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Abstract
CD4+ T cells regulate adaptive responses to pathogens by secreting unique subsets of cytokines that
mediate inflammatory processes. The innate cytokines IL-12 and IFN-α/β regulate type I responses
and promote acute IFN-γ secretion through the activation of the STAT4 transcription factor. Although
IL-12-induced STAT4 activation is a conserved pathway across species, IFN-α/β-dependent STAT4
phosphorylation does not occur as efficiently in mice as it does in human T cells. In order to
understand this species-specific pathway for IFN-α/β-dependent STAT4 activation, we have
examined the molecular basis of STAT4 recruitment by the human IFNAR. In this report, we
demonstrate that the N-domain of STAT4 interacts with the cytoplasmic domain of the human, but
not the murine IFNAR2 subunit. This interaction mapped to a membrane-proximal segment of the
hIFNAR2 spanning amino acids 299–333. Deletion of this region within the hIFNAR2 completely
abolishes IFN-α/β-dependent STAT4 tyrosine phosphorylation when expressed in human IFNAR2-
deficient fibroblasts. Thus, the human IFNAR2 cytoplasmic domain serves to link STAT4 to the
IFNAR as a pre-assembled complex that facilitates cytokine-driven STAT4 activation.
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1. Introduction
Instruction of adaptive T cell responses to pathogens is regulated by innate cytokines that are
secreted by professional antigen presenting cells (APCs) (Trinchieri, 2003). The innate
cytokine IL-12 drives adaptive type I immune responses by promoting IFN-γ secretion from
NK, CD8+ and CD4+ T cells. For CD4+ T cells, IL-12 directs a series of developmental cues
leading to their capacity to secrete high levels of IFN-γ (Szabo et al., 2003). This IL-12-
dependent pathway of T helper type I (Th1) development is initiated through the conserved
activation of a key transcription factor, STAT4 (Kaplan and Grusby, 1998; Murphy et al.,
1999). STAT4 activation represents a key commitment step in the generation of Th1 cells, and
the requirement for STAT4 in Th1 development and acute IFN-γ secretion in CD4+ T cells has
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been demonstrated conclusively in STAT4-deficient mice (Kaplan et al., 1996; Thierfelder et
al., 1996).

IL-12-dependent Th1 development is a conserved pathway that exists in both humans and mice.
This pathway is conserved, in part, due to the ability of both the murine and human IL-12
receptors to recruit and activate STAT4 (Bacon et al., 1995; Jacobson et al., 1995). In addition
to IL-12, type I interferons (IFN-α/β) promote STAT4 activation and induce IFN-γ secretion
from CD4+ T cells (Cho et al., 1996; Rogge et al., 1998). However, unlike IL-12, the effects
of IFN-α/β on STAT4 activation, Th1 development, and acute IFN-γ secretion are not well
conserved when comparing mouse and human CD4+ T cells. In human CD4+ T cells, IFN-α/
β promotes STAT4 activation (Cho et al., 1996; Farrar et al., 2000b; Rogge et al., 1998) and
can drive acute IFN-γ secretion in response to IFN-α/β + IL-18 stimulation (Brinkmann et al.,
1993; Matikainen et al., 2001; Parronchi et al., 1992; Sareneva et al., 2000; Sareneva et al.,
1998). In murine CD4+ T cells, IFN-α/β is inefficient at promoting STAT4 activation
(Berenson et al., 2004; Farrar and Murphy, 2000; Farrar et al., 2000a; Farrar et al., 2000b;
Persky et al., 2005; Rogge et al., 1998; Szabo et al., 1997), and as a consequence, murine
CD4+ T cells fail to differentiate to Th1 cells and do not secrete IFN-γ in response to IFN-α/
β + IL-18 in vitro (Berenson et al., 2004; Persky et al., 2005; Rogge et al., 1998; Wenner et
al., 1996).

