each protein was phosphorylated
in response to IFN: amino acid 701 of STATI,
and amino acid 690 of STAT?2 (Shuai et al., 1993a,
1993b; Improta et al., 1994) (Fig. 1).

Specific antisera prepared to the recombinant
STATI1 and STAT?2 proteins were used in coim-
munoprecipitation analyses to demonstrate physi-
cal association of the STAT factors only following
IFN-« stimulation (Schindler et al., 1992b). In ad-
dition, immunofluorescence studies confirmed the
cytoplasmic to nuclear translocation of STATI
and STAT2 within minutes of IFN-« binding to
its receptor (Fig. 2).

Activation of alSGs in the Absence of IFN-a/3

In addition to transcriptional activation in re-
sponse to IFNs-a/3, it has been found that the
transcription of «ISGs is induced by infection of
cells with virus or transfection of cells with ds-
RNA in the absence of IFN-« action (Wathelet et
al., 1992; Bazzigher et al., 1992). This induction is
mediated through the same DNA target that is
responsive to IFN-«, the ISRE; however, «ISG
expression is not stimulated by ISGF3, but by
unique dsRNA-activated factors (DRAFs) (Daly
and Reich, 1993). Studies performed with dsRNA-
transfected cells identified two ISRE binding fac-
tors in nuclear extracts, DRAF1 and DRAF2, that

could be distinguished by different electrophoretic
mobilities during EMSA analysis. The DRAFs can
be activated independently of new protein synthe-
sis in cells unresponsive to IFN-« or in cells defi-
cient in the IFN gene locus and therefore indepen-
dent of the IFN-« signal pathway. In addition, the
effects of tyrosine kinase inhibitors demonstrated
the requirement of tyrosine phosphorylation for
both DRAF activation and stimulation of «ISG
transcription by dsRNA. Therefore, the primary
defense response of a cell to virus infection ap-
pears to be the activation of latent DRAFs. The
DRAFs in turn activate transcription of the antivi-
ral aISGs before IFN synthesis, thus protecting
the cell at an early stage of infection.

GENE ACTIVATION BY IFN-y

IFN-v elicits many of the physiological effects
induced by IFNs-a/8, including the generation of
a cellular antiviral response and the inhibition of
cellular proliferation. However, IFN-y also has
unique stimulatory effects in cells of the immune
system (reviewed in Farrer and Schreiber, 1993).
It is a major stimulator of macrophages, activat-
ing both nonspecific cytocidal activity against
pathogens and antibody-dependent cytotoxicity
via induced expression of cell surface immuno-
globulin receptors (FcR). It induces major histo-
compatibility class (MHC) II protein expression in
many cells, thereby promoting antigen presenta-
tion to T lymphocytes, and it regulates immuno-
globulin class switching in B lymphocytes. Many
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FIG. 2. lllustrative model of the IFN signal transduction pathwa¥. Binding of

interferons (IFNs) to their respective receptors induces the activity o

JAK kinases

and tyrosine phosphorylation of STAT molecules as described"in the text. The

activated STAT-containing t,ranscrltp
ISGF3), and the IFN-- activated

actor

tion factors, IFN stimulated gene factor 3
(GAF) translocate to_the nucleus and

ind to'the IFN stimulated response element (ISRE) or the - activated site (GAS)

in the promoters of inducible genes.

of these regulatory effects are generated by the
transcriptional activation of a subset of genes, in
some cases restricted to a specific cell type.

DNA Element Responsive to IFN-7

The experimental approach that identified cis-
regulatory DNA sequences and trans-acting fac-
tors in the IFN-a/(3 signal pathway likewise was
employed to investigate the IFN-7 pathway. Genes
were isolated that encoded known IFN-7-induced
proteins (Boss and Strominger, 1986; Cheng et al.,
1986; LeClair et al., 1986; Newburger et al., 1988;
Pearse et al., 1991), or IFN-7-induced genes were
isolated by differential screening of cDNA librar-
ies prepared from IFN-7-treated cells (Luster et
al., 1985; Caplen and Gupta, 1988; Fan et al.,
1988; Wright and Farber, 1991). Studies of tran-
scriptional expression revealed that induction of a
subset of these genes by IFN-7, including MHC 11,
required new protein synthesis (Blanar et al., 1988).
Activation of this subset therefore appears to be a
secondary response to IFN-7 and dependent on the
synthesis of an intermediary transcription factor.
The genes that respond in a primary manner to
IFN-7 are induced within minutes, independent of
protein synthesis. Characterization of IFN-7-
stimulated genes (7 ISGS) that respond immediately
to IFN-7 has revealed the requirement of a con-
served DNA response element (Table 1).

Identification of the DNA regulatory sequences

involved in activation of 7 1SGS was determined
with transfection studies. Hybrid constructs con-
taining the promoter region of a 7 I1SG linked to a
reporter gene were introduced into cells and in-
duced by IFN-7 treatment. Deletion analyses of
the transfected hybrids identified DNA promoter
sequences necessary for gene activation. The pro-
moter of a gene encoding a guanylate binding pro-
tein (GBP) was found to contain an IFN-a-
responsive ISRE that overlapped with a novel
IFN-7 -responsive sequence, termed the IFN-7 ac-
tivation site (GAS) (Lew et al., 1991). The GBP
gene was known to be induced by either IFN-a
or IFN-7, and the presence of two distinct DNA
response elements accounted for the response to
both stimuli. Introduction of mutations within the
ISRE impaired IFN-a induction of the GBP gene,
but had little effect on transcriptional induction
by IFN-7 .

