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The transcription factor STAT1 is essential for interferon (IFN)-mediated immunity in humans and mice. STAT1 function is
tightly regulated, and both loss- and gain-of-function mutations result in severe immune diseases. The two alternatively spliced
isoforms, STAT1� and STAT1�, differ with regard to a C-terminal transactivation domain, which is absent in STAT1�. STAT1�
is considered to be transcriptionally inactive and to be a competitive inhibitor of STAT1�. To investigate the functions of the
STAT1 isoforms in vivo, we generated mice deficient for either STAT1� or STAT1�. As expected, the functions of STAT1� and
STAT1� in IFN-�/�- and IFN-�-dependent antiviral activity are largely redundant. In contrast to the current dogma, however,
we found that STAT1� is transcriptionally active in response to IFN-�. In the absence of STAT1�, STAT1� shows more pro-
longed IFN-�-induced phosphorylation and promoter binding. Both isoforms mediate protective, IFN-�-dependent immunity
against the bacterium Listeria monocytogenes, although with remarkably different efficiencies. Our data shed new light on the
potential contributions of the individual STAT1 isoforms to STAT1-dependent immune responses. Knowledge of STAT1�’s
function will help fine-tune diagnostic approaches and help design more specific strategies to interfere with STAT1 activity.

Signal transducer and activator of transcription 1 (STAT1) reg-
ulates a wide variety of cellular activities, such as differentia-

tion, proliferation, apoptosis, and homeostasis. STAT1 is a con-
stituent of the Janus kinase (JAK)/STAT pathway through which
many cytokines, including interferons (IFNs), transmit their bio-
logical effects. Ligand binding to cognate receptors leads to auto-
and/or trans phosphorylation of JAKs, a family of nonreceptor
tyrosine kinases. Subsequent phosphorylation events on the intra-
cellular receptor domains and on STAT proteins result in activa-
tion of STAT homo- and/or heterodimers, which translocate to
the nucleus and induce gene expression. In response to type I IFNs
(IFN-� subtypes and IFN-�) and type III IFNs (IFN-� subtypes),
STAT1/2 heterodimers and IFN regulatory factor 9 (IRF9) form
IFN-stimulated gene factor 3 (ISGF3), which binds to IFN-stim-
ulated response elements (ISREs) in the regulatory regions of
target genes. Type II IFN (IFN-�) mainly activates STAT1 ho-
modimers, which bind to IFN-� activation sites (GAS) (1). IFN-
induced activation of STAT1 occurs by phosphorylation on two
amino acid residues. Phosphorylation of tyrosine 701 (Tyr701) is
essential for the translocation of STAT1 dimers into the nucleus,
whereas phosphorylation of serine 727 (Ser727), which is located
in the C-terminal transactivation domain (TAD), has both posi-
tive and negative effects on gene transcription (1–5). The absence
of STAT1 leads in mice and humans to higher susceptibility to
viral and bacterial pathogens as a result of impaired IFN signaling
(6–8).

Two STAT1 isoforms are generated by alternative splicing in
most, if not all, cells and tissues: full-length STAT1� (91 kDa) and
C-terminally truncated STAT1� (84 kDa). The latter lacks 38
amino acids, including the Ser727 site and most of the TAD. It is
currently believed that STAT1� homodimers are unable to induce

transcription due to their inability to recruit essential cofactors,
such as the histone acetyltransferases CBP/p300 (9–11). However,
both isoforms can be phosphorylated on Tyr701, translocate to
the nucleus, and bind equally well to GAS sites (10–13). Both
STAT1 isoforms are considered to be fully functional within an
ISGF3 complex, as the essential TAD is provided by STAT2 (9, 14,
15). As STAT1� overexpression can inhibit STAT1� function (16)
and as infection with certain pathogens increases the ratio of
STAT1� to STAT1� in murine and human cells (17–19), it has
been postulated that STAT1� acts as a dominant-negative regula-
tor in IFN-� signaling. However, it is notable that all data on
STAT1 isoform functions have been obtained from studies with
transfected cell lines and/or in vitro assays. The functions of the
two isoforms have not yet been investigated in vivo.