Previous studies of the human IFN-α/β receptor (hIFNAR) revealed an important role for
STAT2 in IFN-α/β-dependent STAT4 activation. Here, IFN-α/β-induced STAT4 tyrosine
phosphorylation was found to be dependent upon the presence of human STAT2 (Farrar et al.,
2000b). Unlike other STAT family members, STAT2 is highly divergent between mouse and
human, and this dissimilarity is particularly striking within the COOH-terminal transactivation
domain (Farrar et al., 2000a; Park et al., 1999; Paulson et al., 1999). The sequence divergence
in STAT2 is functionally relevant because expression of the murine STAT2 molecule failed
to restore IFN-α/β-dependent STAT4 phosphorylation in human STAT2-deficient cells (Farrar
et al., 2000a). However, expression of a chimeric murine/human STAT2 molecule, in which
the COOH-domain was replaced with the human sequence, restored IFN-α/β-dependent
STAT4 activation in STAT2-deficient human fibroblasts. Based on these studies, it was
proposed that the human STAT2 COOH-terminus was a critical species-specific component
of the human IFNAR complex that was necessary for IFN-α/β-dependent STAT4 tyrosine
phosphorylation (Farrar and Murphy, 2000; Farrar et al., 2000a). This finding was followed
by the construction of a knockin mouse that expressed a chimeric murine/human (m/h) Stat2
gene in place of the wild-type murine Stat2 (Persky et al., 2005). Unexpectedly, T cells from
these m/hSTAT2 knock-in mice were unable to activate STAT4 or commit to Th1 development
in response to IFN-α/β even though the m/hSTAT2 molecule was functionally activated by the
murine IFNAR and capable of binding DNA. Thus, although the human STAT2 COOH-
terminus was found to be necessary for STAT4 activation by IFN-α/β in human fibroblasts,
this region of STAT2 was insufficient to restore this pathway when expressed in murine
CD4+ T cells.

In this study, we have re-evaluated the molecular mechanism by which STAT4 is recruited to
the human IFNAR. Based on the significant divergence in primary amino acid sequence
between the murine and human IFNAR, we have studied the role of the cytoplasmic domains
of the human IFNAR in cytokine-dependent STAT4 activation and induction of IFN-γ gene
expression. Here, we demonstrate that the N-domain of STAT4 is involved in pre-associating
STAT4 with the cytoplasmic domain of the human IFNAR2 subunit in a species-specific
manner. This interaction mapped to a membrane-proximal segment within the IFNAR2
cytoplasmic domain, and this sequence was necessary for IFN-α/β-dependent STAT4 tyrosine
phosphorylation.
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2. Materials and Methods
2.1. cDNA Expression Constructs

Full length human IFNAR2 was amplified from a full length cDNA clone (Invitrogen,
Carlsbad, CA), digested with SalI and cloned into the XhoI-digested retrovirus vector, GFPRV.
A c-myc tag sequence was inserted by PCR into the extracellular domain within 6 amino acids
downstream of the leader peptide. The c-myc tag was inserted with primers: 5-
TCTGAAGAAGATCTGTACACAGATGAATCTT GCACTTTC, and 5-
AATAAGTTTTTGTTCATCAGGCGAATCATATGAAATACC.

For GST pulldown assays, partial cDNA fragments encoding the COOH-domains of
mIFNAR1, mIFNAR2, hIFNAR1, hIFNAR2, and the N-domain of mSTAT4 were amplified
by PCR from full length cDNA-containing vectors. The human IFNAR1 cytoplasmic domain
and murine STAT4 N-domain PCR products were digested with BamHI and ligated into the
BamHI site of the prokaryotic expression vector pGEX-2TK (Amersham Biosciences,
Piscataway, NJ). The human IFNAR2, murine IFNAR1 and IFNAR2 cytoplasmic domain PCR
products were digested with EcoR1 and ligated into the EcoR1 site within pGEX-2TK.

For yeast-2 hybrid analysis, cDNA fragments encoding the COOH-domain of human IFNAR1
were amplified by PCR, digested with EcoR1 and BamHI and cloned as GAL4 fusion proteins
into the EcoR1/BamHI-digested Bait vector pGADT7 (BD-Clontech, Mountain View, CA).
The human IFNAR2 PCR product was digested with EcoRI and BamHI and ligated into the
EcoRI/BamHI site within pGADT7. The N-domain of mSTAT4 PCR product was digested
with BamHI and XhoI and ligated into the BamHI/SalI site within pGADT7. Additionally,
cDNA fragments encoding the N-domain, coiled-coil domain, DNA binding domain, linker
domain, SH2 domain, and the COOH-terminal domain of murine STAT4 were amplified by
PCR, digested with EcoRI/XhoI or BamHI/XhoI and cloned into the EcoRI/SalI or BamHI/
SalI sites within the yeast expression vector pFBL23 (Beranger et al., 1997). This vector allows
for the expression of N-terminal fusion proteins with the DNA binding domain of the LexA
transcription factor, and these constructs are referred to as Target vectors throughout this study.