The gene encoding the IRF-1/ISGF2 transcrip-
tion factor that binds to the inner core of the ISRE
is induced preferentially by IFN-7 but also is in-
duced by IFN-a. Transfection analyses of genes
containing the IRF-1 promoter identified a single
palindromic sequence at 123 nucleotides upstream
of the transcriptional start site that was required
for the response to both types of IFN. The DNA
palindrome contains an inverted repeat of the se-
guence GAAA (Table 1). This result suggested
that both IFN-c* and IFN-7 could mediate a pri-
mary response via the same DNA target site.
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IFN-y induces expression of the high-affinity
immunoglobulin receptor FcyRI, but expression is
restricted to cells of the myeloid lineage (Pearse et
al., 1994). A region of the FcyRI promoter was
identified by transfection analyses to confer IFN-y
inducibility to a heterologous promoter. This
DNA site, originally called the IFN-y response re-
gion (GRR), contains a palindromic GAAA se-
quence similar to the inverted repeat found in the
IRF-1 gene and can confer a transcriptional re-
sponse to IFN-y (Pearse et al., 1991, 1993; Perez
et al., 1993, 1994). Recent studies have demon-
strated the restricted myeloid expression of the Fc-
vRI gene is due to the presence of a DNA binding
site for the PU.1/Spi-1 ets family transcription
factor adjacent to the IFN-y response sequence.
PU.1/Spi-1 is expressed in myeloid and B cells and
appears to be required for expression of the FcyRI
promoter (Perez et al., 1994).

DNA response eclements have been charac-
terized in the promoters of other yISGs, includ-
ing the IFN consensus sequence binding protein
(ICSBP) gene (Kanno et al., 1993), the monokine-
induced gene (mig) (Wright and Farber, 1991),
and the Ly6A/E gene (Khan et al., 1993). The
ICSBP gene contains a conserved palindromic se-
quence homologous to the GAAA inverted repeat
identified in IRF-1 and FcyRI, and the responsive
sites in GBP, Ly6A/E, and mig contain imperfect
palindromes. Although the sites are not identical
in these genes, the response sequence has been
termed the IFN-vy activated site (GAS). The GAS
sequence in IRF-1, ICSBP, and FcyRI contains
two half-sites of GAAA in an inverted palin-
drome, whereas the IFN-« activated ISRE con-
tains two half-sites of GAAA in a tandem orienta-
tion (Table 1).

The IFN-vy Activated Transcription Factor, GAF

Because the yISGs are induced immediately fol-
lowing IFN-y stimulation, independent of new
protein synthesis, transcription must depend on
activation of a preexisting transcription factor. An
IFN-y-induced DNA binding factor was identified
by exonuclease protection experiments of the GAS
in the GBP gene (Decker et al., 1991a). This DNA
binding factor was called the IFN-y activated fac-
tor (GAF), and was activated in the cytoplasm
of the cell because it appeared in enucleated cells
(cytoplasts) within minutes of IFN-y treatment.
The kinetics of activation of GAF paralleled the
induction of GBP gene transcription. A similar
DNA binding factor rapidly induced by IFN-y was
detected by EMSA analysis to bind to the GAS of
the FcyRI gene (Wilson and Finbloom, 1992).

This DNA binding activity originally was called
the FcRFy, but it appears to be similar to GAF.
Activation of an IFN-y-induced factor that recog-
nizes a GAS site in the IRF-1 gene also was identi-
fied and originally termed IRFi, but it appears to
be the same as GAF (Sims et al., 1993). Subse-
quent experiments demonstrated IFN-o induced
the same GAF activity, although at reduced levels,
in addition to the IFN-a-induced ISGF3 activity
(Decker et al., 1991b; Sims et al., 1993).

To determine the molecular size of the protein
in the GAF that contacts the DNA, UV cross-
linking experiments were performed (Shuai et al,
1992). GAF was partially purified, bound to the
GAS site of the Ly6E gene in an EMSA, and ex-
posed to UV radiation. SDS polyacrylamide gel
electrophoresis (PAGE) revealed a protein of ap-
proximately 90 kDa cross-linked to the radiola-
beled DNA. Because the protein was similar in size
to the p91/STATlw« subunit of ISGF3, antisera
that recognized the STATI1 and STAT2 proteins
of ISGF3 were tested for reactivity with GAF. In-
deed, the STATI1 antisera specifically bound to
GAF-GAS complex in a gel shift assay, but the
STAT?2 antisera did not. These surprising results
demonstrated that the signal transduction path-
ways of IFN-a/f and IFN-vy shared activation of
a similar factor, STATla.

Signal Activation of GAF

Similar to the IFN-«/8 activation signal, the
IFN-v signal transduction pathway is dependent
on the tyrosine phosphorylation of STATIle.
Phosphoamino acid analysis of STATla from
[**P)orthophosphate-labeled cells detected phos-
phorylated tyrosine within minutes following
IFN-y stimulation (Schindler et al., 1992b). Se-
quence analysis of tryptic phosphopeptides identi-
fied the same tyrosine residue 701 to be phosphor-
ylated on STATl«a in response to IFN-y or to
IFN-« (Shuai et al., 1993a, 1993b). Protein kinase
inhibitors such as staurosporine blocked the in-
duced tyrosine phosphorylation of STAT1«a/GAF
(Shuai et al., 1992). In addition, immunofluores-
cence studies demonstrated cytoplasmic to nuclear
translocation of STATI, but not STAT2, follow-
ing IFN-vy stimulation (Shuai et al., 1992).

IFN-a stimulation leads to the activation of
both STAT1 and STAT2, which associate with
p48 to form ISGF3, whereas IFN-y induces the
activation of only STATI to form GAF. How-
ever, STAT1« is phosphorylated on the same tyro-
sine residue 701 following stimulation with either
IFN-a or IFN-y (Shuai et al., 1993a, 1993b).
Analysis of the sedimentation coefficient of GAF



indicates that it is a homodimer of STAT 1« (Shuai
et al., 1994). STATl« thereby appears to serve as
a combinatorial partner in signal transduction. It
can associate with STAT2 and p48 to generate the
IFN-a-induced heteromeric complex ISGF3, or
associate with itself to form homomeric STATl«
complexes as GAF (Fig. 2). The ability of STAT
la to associate with STAT2 or other STAT mole-
cules creates a diverse repertoire of transcription
factor combinations activated by distinct extracel-
lular ligands.