We now report the generation of mice deficient for either the
STAT1� or the STAT1� isoform. Gene expression profiling in
primary cells revealed that STAT1� is transcriptionally active and
induces responses that are different from those induced by
STAT1�. In the absence of STAT1�, STAT1� shows prolonged
Tyr701 phosphorylation and promoter binding activity but does
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not induce a generally enhanced transcriptional response. Impor-
tantly, STAT1� alone is capable of eliciting IFN-�-dependent pro-
tective immunity against infections in vivo, consistent with the
conclusion that STAT1� contributes uniquely to host immunity
and is not merely an inactive or dominant-negative factor.

MATERIALS AND METHODS
Generation of STAT1�- and STAT1�-deficient mice. We used gene-
targeting vectors containing the terminal portions of the cDNA for either
Stat1� or Stat1� fused in frame into exon 19 of the genomic Stat1 gene
(accession no. AF349678). A human �-globin splice and a floxed neomy-
cin cassette were inserted downstream of the cDNAs and placed between
two regions of homology. Targeting constructs were linearized and trans-
fected into embryonic day 14 (E14) embryonic stem (ES) cells (129P2)
(20). Clones with homologously integrated targeting constructs and
C57BL/6N blastocysts were used to generate chimeric mice. Offspring
carrying the targeted alleles were crossed to Tg(CMV-Cre) mice (21) to
remove the neomycin cassette and subsequently intercrossed to obtain
Stat1�/� and Stat1�/� homozygous mice. The mice were backcrossed to
the C57BL/6N background by speed congenics (22).

ES cell screening and Southern blotting. To confirm correct integra-
tion of the targeting constructs in transfected ES cells after positive PCR
screening (forward primer, 5=-ACGAGATCAGCAGCCTCTGT-3=; re-
verse primer, 5=-CTCTAGCCCAAACTTCTCTAAAAGC-3=; fragment
size, 1,420 bp), Southern blot analysis was performed as described previ-
ously (20). Homologously integrated constructs were screened by detec-
tion of a 7.4-kb (wild-type [WT]), a 5.7-kb (Stat1�), and a 5.6-kb (Stat1�)
long fragment after digestion with BsrGI by using a 5= [�-32P]ATP-labeled
probe (Random labeling kit; Invitrogen) obtained by PCR with the fol-
lowing primers: forward, 5=-ACAAAGCCACCATTCGTAGG-3=; reverse,
5=-GTGCATCTCTGAGCAAAACC-3=. Isolated DNAs from ES cell clones were
used as templates.

Genotyping. Genetic screening of WT, Stat1�/�, and Stat1�/� mice was
performed by a duplex PCR with primers (purchased from Sigma-Al-
drich) using DNA from mouse tail biopsy specimens. The primers were
T�/� wt fwd (5=-CAAAGCGTCTCCATTCATCTC-3=), T�/� wt rev (5=-
CATTTCCACAACACGTTTCC-3=), and hu� rev (5=-AGAAAACATCA
AGGGTCCCATA-3=) and resulted in the following fragment sizes: WT,
367 bp; Stat1�, 493 bp; and Stat1�, 603 bp. Standard PCRs were per-
formed in a final volume of 20 �l containing 1� PCR buffer (20 mM
Tris-HCl, pH 8.8, 50 mM KCl), 1.5 mM MgCl2, 0.2 mM deoxynucleoside
triphosphates (dNTPs), 1 �M primer for T�/� wt fwd and 0.5 �M for
T�/� wt rev and hu� rev, and 1 U Biotaq (Agrobiogen). The cycling
conditions consisted of 5 min denaturation at 95°C, followed by 30 cycles
of 30 s denaturation at 95°C, 40 s annealing at 62°C, and 40 s elongation at
72°C, and a single step of 5 min at 72°C. Twenty to 40 ng genomic DNA
was used as the template.