2.2. GST Pulldown Assays
GST fusion proteins were expressed in E. coli strain BL21 CodonPlus-RIL (Stratagene, La
Jolla, CA). Expression of recombinant proteins was induced by the addition of 0.6 mM IPTG
to 300 ml cultures that achieved log-phase growth at 37°C. Upon induction, the cultures were
incubated for 3 h at 25°C to maintain stability of recombinant proteins. Cells were disrupted
by sonication in 15 ml of lysis buffer (50 mM Tris-Cl (pH 8.0), 1 mM EDTA, 150 mM NaCl,
0.1% Triton-X 100, 5 mM benzamadine, 5 μg/ml leupeptin, 1 mM phenyl methyl sulfonyl
fluoride (PMSF), and 0.2 mg/ml lysozyme), and the supernatant was subsequently incubated
with glutathione-Sepharose (Amersham Biosciences) at 4°C for 1 h. Following extensive
washes, recombinant protein-bound microspheres were incubated in 0.5 ml of a glutathione-
sepharose pre-cleared cell lysate derived from 2fTGH cells expressing murine STAT4 as
described below. Binding reactions were incubated for 1 h at 4°C followed by extensive washes
in wash buffer (10 mM Tris-Cl (pH 7.6), 1 mM EDTA, 150 mM NaCl, 0.5% Triton-X 100).
Bound proteins were resolved by 7% SDS-PAGE and transferred to PVDF membranes. STAT4
was detected by immunoblotting with anti-STAT4 antibody (SC-486, Santa Cruz
Biotechnology, Santa Cruz, CA) or with a STAT4-N-domain antibody (SC-7959, Santa Cruz)
and Gt-anti-Rb-HRP secondary antibody (Jackson Immunoresearch, West Grove, PA)
followed by chemilluminescence detection.
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2.3. Yeast 2-Hybrid Analysis
S. cerevisiae strains L40 (MATa, trp1, leu2, his3, LYS::lexA-HIS3, URA3::lexA-lacZ) and
AMR70 (MATα, trp1, lys2, leu2, his3, URA3::(lexAop)8-lacZ) were propagated to log phase
growth in YPD medium (2% peptone, 1% yeast extract, and 2% dextrose). Expression vectors
pFBL23 and pGADT7 were introduced into yeast strains AMR70 and L40, respectively, by
Li acetate-mediated transformation, and plated onto selective medium. Single transformants
of AMR70-pFBL23 were plated on dropout medium (BD-Clontech) lacking tryptophan and
uracil. L40-pGADT7 transformants were plated on dropout medium lacking leucine, lysine
and uracil at 30°C for 24–48 h. AMR70 and L40 single transformants were mated in 0.5 ml
YPD cultures at 30°C for 20 h followed by replica plating on dropout medium lacking
tryptophan, uracil, leucine, lysine and in the absence or presence of histidine. Replica mating
plates were allowed to grow for 3–5 days at 30°C for detection of specific interactions in the
absence of histidine.

2.4. Immunoprecipitation and Western Blotting
For direct immunoprecipitation, cells were lysed in RIPA buffer (150 mM NaCl, 1.0% NP-40,
0.5% (w/v) deoxycholate, 0.1% (w/v) SDS, and 50 mM Tris-Cl (pH 8.0)) and sequential
immunoprecipitation was performed with polyclonal anti-STAT1 (SC-346) and anti-STAT4
(SC-486) antibodies. Phosphorylated STAT4 were detected with polyclonal anti-phospho-
STAT4 (Tyr 693, Zymed Laboratories, South San Francisco, CA) and phosphorylated STAT1
was detected with anti-phospho-STAT1 (Tyr 701, Upstate, Lake Placid, NY) in combination
with a polyclonal Gt-anti-Rb-HRP secondary antibody followed by chemilluminescence
detection. Blots were subsequently probed with anti-STAT4 (SC-486) and anti-STAT1
(SC-346) to detect relative amounts of STAT immunoprecipitates.

Cell lysates for co-immunoprecipitation assays (Fig. 4) were prepared by solubilizing cells in
digitonin buffer (50 mM Tris-Cl (pH 8.0), 150 mM NaCl, 0.8% (w/v) digitonin (Sigma-Aldrich,
St. Louis, MO), supplemented with 10 mM phenylmethyl sulfonyl fluoride, 5 μg/ml leupeptin,
and 5 mM benzamadine). Duplicate cell lysates were immunoprecipitated with anti-STAT4
(NB34) and anti-c-myc (clone 9E10, Santa Cruz Biotechnology) antibodies.
Immunoprecipitates were washed extensively in lysis buffer prior to SDS-PAGE.
Immunoblotting was performed as described above.