FUNCTIONAL ANALYSES OF
STAT MOLECULES

To affirm the role of STATI1, STAT?2, and p48
in the IFN signal transduction pathway, transfec-
tion analyses were performed with the recombi-
nant cDNAs. These studies were enabled by the
isolation of cell lines deficient in their response
to IFNs (reviewed in Darnell et al., 1994). The
laboratories of George Stark and Ian Kerr used a
genetic approach to obtain mutant cell lines that
do not respond to IFN (Pellegrini et al., 1989;
John et al., 1991; McKendry et al., 1991). A cell
line was established that expresses a transfected
recombinant plasmid containing an IFN respon-
sive promoter linked to the E. coli guanine phos-
phoribosyltransferase (gpf) gene. These cells lack
the hypoxanthine-guanine phosphoribosyltrans-
ferase genes and cannot grow in media with hypo-
xanthine-aminopterin-thymidine (HAT) unless
they express the gpt gene. If the cells are induced
by IFN to express the gpt gene they can grow in
HAT media but will die in the presence of 6-
thioguanine (6-TG). The stable transfected cells
were treated with a frameshift mutagen, and sub-
sequently placed in both 6-TG and IFN to select
for the growth of mutant cells that do not respond
to IFN. Several mutant cell lines unresponsive to
IFN-«a and/or IFN-y were isolated in this manner.
Somatic cell fusions with parent cells and with dif-
ferent mutant clones demonstrated defects that
were recessive and belonged to discrete comple-
mentation groups.

The mutant cells were transfected with the
STATI1, STAT?2, or p48 cDNA expression vectors
in an attempt to rescue the IFN-responsive pheno-
type and thereby identify the genetic defect. In
addition, this technique corroborated the role of
the cloned factors in the signal response to IFN.
Complementation of one mutant line unrespon-
sive to IFN-«a was achieved by transfection with
the p48 ¢cDNA (John et al., 1991; Darnell et al.,
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1994). Complementation of a different line unre-
sponsive to IFN-a was achieved by transfection
with the STAT2 cDNA (Darnell et al., 1994). A
third cell line unresponsive to either IFN-«a or
IFN-y was complemented by transfection with
STATI1 cDNA. This latter result attested to the
role of STATI in the signal pathways of both
IFNs (formation of ISGF3 and GAF) (Fig. 2).

Because the STAT1 gene encodes two proteins
produced from differentially spliced mRNAs,
p91/STAT1a and p84/STATIS, the role of each
individual protein in IFN signaling was examined.
The STAT1a or the STATI13 cDNAs were trans-
fected into a cell line lacking expression of STAT]I
and were analyzed for their ability to complement
the IFN-a or IFN-y response (Miller et al.,
1993a). Both STAT1 ¢DNAs were found to com-
plement the IFN-« response. Transfected cells dis-
played IFN-a-dependent growth in HAT media
and death in 6-TG. Expression of either STATl«
or STATI1 conferred inducibility of the ISGF3
transcription factor following IFN-« stimulation.
Furthermore, expression of IFN-a-induced genes
was activated in cells complemented with either
STATl1la or STATIB cDNAs. Therefore, the 38
amino acids that are located at the carboxy-
terminus of STAT1«, but are absent in STATI1g,
are not required for factor activation or associa-
tion with STAT2 and p48 in the formation of
ISGF3.

Complementation of the cell line lacking
STAT1 also demonstrated a specific role of
STATl«, but not STATIS, in the response to
IFN-y (Miiller et al., 1993a). Only constructs ex-
pressing STAT 1« restored the transcriptional re-
sponse of genes to IFN-y stimulation. Following
IFN-vy treatment, both STAT18 and STAT I« be-
came phosphorylated on tyrosine 701 and translo-
cated to the nucleus (Shuai et al., 1993a). In addi-
tion, both STATla and STATISB formed a
specific DNA binding complex in response to
IFN-vy that recognized the GAS target sequence.
However, transcriptional activation by IFN-y of
endogenous genes or transfected genes containing
a GAS element was dependent on expression of
STATl1«a, not STATIB. The carboxy-terminus of
STATIla may therefore be required for interaction
with basal transcription factors of the cell.

To determine the functional importance of var-
ious protein domains in STATlw, a mutational
analysis was undertaken. The TAT codon for ty-
rosine at position 701 was altered to a TTT codon
for phenylalanine (F) (Shuai et al., 1993a). The
F701 mutant STAT 1« was not tyrosine phosphor-
ylated in response to IFN-y after transfection into
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the STAT]1-deficient cells. Immunofluorescence
studies demonstrated that the F701 mutant protein
did not translocate to the nucleus in response to
IFN-v, nor did it form a DNA binding GAF-GAS
complex. Not surprisingly, the F701 mutant
STATla did not activate expression of IFN-y-
stimulated genes. Because the STAT]I protein con-
tains a region of similarity to SH2 domains (sites
of binding to phosphotyrosine-containing pro-
teins), the requirement of this region was tested
(Shuai et al., 1993b). The function of an arginine
residue within an SH2 domain appears to be criti-
cal for binding to phosphotyrosine residues. For
this reason, the CGG codon for arginine at posi-
tion 602 in STAT1« was changed to a CTG codon
for leucine (L). Transfection analyses of the L602
mutant protein revealed that it did not become
tyrosine phosphorylated in response to IFN-y.
Therefore, the SH2 domain of STATl« is re-
quired for it to be a substrate for tyrosine phos-
phorylation. Recent experiments have demon-
strated STATla can bind to a phosphotyrosine
site on the intracellular domain of the receptor, an
association that appears to be required for activa-
tion (Greenlund et al., 1994).