Mice and ethics statement. C57BL/6N (WT) mice were purchased
from Charles River Laboratories. Stat1�/�, Stat1�/�, and Stat1�/� mice (7)
were housed under specific-pathogen-free conditions according to Fed-
eration of European Laboratory Animal Science Associations (FELASA)
guidelines. All animal experiments were discussed and approved by the
Ethics and Animal Welfare Committee of the University of Veterinary
Medicine, Vienna, Austria, and conform to the guidelines of the national
authority (Austrian Federal Ministry of Science and Research; section 8ff
of the Animal Science and Experiments Act, Tierversuchsgesetz [TVG],
BMWF-68.205/0204-C/GT/2007, BMWF-68.205/0210-II/10b/2009, and
BMWF-68.205/0243-II/3b/2011).

Cell culture and cytokines. Bone marrow-derived macrophages
(BMM	) and E14 ES cells were cultivated as previously described (23).
Recombinant mouse IFN-� and IFN-� were purchased from Calbiochem
(Merck Biosciences, Germany) and used at concentrations of 100 U/ml.

Whole-cell extracts and Western blotting. Proteins from cultivated
cells or organs were isolated and used for Western blot (WB) analysis as
described previously (24). Anti-phospho-Tyr701 STAT1 and anti-STAT1

(N terminal) were purchased from Cell Signaling Technology; anti-phos-
pho-Ser727 STAT1 was kindly provided by Pavel Kovarik from the Max F.
Perutz Laboratories (MFPL), University of Vienna, Vienna, Austria (25).
Anti-pan-ERK was purchased from BD Transduction Laboratories (the
antibody detects p42, p44, p56, and p85; the p42 or the p85 band is de-
picted in our experiments). Peroxidase-conjugated secondary antibodies
(mouse and rabbit) were purchased from GE Healthcare.

Electrophoretic mobility shift assay (EMSA). BMM	 were stimu-
lated with IFN-� (100 U/ml) for 1 h or left untreated, and whole-cell
extracts were prepared as described above. The extracts (10 �g or 15 �l)
were mixed with 2 �l of poly(dI-dC) (15.6 U/ml; Sigma) and incubated
for 5 min at room temperature. Eight microliters of probe mixture con-
taining 2.5 �l of 10� Licor binding buffer (LBB) (100 mM Tris-HCl, pH
7.5, 500 mM KCl, 10 mM dithiothreitol [DTT]), 2.5 �l of DTT-Tween (25
mM DTT, 2,5% Tween 20), 2 �l H2O, and 1 �l of 5=-IRDye 700/800-
labeled oligonucleotides with a GAS binding site (5=-GTCGACATTTCC
CGTAAATC-3=; purchased from Invitrogen) was added and incubated
for 20 min at room temperature; 2.5 �l of 10� orange loading dye (Licor)
was added, samples were separated on a native polyacrylamide gel, and
subsequently, the gel was scanned with the Odyssey infrared imager from
Licor.

Immunofluorescence. BMM	 (4 � 104 cells) were plated on glass
slides and stimulated with IFN-� (100 U/ml) for 1 h, 8 h, or 24 h or left
untreated. The cells were fixed with 4% Histofix (purchased from Roth)
and then quenched with glycine (100 mM) for 15 min. The cells were
permeabilized by methanol treatment at �20°C for 5 min. Slides were
blocked with 1% bovine serum albumin (BSA) (purchased from Roth) in
Dulbecco’s phosphate-buffered saline (PBS) (purchased from PAA) at
room temperature for 1 h. Anti-phospho-Tyr701 STAT1 was used as a
primary antibody (1:100 in 1% BSA-PBS solution at 4°C overnight), and
a fluorescently labeled anti-rabbit secondary antibody (Alexa Fluor 488)
was used for detection (1:200 in 1% BSA-PBS solution at room tempera-
ture for 1 h). Both antibodies were purchased from Cell Signaling Tech-
nology. For counterstaining of nuclei, diamidino-2-phenylindole (DAPI)
(100 ng/ml; Sigma) was used at room temperature for 5 min. For detec-
tion of fluorescence signals, a Leica DM5500B microscope was used.