3. Results
3.1. Species-specific interaction of the STAT4 N-domain with the human IFNAR2 subunit

Our previous studies demonstrated that although the human STAT2 C-terminus was required
to promote IFN-α-dependent STAT4 activation in human fibroblasts (Farrar et al., 2000a), it
was not sufficient to restore this pathway when expressed in murine T cells (Persky et al.,
2005). This finding predicts that additional species-specific components of the IFNAR
complex regulate STAT4 tyrosine phosphorylation. In addition to STAT2, the cytoplasmic
domains of the IFNAR1 and IFNAR2 are poorly conserved when comparing the alignments
of the murine and human cDNA sequences (Fig. 1). The murine and human IFNAR1
cytoplasmic domains share only 38.4% sequence identity (50.6% similarity, Fig. 1A), whereas
the murine and human IFNAR2 cytoplasmic domains share 48.4% sequence identity (61.8%
similarity, Fig. 1B). We previously demonstrated that none of the phosphorylated tyrosine
residues within either the human IFNAR1 or IFNAR2 subunits could interact with the SH2
domain of STAT4 (Farrar et al., 2000b), thus eliminating the hypothesis that STAT4 was
recruited to the human IFNAR based solely on a linear SH2/phosphotyrosine interaction.
However, we have now reexamined how the IFNAR cytoplasmic domains contribute to IFN-
α/β-dependent STAT4 activation based on recent findings implicating the STAT N-terminal
domain (amino acids 1–130) in receptor-proximal tyrosine phosphorylation. These studies
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demonstrated that the STAT4 N-domain interacts as a homodimer (Chen et al., 2003;
Vinkemeier et al., 1998), and mutations within the interface of that interaction disrupt dimer
formation (Ota et al., 2004). Further, mutations that disrupt N-domain dimer formation also
abrogate cytokine mediated STAT4 tyrosine phosphorylation (Ota et al., 2004). In addition,
expression of a mutant STAT4 molecule lacking the N-domain, in cells or in transgenic mice,
failed to support IL-12-induced STAT4 tyrosine phosphorylation (Chang et al., 2003).

Based on these recent findings, we wished to determine if the STAT4 N-domain could interact
with the cytoplasmic domains of either the IFNAR1 or IFNAR2 subunits and whether any of
these potential interactions were specific to the human IFNAR. To address this, we performed
a series biochemical and genetic binding assays. First, the cytoplasmic domains of the human
IFNAR1 and IFNAR2 were cloned as C-terminal fusions with GST. As controls for species
specificity, we cloned the cytoplasmic domains of the murine IFNAR1 and IFNAR2 (by RT-
PCR from murine cDNA) as fusion proteins with GST. These constructs were expressed in
protease-deficient BL21 CodonPlus E. coli, and recombinant fusion proteins were isolated by
glutathione-Sepharose chromatography. Fusion protein enrichments were routinely monitored
by SDS-PAGE followed by silver staining (data not shown). Cell lysates, prepared from murine
STAT4-transfected human 2fTGH cells (Farrar et al., 2000b), were incubated with equimolar
quantities of purified fusion proteins bound to glutathione-Sepharose. Enriched GST was
incapable of interacting with STAT4 (Fig. 2A, lane 1 and 2B, lane 3). As a positive control,
we found that the N-domain of murine STAT4 was able to interact with full length murine
STAT4, as expected (Fig. 2A, lane 2 and 2B, lane 4) (Ota et al., 2004). Further, we found that
both the human IFNAR1 and IFNAR2 cytoplasmic domains were able to interact with STAT4
(Fig. 2A, lanes 3–4 and 2B, lanes 7–8). Interestingly, the murine IFNAR1 was also able to
interact with STAT4 (Fig. 2B, lane 5), and the significance of this interaction with regard to
STAT4 activation is unclear at this point. However, we found a species-specific interaction of
STAT4 with the human IFNAR2 subunit that was not detected with the murine counterpart
(Fig. 2B, compare lanes 6 and 8). Additional specificity was tested by performing pull-down
assays from cell lysates derived from STAT1 over expressing U3A cells. None of the chimeric
GST fusion proteins were able to interact with STAT1 (Fig. 2C) indicating that the interactions
detected with STAT4 were specific.