Glycerol gradient sedimentation analyses and
native gel electrophoresis studies of the physical
properties of STAT1la suggested that the factor
exists as a monomer in the cytoplasm prior to
IFN-v stimulation and as a dimer in the nucleus
following IFN-vy stimulation (Shuai et al., 1994).
These studies were further supported with the
demonstration of heterodimerization between
STATIlwx and STATIS in vivo by coexpression of
the two corresponding ¢cDNAs in the STATI-
deficient cell line. The coexpression produced a
novel DNA binding complex following IFN-y
treatment that appeared as a band of intermediate
migration in a gel shift assay, faster than the
STATla homodimer and slower than the STATI13
homodimer, representing the STAT1 heterodimer.
An in vitro association of the STAT]1 factors also
can be demonstrated after denaturation and rena-
turation of the dimers, indicating association is
noncovalent. For this reason, the role of the SH2
domain and phosphotyrosine residues in the for-
mation of dimers was examined. A specific tyrosyl
phosphorylated peptide corresponding to STAT1«
was shown to dissociate dimers at high concentra-
tion (160 pM) and to promote subunit interchange
at lower concentrations (4 uM). A phosphotyrosyl
peptide corresponding to STAT2 of ISGF3 could
also displace the STAT1 subunits of GAF, but a
phosphotyrosyl peptide of the Src protein had no
effect. In addition, the SH2 domain of STATl«

could promote STAT1 subunit interchange. These
results suggest that the STAT1 dimerization re-
quired for GAF formation is dependent on inter-
action of a phosphotyrosine residue on one sub-
unit with the SH2 domain of the other subunit.
The peptide of STAT1 that is tyrosine phosphory-
lated (pYIKTELI) and the homologous peptide
of STAT2 that is tyrosine phosphorylated
(pYLKHRLI) may interact with other unidentified
SH2-containing molecules. This phosphopeptide
motif appears to represent a novel consensus do-
main that has not been described to interact with
other known SH2-containing proteins (Songyang
et al., 1993).

A mutational analysis of protein domains in
STATla was also performed to determine their
role in signal activation of ISGF3 by IFN-a (Im-
prota et al., 1994). The tyrosine mutant, F701,
and the SH2 region mutant, L602, both were de-
fective in their ability to complement STATI-
deficient cells in the formation of ISGF3. The mu-
tant proteins were not tyrosine phosphorylated,
did not associate with STAT?2, and did not trans-
locate to the nucleus in response to IFN-« stimula-
tion. A deletion of the amino-terminal 216 amino
acids of STATl«a or a deletion of amino acids
199-220 in the central leucine repeat (LLVL) al-
so abrogated the tyrosine phosphorylation of
STATIl« and the formation of ISGF3 in response
to IFN-«. The tyrosine phosphorylation of
STATl« may therefore require a variety of dis-
tinct protein domains that are necessary for pro-
tein-protein interactions. In addition, expression
of these STAT1« mutants did not interfere with
tyrosine phosphorylation of STAT2 on amino
acid 690 or translocation of STAT?2 to the nucleus
following IFN-« stimulation.

JANUS AT THE GATES

Tyrosine phosphorylation of the STAT sub-
units is critical for formation of the multimeric
transcription factors ISGF3 and GAF in response
to IFN-a/f or IFN-y. Signal transduction must
therefore depend on the activation of latent tyro-
sine kinases by IFN binding. However, the trans-
membrane receptors that bind IFN do not possess
intrinsic tyrosine kinase activity. The identity of
the targeted kinase(s) remained unknown until a
breakthrough experiment revealed the ability of
a gene encoding a specific tyrosine kinase could
complement a cell line unresponsive to IFN (Vel-
azquez et al., 1992). This discovery provided a
missing link in the IFN pathway that transduced a
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signal from the IFN receptor to latent transcrip-
tion factors in the cytoplasm (Fig. 2).

A genetic system employing a panel of mutant
cell lines unresponsive to IFN-o was used in a sim-
ilar manner as that described to analyze the func-
tion of the STAT proteins (Velazquez et al., 1992).
In seeking to identify genes that could comple-
ment the mutant cells, transfections were per-
formed with genomic DNA and a gene encoding
neomycin resistance. Neomycin-resistant clones
were isolated and tested for reversion to an IFN-o-
responsive phenotype (death in HAT or death in
IFN plus 6-GT). DNA from a complemented cell
line was used to construct a cosmid library for
subsequent transfections, cDNA isolation, and
gene identification. Nucleotide sequence analysis
revealed the complementing gene to be #yk2, pre-
viously isolated by homology to the tyrosine ki-
nase domain of c-fms (Krolewski et al., 1990). The
function of Tyk2 remained unknown until its role
in IFN-a signaling became apparent with these
complementation experiments. Tyk2 is found to
be phosphorylated on tyrosine within minutes fol-
lowing IFN-o/8 stimulation (Miiller et al., 1993b;
Barbieri et al., 1994).

Tyk2 is now known to be a member of the Ja-
nus kinase (JAK) family of nonreceptor tyrosine
kinases. This family consists of three additional
members, JAK1, JAK2, and JAK3, that were iso-
lated by the polymerase chain reaction with oligo-
nucleotide primers homologous to consensus tyro-
sine kinase domains (Wilks, 1989; Wilks et al.,
1991; Cance et al., 1993; Sanchez et al., 1994;
Kawamura et al., 1994; Witthuhn et al., 1994),
Janus is a mythological Roman god and protector
of the gates of Rome and he is portrayed with two
faces looking in opposite directions. The Janus
nomenclature appears appropriate because these
enzymes contain two tandem kinase domains and
assist in the transduction of extracellular signals.