Nuclear extracts. BMM	 were stimulated with IFN-� (100 U/ml) for
1 h, 24 h, or 48 h or left untreated. The cells were washed with Dulbecco’s
PBS, resuspended in buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1
mM [each] EDTA and EGTA), and left on ice for 15 min. Igepal CA-630
(NP-40; Sigma) was added at a final concentration of 0.6%, vortexed
vigorously for 10 s, and centrifuged for 1 min (13,000 � g at 4°C). The
supernatant, containing cytoplasmic proteins, was collected. The nuclear
pellets were washed with Dulbecco’s PBS, resuspended in buffer B (20
mM HEPES, pH 7.9, 25% glycerol, 400 mM NaCl, 1 mM [each] EDTA
and EGTA), and incubated for 40 min on a shaker at 4°C. Samples were
centrifuged for 5 min (13,000 � g at 4°C), and the supernatants, contain-
ing nuclear proteins, were collected. Both buffers contain 2 mM DTT, 0.4
mM Na3VO4, 25 mM NaF, 1 mM phenylmethylsulfonyl fluoride (PMSF),
20 �g/ml leupeptin, 20 U/ml aprotinin, 2 �g/ml pepstatin A. Proteins
were used for WB analysis as described above. Anti-specificity protein 1
(anti-SP1) was purchased from Santa Cruz Biotechnology and anti-
GAPDH (anti-glyceraldehyde-3-phosphate dehydrogenase) from Cell
Signaling Technology.

ChIP assays and RT-qPCR. The chromatin immunoprecipitation
(ChIP) protocol was adapted from Nissen and Yamamoto (26), and quan-
titative PCRs (qPCRs) were performed with the following primers (pur-
chased from Sigma-Aldrich): Gbp2 dist fwd (5=-TGATTTCCCAGCATT
TGACA-3=) and rev (5=-AGGGTGAAAAGGGTGTGGTT-3=) (4); Irf1
fwd (5=-GGAGCACAGCTGCCTTGTACTT-3=) and rev (5=-CCCACTC
GGCCTCATCATT-3=) (NCBI reference sequence NC000077.5). For re-
verse transcription (RT)-qPCR, 2 �l of DNA was used in a total volume of
25 �l containing 2.5 mM MgCl2, 300 nM fwd/rev primer, 0.2� EvaGreen
dye (Biotium), 1 unit HotFire DNA polymerase (Solis Biodyne), 1� Hot-
Fire buffer B (Solis Biodyne), and 200 �M dNTP mixture (MBI Fermen-
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tas). The cycling conditions were as follows: 15 min at 95°C, followed by
40 cycles of 20 s at 95°C and 1 min at 60°C, with a subsequent melting
curve for quality control. RT-qPCR was performed in duplex on a Strat-
agene MX3000 machine. Values were normalized to the input control and
calculated relative to unstimulated WT cells. Statistical analysis (analysis
of variance [ANOVA]) was performed with SPSS software.

RT-PCR and RT-qPCR. Total RNA was isolated from cells or organs
using TRIzol reagent (Invitrogen) according to the manufacturer’s in-
structions. cDNA synthesis and statistical analysis of RT-qPCR data were
performed as described previously (27). RT-PCRs were performed with
the following primers specific for the detection of Stat1� and Stat1�:
Stat1�/� fwd (5=-ATGATGGGTGCATTA-3=), Stat1� rev (5=-GTGCTC
ATCATACTGTCAA-3=), and Stat1� rev (5=-TTACACTTCAGACACA-
3=). RT-PCR was done as described above using the following PCR pro-
gram: 95°C for 5 min, followed by 32 cycles of 95°C for 30 s, 55°C for 30 s,
and 72°C for 45 s. Cyclophilin was used as the endogenous control with
the primers Cyclophilin-fwd (5=-GACGCCACTGTCGCTTTTCG-3=)
and -rev (5=-CAGGACATTGCGAGCAGATGG-3=) (PCR program: 95°C
for 5 min, followed by 25 cycles of 95°C for 30 s, 64°C for 30 s, and 72°C for
30 s). All primers were purchased from Sigma-Aldrich or Qiagen and used
at a final concentration of 1 �M. The primers used for RT-qPCR are
accessible via the Real-Time Primer and Probe Database (http://medgen
.ugent.be/rtprimerdb/): Ube2d2 (ID 3377), myxovirus resistance 1 gene
(Mx1) (ID 3887), C-X-C motif chemokine 10 gene (Cxcl10) (ID 3890),
Irf1 (ID 3848), and nitric oxide synthase 2 gene (Nos2) (ID 3483). qPCR
for the guanylate-binding protein 2 gene (Gbp2) using EvaGreen Dye
(Biotium) was performed as described previously (28). All other primers
for qPCRs were purchased from Qiagen: nitric oxide synthase 2 gene
(Nos2) (QT01059268), class II transactivator gene (CIIta) (QT00153398),
Cnn3 (QT00164283), lymphocyte antigen 6 complex locus I gene (Ly6i)
(QT02328882), Sell (QT00101164), placenta-specific gene 8 (Plac8)
(QT00126917), G protein-coupled receptor 33 gene (Gpr33)
(QT00248353), Isg20 (QT01055803), and Upp1 (QT00108850). QPCRs
were performed in duplicate on a Stratagene MX3000 machine.