In order to confirm these interactions, yeast-2 hybrid analyses were performed. For these
experiments, the cytoplasmic domains of the human IFNAR1 and IFNAR2 were cloned as
fusion proteins with the transactivation domain of Gal4 (Bait) within the pGADT7 vector. The
N-domain of murine STAT4 (amino acids 1–130) was cloned as a N-terminal fusion protein
with the DNA binding domain of LexA (Target) within the pFBL23 vector. The interaction of
the STAT4 N-domain with the C-terminus of hIFNAR1 and hIFNAR2 was tested by the
induction of the HIS3 gene driven by a LexA operator sequence. In these experiments, the
yeast strain AMR70 (Matα) was transformed with the Target plasmids and mated to the L40
strain (Mata) transformed with the Bait plasmids (Fig. 3). The success of individual yeast
matings was confirmed by growth of all colonies on selective medium in the presence of
histidine (data not shown), whereas specific protein-protein interactions were detected by
growth of yeast colonies on histidine-deficient medium (Fig. 3). As previously demonstrated
(Ota et al., 2004), the STAT4 N-domains displayed homotypic interaction, and this was a
relatively strong interaction as colonies began to appear within 24–48 h of incubation in the
absence of histidine (Fig. 3, panel 3). There was no apparent interaction between the STAT4
N-domain and the hIFNAR1 cytoplasmic domain (Fig. 3, panel 1). However, an interaction
was detected between the STAT4 N-domain and the cytoplasmic domain of the human
IFNAR2 (Fig. 3, panel 2). This is likely to be a weaker interaction than the STAT4 N-domain/
N-domain because colony growth was not apparent until 2 days following plating and were
less numerous when compared to the positive control (Fig. 3, compare panels 2 and 3). In
addition, we tested the ability of other domains of STAT4 (DNA binding domain, coiled-coil
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domain, linker domain, and the C-terminus) to interact with the human IFNAR1 and IFNAR2
cytoplasmic tails by this assay. The DNA-binding domain (Fig. 3, panels 4 and 5) and the linker
domain of STAT4 (data not shown) displayed bait-dependent growth but did not interact with
either the hIFNAR1 or hIFNAR2 subunits, thus supporting the observation that the weak
interaction of the STAT4 N-domain with the hIFNAR2 was specific. The coiled-coil domain
and the C-terminus of STAT4 displayed bait-independent growth in the absence of histidine
(data not shown) thus precluding the ability to detect specific protein-protein interactions for
these STAT4 domains.

Based on these findings that suggested a species-specific interactions between STAT4 and the
hIFNAR2 subunit, we tested whether the STAT4- hIFNAR2 interaction could be observed in
live cells by co-immunoprecipitation assays. For these experiments, a c-myc-tagged hIFNAR2
molecule was co-expressed along with full-length STAT4 in the human IFNAR2-deficient cell
line U5A by retroviral transduction (Fig. 4). Immunoprecipitation of murine STAT4 with either
a monoclonal (NB34 (Szabo et al., 1995)) or a polyclonal Rb-α-STAT4 antibody (SC-486,
Santa Cruz) failed to co-precipitate the c-myc-tagged hIFNAR2 (data not shown), which may
indicate that these antibodies disrupted the interaction of STAT4 with the hIFNAR2
cytoplasmic domain. However, both the c-myc-tagged hIFNAR2 and STAT4 were detected
in immunoprecipitates utilizing an anti-c-myc antibody (Fig. 4, lane 2). In contrast, STAT4
was not detected in immunoprecipitates from cells that were either not transduced with the
IFNAR2-expressing retrovirus (Fig. 4, lane 1) or transduced with retrovirus expressing a c-
myc-tagged hIFNAR2 molecule that lacked the intracellular domain (Fig. 4, lane 3). Thus,
association of STAT4 with the hIFNAR2 cytoplasmic domain is detectable within live cells.
Taken together, these data suggest that the human IFNAR2 provides a species-specific
molecular platform that mediates STAT4 association with the receptor complex prior to
cytokine activation.

3.2. Functional mapping of hIFNAR2 sub-domains mediating STAT4 association and
activation

Due to the significant sequence divergence between the murine and human IFNAR2 subunit,
we wished to identify specific regions within the hIFNAR2 that contributed to both STAT4
N-domain binding and IFN-α-dependent STAT4 tyrosine phosphorylation. To probe this
molecular interaction, a series of GST-pulldown experiments were performed with expression
constructs encoding the full-length hIFNAR2 subunit and with serial C-terminal truncations
(Fig. 5A). Enriched GST-fusion proteins (Fig. 5B) were incubated with lysates from 2fTGH
cells expressing STAT4, and the binding of STAT4 with these proteins was detected by
immunoblotting (Fig. 5C). In these experiments, STAT4 was capable of interacting with the
full-length receptor, but not with GST alone (Fig. 5C, compare lanes 4 and 5). In addition, we
found that sequences spanning amino acids 333 to 515 were dispensable for STAT4
preassociation (Fig. 5C, lanes 6–10). However, amino acids between residues 299 and 333
were required for STAT4 binding as the Δ299 deletion failed to interact with STAT4 (Fig. 5C,
lane 11). Although the 2fTGH cells express endogenous STAT1, none of the GST fusion
proteins precipitated STAT1 from these lysates (data not shown), demonstrating additional
specificity for the STAT4-hIFNAR2 interaction.