Because Tyk2 restored the IFN-« response of
one mutant cell line, the natural course was to
determine if transfection of genes encoding the
other JAK members could complement the defi-
ciency of other mutant cells. A cell line defective
in its response to both IFN-a and IFN-y was
found to be restored by transfection with JAK1
cDNA (Miiller et al., 1993b). In addition, JAK1 is
tyrosine phosphorylated within minutes following
IFN-a or IFN-vy stimulation (Miiller et al., 1993b;
Shuai et al., 1993b; Silvennoinen et al., 1993a).
The signal transduction pathway of IFN-« there-
fore activates two homologous kinases, Tyk2 and
JAKI1. This kinase duo acts in concert to phos-
phorylate the STAT1 and STAT?2 factors leading
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to the formation of ISGF3. It appears that there is
a reciprocal interdependence for activation of
these kinases by IFN-«. Tyrosine phosphorylation
of Tyk2 is dependent on the presence of JAKI,
and, in turn, tyrosine phosphorylation of JAKI1 is
dependent on the presence of Tyk2 (Miiller et al.,
1993b). The lack of a demonstrable hierarchy in
Tyk2 and JAKI1 activation suggests that the ki-
nases are juxtaposed following receptor oligomer-
ization (Fig. 2).

The IFN-y signal pathway also stimulates the
activation of two JAK kinases, JAK1 and JAK2.
Genetic complementation of a cell line unrespon-
sive to IFN-y, but normally responsive to IFN-c,
was achieved by transfection of ¢cDNA encoding
JAK2 (Watling et al., 1993). This result, in con-
junction with the ability of JAK1 to complement
the cell line unresponsive to both IFN-o and
IFN-vy, provided evidence that activation of both
JAKI1 and JAK2 is required to respond to IFN-y.
Similar to the IFN-« pathway, there is an interde-
pendence of each kinase for tyrosine phosphoryla-
tion, phosphorylation of STAT1«, and activation
of gene expression (Fig. 2).

The only evidence for the involvement of a pro-
tein tyrosine phosphatase (PTPase) in the IFN-y
signal pathway has relied on studies with vana-
date, a specific PTPase inhibitor. Vanadate treat-
ment of cells appears to stimulate the GAS bind-
ing activity of STATl« in the absence of added
IFN-y (Igarashi et al., 1993). In addition, vana-
date prolongs the transcriptional activation in-
duced by IFN-« (David et al., 1993).

INTERFERON RECEPTORS

The biological effects of IFN are initiated by
their binding to specific high-affinity transmem-
brane receptors. IFNs-« and -8 bind to a common
type I receptor, whereas IFN-y binds to a distinct
type II receptor. Both type I and type II receptors
are multimeric and are composed of at least two
nonidentical subunit proteins.

IFN-a/8 Receptor

Human IFNs-«a generally have a low affinity
for murine IFN-« receptors. This species specific-
ity formed the basis of the molecular cloning of a
subunit of the IFN-« receptor (IFNAR1) (Uzé et
al., 1990). Murine cells were transfected with hu-
man DNA and selected for expression of a func-
tional human IFN-« receptor. The positive selec-
tion was based on the ability of human IFN-« to
confer resistance to infection of murine cells with
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vesicular stomatitis virus. DNA from a secondary
transfectant was used to construct a genomic li-
brary in bacteriophage \ that was screened with a
human Alu repeat to isolate the transfected hu-
man DNA. This genetic transfer technique identi-
fied a cDNA encoding a protein of 557 a.a. with
a single transmembrane spanning segment. This
protein is now defined as a class II cytokine recep-
tor and contains two extracellular homologous do-
mains with repeats of four cysteine residues (Ba-
zan, 1990).

Following IFN-« binding, the IFNARI1 recep-
tor subunit is tyrosine phosphorylated in a dose-
and time-dependent manner (Platanias and Cola-
monici, 1992). In addition, IFNAR1 has been
demonstrated to be physically associated with the
Tyk2 tyrosine kinase (Colamonici et al., 1994),
Antibodies that recognize IFNAR1 can coimmu-
noprecipitate Tyk2 as assayed by immunoblotting,
and antibodies that recognize Tyk2 can coimmu-
noprecipitate IFNAR1 bound to radiolabeled
['**I]IFN-o:2. The physical association of IFNAR1
and Tyk2 is found both in the absence and pres-
ence of IFN, suggesting a stable complex exists
prior to ligand binding, and that Tyk2 phosphory-
lates IFNARI1 after ligand binding.

Recently, a second component of the IFN-« re-
ceptor (IFNAR2) was identified (Novick et al.,
1994). This subunit was detected initially as a solu-
ble factor able to block the activity of IFN-a. The
protein was purified and used to prepare specific
antibodies. These antibodies blocked the biologi-
cal response to IFN-«, and immunoprecipitated a
disulfide-linked dimer of 51 kDa subunits associ-
ated with the membrane. Degenerate oligonucleo-
tides corresponding to the protein sequence were
used in a polymerase chain reaction to generate a
DNA fragment for subsequent isolation of the
gene from a bacteriophage A library. The soluble
form of the receptor (41 kDa) was found to be
encoded by the amino-terminal region and did not
contain the transmembrane domain. The extracel-
lular sequence of IFNAR?2 is approximately 23%
identical with the extracellular ligand binding do-
main of IFNARI, and binds to ['*IJIFN-o2 or
IFN-B. Of particular significance to our under-
standing of the IFN-o signal transduction path-
way was the demonstration of a physical associa-
tion of IFNAR2 with JAK1 both before and after
IFN binding. Antibodies that recognize IFNAR2
coimmunoprecipitate JAK1, but not Tyk2 or
JAK2, It therefore appears that IFNARI1 is associ-
ated with Tyk2, and that IFNAR?2 is associated
with JAK]1. IFN binding likely causes the oligo-
merization of these receptor components, leading

to the codependent activation of Tyk2 and JAK1
and subsequent tyrosine phosphorylation of
STATI and STAT?2.

IFN-vy Receptor

The molecular cloning of the human IFN-y re-
ceptor gene was achieved with the use of a poly-
clonal antiserum prepared against the purified re-
ceptor to screen a bacteriophage ygtll ¢cDNA
expression library (Aguet et al., 1988). The iso-
lated IFN-y receptor cDNA encoded a protein of
489 a.a. with a single putative transmembrane do-
main. To ensure that the isolated gene was func-
tional, the human IFN-y receptor gene was trans-
fected and expressed in murine cells because
human IFN-y does not bind to murine IFN-y re-
ceptors. Murine cells transfected with the human
IFN-vy receptor gene were found to express high-
affinity binding to human IFN-y. However, hu-
man IFN-vy binding to the transfected receptor did
not stimulate a biological response. Therefore, the
IFN-y receptor is required for binding to IFN-y,
but it is not sufficient to activate signal transduc-
tion.

Recently, a species-specific accessory factor
(AF-1) required for signal transduction via the hu-
man IFN-y receptor was identified (Soh et al.,
1994). The strategy for isolation of this factor was
based on construction of a yeast artificial chromo-
some (YAC) with genomic human DNA that
could complement the function of the IFN-y re-
ceptor. Probes derived from the YAC clone were
used to isolate the cDNA encoding AF-1, a protein
of 337 a.a. with a single putative transmembrane
domain. Expression of both the AF-1 cDNA and
the IFN-y receptor gene reconstituted IFN-y-
induced gene expression. An analogous receptor
system has been demonstrated in murine cells with
the isolation of the murine IFN-y receptor gene
(Hemmi et al., 1989; Gray et al., 1989) and a mu-
rine accessory component designated the IFN-y
receptor 3 chain (Hemmi et al., 1994),

An enhanced understanding of the mechanism
whereby the IFN-y receptor transmits a signal into
the cell was provided with the demonstration of a
physical association between the IFN-y receptor
and STAT1« following ligand binding (Greenlund
et al., 1994). IFN-y induced the rapid and tran-
sient tyrosine phosphorylation of a specific intra-
cellular site (Y440) of the IFN-y receptor, a site
previously shown to be required for signal trans-
duction. The presence of the AF-1 (or 3 chain) of
the IFN-y receptor was required for this ligand-
induced tyrosine phosphorylation. The specific
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TABLE 2
A LIST OF CYTOKINES AND THEIR IDENTIFIED JAK AND STAT
SIGNALING COMPONENTS AS DESCRIBED IN THE TEXT
Cytokine JAK STAT DNA Target
IFN-« Tyk2, JAK1 STATI1,STAT2 ISRE/GAS
IFN-y JAK1, JAK2 STATIl« GAS
EGF JAK1 STATla, STAT3 GAS/SIE
PRL JAK2 STATle«, STATS GAS
G-CSF JAK1, JAK2 STAT3 GAS
IL-4 JAK1, JAK3 STATé6 GAS
IL-6 Tyk2, JAK1, JAK2 STATlw, STAT3 GAS/APRE
IL-2 JAK1, JAK3 IL-2-STAT GAS
IL-3 JAK2 IL-3-STAT GAS

peptide corresponding to phosphorylated Y440 of
the receptor was shown to associate physically
with STAT1«; the phosphorylated receptor pep-
tide disrupted the STATla homodimer of GAF
when added to the DNA binding reaction of a gel
mobility shift assay, and STATl« coimmunopre-
cipitated with the tyrosine phosphorylated receptor
peptide. In addition, the phosphorylated receptor
peptide blocked STATIla tyrosine phosphory-
lation induced in a ligand-dependent cell-free sys-
tem. These results have provided a conceptual
model for STAT1« activation via the IFN-y recep-
tor. A membrane proximal intracellular region of
the IFN-y receptor chains may be associated with
the JAK kinases that are activated following
IFN-v binding. Activated JAK kinase phosphor-
ylates the Y440 region of the receptor chain, and
this tyrosine phosphorylated peptide recruits
STATla via its SH2 domain. Once STATl« is
recruited to the receptor, it becomes tyrosine
phosphorylated by the JAK kinase and subse-
quently dissociates from the receptor to homodi-
merize with another tyrosine phosphorylated
STAT1a molecule and translocate to the nucleus.

JAK-STAT ACTIVATION BY DIVERSE
CYTOKINES AND GROWTH FACTORS

The discovery of the JAK-STAT pathways in
the interferon system has served as a model for
receptor to nucleus signal transduction by a vari-
ety of cytokines and growth factors (Table 2).
Growth factors such as epidermal growth factor
(EGF) and platelet-derived growth factor (PDGF)
bind to transmembrane receptors that possess in-
tracellular domains with tyrosine kinase activity.
The binding of the growth factor induces homodi-
merization of the receptors, subsequent activation
of the intrinsic tyrosine kinase, and receptor auto-