In order to determine if the N-domain was sufficient to mediate this interaction, 2fTGH cells
were transduced with a retrovirus construct expressing the first 130 amino acids of STAT4 that
constitutes the N-domain (Fig. 5D) (Chen et al., 2003;Ota et al., 2004;Vinkemeier et al.,
1998). Similar to results obtained from lysates containing full-length STAT4, both the full-
length hIFNAR2 cytoplasmic domain and the hIFNAR2-Δ333 deletion was found to interact
with the STAT4 N-domain (Fig. 5D, lanes 2 and 3). However, hIFNAR2-Δ299 failed to interact
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with the STAT4 N-domain, suggesting that the STAT4 N-domain is sufficient to interact with
the hIFNAR2 cytoplasmic domain upstream of Thr333.

STAT4 binding was correlated with IFN-α-dependent tyrosine phosphorylation within this
region of the hIFNAR2 (Fig. 6). Here, a series of retrovirus vectors were constructed to express
either the full-length IFNAR2 subunit or various C-terminal truncations corresponding to the
regions that were identified to interact with STAT4 in Fig. 5. For these experiments, the human
IFNAR2-deficient U5A cell line was utilized to probe the sufficiency of the hIFNAR2 to
mediate IFN-α-dependent STAT4 activation. U5A cells were co-transduced with retrovirus
vectors expressing STAT4 (within the CD4RV vector) and with either GFP alone (within the
GFPRV vector, “Control”), or with GFPRV expressing the full-length hIFNAR2 and C-
terminal truncations. Cells were activated with medium or with rhIFN-α (A) and both STAT4
and STAT1 were immunoprecipitated from cell lysates. Phosphorylated STAT4 and STAT1
as well as total STAT protein were detected by immunoblotting (Fig 6). As expected, IFN-α
failed to promote STAT4 or STAT1 tyrosine phosphorylation in the absence of a functional
IFNAR2 subunit, and co-expression of the full-length hIFNAR2 restored this activity (Fig. 6,
lanes 1–4). A conservative deletion of 36 amino acids from the C-terminus of hIFNAR2
retained the ability to promote both STAT4 and STAT1 activation in response to IFN-α (Fig.
6, lanes 5–6). Truncation of hIFNAR2 at Pro-371 (Δ371) completely abrogated STAT1
phosphorylation, whereas STAT4 phosphorylation was retained yet diminished with the
expression of this deletion. However, expression of hIFNAR2 Δ333 and Δ299 failed to restore
any detectable STAT4 or STAT1 tyrosine phosphorylation in response to IFN-α. Collectively,
these data suggest that STAT4 pre-associates within a region of the hIFNAR2 cytoplasmic
domain spanning amino acids 299–333. However, this region was not sufficient to fully restore
IFN-α-dependent STAT4 activation in vivo, indicating that additional interactions are required
for STAT4 phosphorylation.

4. Discussion
The unexpected discovery of a species-specific pathway for STAT4 activation by type I
interferons (Farrar and Murphy, 2000; Sinigaglia et al., 1999) has provided a unique
opportunity to uncover general molecular mechanisms that regulate receptor-mediated STAT
recruitment and subsequent tyrosine phosphorylation. In general, STAT recruitment and
activation involves the direct binding of receptor-associated phosphorylated tyrosine residues
by STAT SH2 domains (Greenlund et al., 1995; Heim et al., 1995; Wiederkehr-Adam et al.,
2003; Yan et al., 1996), and this mechanism is involved in the activation of STAT4 by the
IL-12 receptor (Naeger et al., 1999). Further, receptor specificity for STAT activation is
constrained in part by the affinity of each STAT SH2 domain for specific amino acids adjacent
to each tyrosine motif within receptor cytoplasmic domains (Greenlund et al., 1995; Krishnan
et al., 1998; Yan et al., 1996). As neither the IFNAR1 nor R2 subunits are well conserved
between mice and humans, the paradigm of direct STAT recruitment was the basis of previous
studies that determined the ability of STAT4 to interact directly with phosphorylated tyrosine
residues within the receptor COOH-termini (Farrar et al., 2000b). Here, STAT4 was unable to
interact directly with any of the phosphorylated tyrosine residues within either the human
IFNAR1 or R2 subunits. Thus, these studies initially ruled out the hypothesis that the IFNAR
cytoplasmic domains were responsible for species-specific recruitment of STAT4 to the human
IFNAR.