phosphorylation (reviewed in Ulrich and Schles-
singer, 1990; Fantl et al., 1993). Following EGF
or PDGF binding, specific expression of the c-fos
gene is induced. This transcriptional induction ap-
pears to be a consequence of the rapid activation
of a specific c-sis-inducible factor (SIF) that binds
to a DNA target site in the c-fos promoter called
the c-sis-inducible element (SIE) (Hayes et al.,
1987; Wagner et al., 1990). The c-fos SIE is an
imperfect palindromic sequence similar to the
GAS found in IFN-y-inducible genes. Electropho-
retic mobility shift analyses with the SIE (usually
performed with a mutated SIE possessing im-
proved dyad symmetry) revealed three distinct SIF
complexes (Sadowski et al., 1993; Ruff-Jamison
et al., 1993; Silvennoinen et al., 1993b; Fu and
Zhang, 1993). With the use of specific antibodies,
STATla was shown to be present in two of the
SIF complexes; as a STAT 1o homodimer and as a
heterodimer with a novel STAT molecule,
STAT3. The third SIF complex contained a homo-
dimer of STAT3 (Zhong et al., 1994a). This novel
STAT3 family member was isolated initially by
amplifying the STATla SH2 domain with degen-
erate primers in a polymerase chain reaction and
screening a cDNA library (Zhong et al., 1994b).
STAT3 possesses domain homology to STATI
and approximately 50% amino acid identity. This
cloning approach also generated a fourth member
of the family, STAT4, for which expression ap-
pears to be restricted to specific cell lineages
(Zhong et al., 1994b; Yamamoto et al., 1994).
The activation of STATla by EGF results in
the tyrosine phosphorylation of STATla on the
same tyrosine 701 residue that is phosphorylated
following IFN-a or IFN-y stimulation (Shuai et
al., 1993a). In addition, STAT1a was shown to
physically associate with the EGF receptor after
ligand binding (Fu and Zhang, 1993). Association
with the activated EGF receptor requires the pres-
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ence of the SH2 domain of the STATl« protein,
suggesting that a tyrosine phosphorylated residue
on the EGF receptor may initiate association.
However, it remains to be determined whether the
EGF receptor phosphorylates STAT1«, because it
has been found that JAK1 kinase is also activated
following EGF binding to its receptor and
STATIla may be a substrate for this kinase (Shuai
et al., 1993b). The ability of STATl« to hetero-
dimerize with the coactivated STAT3 represents
another example of the combinatorial power of
STATla not only in the IFN system but also in
response to diverse extracellular stimuli like EGF.

Cytokines that function in immune and hema-
topoietic systems bind to cell surface receptors
that do not possess intrinsic tyrosine kinase activ-
ity (reviewed in Kishimoto et al., 1994). However,
signal transduction and gene expression stimu-
lated by many of these cytokines requires tyrosine
phosphorylation. Cytokines, including interleu-
kin-6 (IL-6), ciliary neurotrophic factor (CNTF),
leukemia inhibitory factor, and oncostatin M,
bind to receptors that share a common gp130 sub-
unit. In the liver, IL-6 is the major inducer of
acute phase response genes. The promoter region
of these genes contains two different IL-6 re-
sponse elements that bind either nuclear factor
IL-6 (NF IL-6, a member of the C/EBP family) or
the acute phase response factor (APRF). APRF
binds to an acute phase response element (APRE)
that resembles a GAS sequence. Purification and
subsequent cloning of APRF revealed it to be
STAT3 (Akira et al., 1994). As with stimulation
by EGF, ligand binding to gp130 stimulates acti-
vation of both STAT1l«a and STAT3 (Sadowski et
al., 1993; Bonni et al., 1993; Wegenka et al., 1994;
Zhong et al., 1994a; Akira et al., 1994). Examina-
tion of kinase activation revealed induction of
Tyk2, JAK1, and JAK2 following ligand binding
to gpl130 (Narazaki et al., 1994; Liitticken et al.,
1994; Stahl et al., 1994). In addition, STAT3 and
JAK1 were demonstrated to physically associate
with the gp130 receptor subunit (Liitticken et al.,
1994).

A common receptor $ subunit is also shared
by the cytokines interleukin-3 (IL-3), interleukin-5
(IL-5), and granulocyte/macrophage colony stim-
ulating factor (GM-CSF) (reviewed in Kishimoto
et al., 1994). Stimulation of these cytokine recep-
tors induces the tyrosine phosphorylation of a la-
tent STAT factor that can bind to a GAS sequence
(Larner et al., 1993). The activated STAT mole-
cule does not react with antibodies that recognize
STATla, and the identification of this STAT
family member remains to be determined. How-

ever, with the use of specific JAK antibodies, IL-3
was shown to induce the rapid tyrosine phosphor-
ylation of JAK2 (Silvennoinen et al., 1993c¢).

Cytokines such as erythropoietin (EPO), granu-
locyte colony stimulatory factor (G-CSF), growth
hormone (GH), and prolactin (PRL) generate ho-
modimerization of their respective receptors and
subsequent signal transduction. EPO and GH
both stimulate the tyrosine phosphorylation of
JAK2, but activate distinct STAT molecules
(Witthuhn et al., 1993; Argetsinger et al., 1993;
Finbloom et al., 1994). G-CSF stimulates the tyro-
sine phosphorylation of JAK1 and JAK2, leading
to the activation of latent STAT3 (Nicholson et
al., 1994; Tian et al., 1994). Studies of PRL signal
activation in mammary epithelial cells led to the
purification and molecular cloning of a fifth mem-
ber of the STAT family, called mammary gland
factor (MGF) or STATS, that binds to a GAS-like
element in the B-casein gene promoter (Wakao et
al., 1994). T lymphocytes also respond to PRL
with the activation of a latent PRL-induced factor
(PRLIF) that binds to a GAS site in the IRF-1
gene, and PRLIF may be identical to STATS (Gil-
mour and Reich, 1994). In addition to PRLIF,
PRL also activates STATl« in T lymphocytes
(Gilmour and Reich, 1994; David et al., 1994).
STATS and STAT 1« activation by PRL appears
to be the result of tyrosine phosphorylation by
JAK2 kinase.

IFN-y and interleukin-4 (IL-4) have been
known to generate antagonistic as well as analo-
gous effects on specific gene expression. Indeed,
IL-4 was found to activate a specific IL-4 nuclear
activated factor (IL-4 NAF) that recognized a
GAS site in regulated genes (Kotanides and Reich,
1993; Koéhler and Rieber, 1993). IL-4 NAF was
subsequently purified and molecularly cloned and
is known as IL-4 STAT or STAT6 (Hou et al.,
1994). Two JAK family members appear to be
activated following IL-4 stimulation, JAK1 and
JAK3 (Johnston et al., 1994; Witthuhn et al.,
1994). JAK3 is a new member of the JAK family
that was isolated by amplification of tyrosine ki-
nase domains with the polymerase chain reaction
(Cance et al., 1993; Sanchez et al., 1994; Kawa-
mura et al., 1994). JAK1 and JAK3 are also acti-
vated in response to interleukin-2 (IL-2) (Johnston
et al., 1994; Witthuhn et al., 1994). This finding
is in accord with the fact that IL-4 binds to a
heteromeric receptor that contains the v chain of
the IL-2 receptor (Kondo et al., 1993; Russell et
al., 1993). IL-2 has also been demonstrated to in-
duce a specific DNA binding protein, IL-2 nuclear
activated factor (IL-2 NAF), which recognizes the
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GAS DNA element of the IRF-1 gene (Gilmour
and Reich, 1994). IL-2 NAF has a similar mobility
to PRLIF in gel mobility shift assays and may be
related to STATS (Gilmour and Reich, 1994).

WHEREIN LIES THE SPECIFICITY?

The signal transduction pathway of IFN culmi-
nates in the transcriptional induction of IFN-
responsive genes via the activation of specific JAK
and STAT molecules. The IFN pathway has
served as a model for signal transmission by other
cytokines that stimulate specific gene expression.
Because a number of cytokines share JAK and
STAT components in their signal transduction
pathway, and because many genes contain GAS
elements in their promoters, it is important to con-
sider the manner in which specificity of transcrip-
tional activation is achieved.

A critical determinant of physiological response
to a cytokine is the expression of specific cell sur-
face receptors. Receptor expression in many cases
is restricted to a particular cell lineage. In addi-
tion, many receptors, such as the IL-2 receptor,
consist of heteromeric protein subunits encoded
by separate genes. Furthermore, a specific recep-
tor component can be shared with alternate sub-
units to create distinct receptors recognized by dif-
ferent cytokines. For example, the IL-2 v chain is
a shared component of the IL-4 receptor, as the
IL-3 8 common chain is shared by the IL-5 recep-
tor. Regulating expression of particular receptors
limits biological response to the ligand.

Activation of individual members of the JAK
family appears to be regulated both by tissue-
specific expression and by physical association
with a particular receptor. For instance, the mo-
lecular cloning of JAK3 revealed its expression to
be restricted to lymphocytes and myeloid cells.
With respect to JAK recognition of specific recep-
tors, association of Tyk2 kinase is seen with the
IFNAR1 chain of the IFN-a receptor whereas
JAKI1 kinase is associated with the IFNAR?2 chain
of the IFN-« receptor. It appears that a membrane
proximal intracellular region of the receptor chain
is associated with a specific JAK kinase prior to
ligand binding. Subsequent to receptor oligomer-
ization induced by cytokine binding, the JAK ki-
nases may interact, resulting in their autophos-
phorylation or cross-phosphorylation. Different
combinations of JAKs will be activated dependent
upon receptor subunit composition. The receptor
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subunit itself is thought to be a substrate for an
activated JAK and the resultant tyrosine phos-
phorylated site on the receptor creates a new dock-
ing site for proteins with specific SH2 domains.

The STAT transcription factors possess SH2
domains that can recognize particular tyrosine
phosphorylated sites in the receptors. As with in-
dividual members of the JAK family, expression
of some STAT family members, such as STAT4,
is restricted to specific cell lineages. In addition,
different STAT molecules appear to recognize dis-
tinct tyrosine phosphorylated receptors. A con-
ceptual model has been proposed wherein a spe-
cific STAT molecule docks to a phosphorylated
receptor, thereby bringing it to the vicinity of the
activated JAK kinase. The JAK kinase phospho-
rylates the STAT molecule, promoting its asso-
ciation with other STAT molecules via SH2 and
phosphotyrosine domains. The tyrosine phos-
phorylated STATs can function as homodimers
(STATIla in GAF), heterodimers (STAT1la and
STAT3 in SIFc), or oligomers (STATI and
STAT?2 with p48 in ISGF3). The variety of STAT
molecules and theoretical STAT combinations
contribute to signal diversity and specificity. The
STAT-containing transcription factors translocate
from the cytoplasm to the nucleus, bind to specific
DNA response elements, and thereby regulate
transcription.

The specificity of gene activation induced by
distinct cytokines must in part lie in differential
affinity/recognition of the STAT transcription
factors for variant DNA sequences. The IFN-o-
stimulated response element possesses a tandem
GAA repeat whereas the response elements of
IFN-y and the growth factors and cytokines de-
scribed here possess an inverted GAA repeat or
palindrome (Table 1). Variations in the palin-
drome can be achieved either by specific nucleo-
tide substitution or by differential nucleotide spac-
ing between the inverted repeats. The importance
of spacing previously has been demonstrated for
the retinoic acid family of receptors. The spacing
between a direct repeat sequence determines which
hormone receptors can bind (reviewed in Mangels-
dorf and Evans, 1992). Different STAT dimers
may require specific spacing between the inverted
repeat structure or specific nucleotide sequences
and therefore different homomeric or heteromeric
STATSs may bind distinct GAS elements. In addi-
tion, the promoter context of the STAT binding
site has also been found to influence gene expres-
sion (Perez et al., 1993).

The physiological response to cytokines is de-
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pendent on the transcriptional induction of spe-
cific genes. Specificity can be conferred by the
stimulation of distinct receptors, JAKs, STATsS,
and DNA targets. Achieving specificity by using
various combinations of signaling components is
an evolutionarily sound approach. Cells can elicit
specific biological responses to various cytokines
while limiting the number of proteins they express.
The future will surely lead to the discovery of new
members of the JAK and STAT families, and to

an understanding of STAT interaction with the
basal transcriptional machinery of the cell.
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