However, more recent studies have revealed a more complex mechanism by which STATs are
recruited to receptor complexes. As discussed above, SH2-phosphotyrosine interactions are
critical for cytokine-driven STAT phosphorylation. This is true for IFN-α-induced STAT4
activation because expression of a SH2-defective mutant STAT4 molecule fails to become
phosphorylated in response to IFN-α in human fibroblasts (Farrar et al., 2000a). Yet, this single
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interaction fails to completely explain the rapid kinetics of STAT activation. For example,
activation of STAT2 by the human IFNAR is dependent upon an interaction between the
STAT2 SH2 domain and phosphorylated Y-466 within the human IFNAR1 subunit (Krishnan
et al., 1998; Yan et al., 1996). Although this interaction is required, it is not sufficient for IFN-
α/β-induced STAT2 phosphorylation. Stark and colleagues (Li et al., 1997) demonstrated that
the N-terminal domain of STAT2 is also required for receptor-proximal recruitment of STAT2
to the human IFNAR. In these studies, the N-domain of STAT2 was shown to preassociate
with the IFNAR2 subunit prior to cytokine activation. Recently, new studies have demonstrated
a role for the N-terminal domain of STAT4 in receptor-mediated STAT4 tyrosine
phosphorylation. Mutation analyses have revealed that the first 130 amino acids of STAT4 are
required for both IL-12- and IFN-α/β-dependent tyrosine phosphorylation (Murphy et al.,
2000; Ota et al., 2004). Further, transgenic expression of a STAT4 molecule lacking the N-
terminal domain failed to mediate IL-12-dependent STAT4 tyrosine phosphorylation and IFN-
γ secretion (Chang et al., 2003).

Based on the requirement for the STAT4 N-domain in IFN-α/β-dependent tyrosine
phosphorylation, the present study has uncovered a unique mechanism for the species-specific
activation of STAT4 by the human IFNAR. We have demonstrated that the STAT4 N-domain
forms a preassociated complex with the cytoplasmic domain of the human IFNAR2 subunit.
Further, this interaction is specific to the human IFNAR2, as the murine IFNAR2 does not bind
STAT4. In addition, STAT4 was also observed to interact with the human and murine IFNAR1
subunit. However, the interaction with the hIFNAR1 was not confirmed in the yeast-2-hybrid
assay. Thus, the nature of the STAT4-IFNAR1 interaction observed by GST-pulldown assays
is unclear at this point and warrants further investigation. Based on these observations, we
focused further analyses in this study on the STAT4-hIFNAR2 interaction because these two
molecules interacted in a species-specific manner. We mapped the STAT4 N-domain
interaction to a region of the hIFNAR2 spanning amino acids 299–333, which overall, is
relatively well conserved between murine and human with regard to charge and
hydrophobicity. This region contains 3 Tyr residues of which Y316 and Y318 are conserved
at these positions in both the murine and human sequence. However, Y306 in the human
IFNAR2 is mutated to Pro at that position within the murine receptor. Although it is unlikely
that tyrosine modification would play a role in receptor pre-association, this particular mutation
was intriguing as a Pro would introduce a significant structural alteration when compared to
the human receptor. We tested the possibility that this mutation would alter the STAT4-
hIFNAR2 interaction by point mutation. However, mutation of Y306 to Pro within the human
IFNAR2 did not significantly affect STAT4 pre-association (data not shown). Thus it is likely
that this region of the hIFNAR2 creates multiple point contacts with the STAT4 N-domain and
that further structural mutations are responsible for the species-specific interaction.

This species difference in signaling has significant impact on our understanding of human
responses to type I interferons. Exploiting the species differences among the molecular
components of the IFNAR complex has shed significant light on the molecular mechanisms
that regulate cytokine-driven STAT activation. The molecular insights gained from this study
will allow for the reconstitution of the human pathway for IFN-α/β-dependent STAT4
activation in a murine model. In vivo reconstitution of this pathway in mice will allow for the
analysis of host-pathogen interactions that more closely resemble the human condition.
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ABBREVIATIONS
GST  

glutathione-sulfo-transferase

IFNAR  
IFN-α/β receptor

STAT  
signal transducer and activator of transcription
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Fig. 1.
Alignment of the murine and human IFNAR1 and IFNAR2 transmembrane and cytoplasmic
domains. Amino acid residues 437–557 (human, Hu) and 430–590 (murine, Mu) of the
IFNAR1 (A), and residues 244–515 (Hu) and 243–513 (Mu) of the IFNAR2 (B) were aligned
with the AlignX FAST algorithm within the VectorNTI software (Invitrogen, Carlsbad, CA).
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Fig. 2.
Species-specific interaction of STAT4 with the human IFNAR2 cytoplasmic domain. (A)
Chimeric fusion proteins were bound to glutathione sepharose beads and incubated with lysates
prepared from murine STAT4-expressing 2fTGH cells. STAT4 was also immunoprecipitated
from these lysates as an additional control (lane 5). Bound proteins were immunoblotted for
STAT4. (B) Chimeric fusion proteins were bound to glutathione-Sepharose beads, incubated
with lysates prepared from STAT4-expressing 2fTGH cells, and immunoblotted for STAT4.
(C) Chimeric fusion proteins were bound to glutathione-Sepharose beads, incubated with
lysates prepared from STAT1-expressing U3A cells, and immunoblotted for STAT1. This
experiment was performed 3 times with similar results.
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Fig. 3.
The murine STAT4 N-domain interacts with the human IFNAR2 subunit. Yeast strain L40
(Mata) were transformed with the indicated Bait vectors and mated to yeast strain AMR70
(Matα) that were transformed with the indicated Target vectors. Triplicate mating cultures were
replica plated onto selective media without histidine and incubated for 3 days at 30°C. This
experiment was performed 4 times with similar results. Abbreviations: C, cytoplasmic domain;
N, amino terminus, DBD, DNA-binding domain.
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Fig. 4.
STAT4 interacts with the hIFNAR2 cytoplasmic domain in live cells. Cell lysates were
prepared from U5A cells (IFNAR2-deficient) expressing STAT4 (lanes 1–3) and either a full-
length c-myc-tagged hIFNAR2 (myc-hR2-FL, lane2) or a receptor molecule lacking the
intracellular domain (myc-hR2-D254, lane 3). Samples were immunoprecipitated with α-c-
myc followed by sequential immunoblotting for c-myc and murine STAT4 (upper panels).
Duplicate samples were immunoprecipitated and immunoblotted with the α-STAT4 antibody
as a control for STAT4 expression (lower panel). This experiment was performed twice with
similar results.
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Fig. 5.
STAT4 interacts with a membrane-proximal region within the human IFNAR2 subunit. (A)
GST-fusion constructs were designed to express the full-length intracellular domain of
hIFNAR2 (hR2-FL) and C-terminal truncations that terminated at the indicated amino acid as
denoted from the full-length receptor sequence (Accession #P48551). (B) GST-fusion proteins
were isolated from E. coli lysates and analyzed by SDS-PAGE followed by coomassie blue
staining. (C) Chimeric fusion proteins were incubated with lysates prepared from murine
STAT4-expressing 2fTGH cells, and immunoblotted for STAT4. This experiment was
performed 3 times with similar results. (D) Purified GST fusion proteins were incubated with
2fTGH cell lysates expressing amino acids 1–130 of the murine STAT4 N-domain. Precipitates
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were immunoblotted with α-STAT4 antibody raised against the STAT4 N-domain (Santa
Cruz). This experiment was performed twice with similar results.

Tyler et al. Page 17

Mol Immunol. Author manuscript; available in PMC 2009 June 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
A membrane-proximal region within the hIFNAR2 subunit is required for IFN-α-dependent
STAT4 tyrosine phosphorylation. hIFNAR2-deficient U5A cells were co-transduced with
retrovirus constructs expressing STAT4 and with constructs expressing either the full-length
hIFNAR2 subunit (hR2-FL) or with hIFNAR2 subunits that were truncated at specific amino
acid residues as indicated in the figure. Cells were left resting or activated with rhIFN-α (A)
(1000 U/ml) for 30 min at 37°C. STAT4 and STAT1 were sequentially immunoprecipitated
from cell lysates and analyzed for phospho-STAT4 and phospho-STAT1 by immunoblotting.
Blots were subsequently stripped and re-probed for STAT4 and STAT1 protein as indicated
in the figure. This experiment was performed 3 times with similar results.
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