Infections of mice. Infections with encephalomyocarditis virus
(EMCV), vesicular stomatitis virus (VSV), and salivary gland-derived
murine cytomegalovirus (MCMV) were performed as previously de-
scribed (24, 29). Listeria monocytogenes strain EGD was intraperitoneally
(i.p.) injected. Age-matched (8 to 12 weeks) and sex-matched (males for
L. monocytogenes and VSV; mixed sexes for all others) mice were used.
Murine rotavirus (strain EDIM) was applied orally in 20 �l of a 10-fold-
diluted virus stock prepared as described previously (30). At the indicated
times, two fresh stool pellets were collected from each animal and homog-
enized, and the rotavirus antigen concentration was determined with the
rotavirus ELISA kit (R-Biopharm) according to the manufacturer’s
instructions. Mice were anesthetized by i.p. injection of a mixture of
ketamine and xylazine before intranasal infection with influenza A virus
strain SC35M (H7N7) in 40 �l of PBS-0.3% BSA. Statistical analysis of
survival curves and rotavirus loads was carried out with Graph Pad Prism
(log-rank Mantel-Cox and ANOVA).

Determination of bacterial loads in organs. Livers and spleens were
isolated on day 3 or 5 postinfection and homogenized in 5 ml and 2 ml
endotoxin-free PBS (Sigma-Aldrich), respectively. The homogenates
were serially diluted 1:10 in PBS and plated in triplicate on Listeria selec-
tive agar plates (Oxford Listeria selective agar and supplement; Merck).
After 2 days of incubation at 37°C, colonies were counted. Statistical anal-
ysis (ANOVA) was performed with SPSS software.

Microarray analysis. Isolation of total RNA was performed as de-
scribed above. Sample quality was checked using a Bioanalyzer (Agilent).
Only RNA samples with RNA integrity numbers (RIN factor) of 
9 were
used for further processing. Affymetrix GeneChip Mouse Gene 1.0 ST
array analysis was performed by the Center of Medical Research (ZMF),
Division Core Facility Molecular Biology, Medical University Graz, Graz,
Austria. Affymetrix GeneChip Mouse Gene 1.0 ST Arrays (Affymetrix)
were used to determine the transcriptional profile of tissue samples (in

biological triplicates) using the Ambion WT Expression kit (Life Technol-
ogies), the GeneChip WT Terminal Label and Controls kit (Affymetrix),
and the GeneChip Hybridization, Wash and Stain kit (Affymetrix) ac-
cording to the manufacturers’ protocols. Briefly, 100 ng of total RNA was
used for reverse transcription, cDNA synthesis, and purification (Am-
bion). Fragmentation and labeling were performed using the GeneChip
WT terminal label and controls kit (Affymetrix) according to the manu-
facturer’s instructions. Labeled samples were loaded and hybridized to
GeneChip Mouse Gene 1.0 ST arrays for 16 h overnight at 45°C with
rotation in a hybridization oven. The arrays were washed and stained in an
Affymetrix GeneChip fluidics station 450, according to the Affymetrix
protocols. The arrays were scanned with the GeneChip Scanner GCS3000.
For generation of probe set expression values, CEL files containing probe
level data were normalized using the robust multichip average (RMA)
algorithm (including background correction, quantile normalization
across all arrays, and median polished summarization based on log-trans-
formed expression values) implemented in Partek Software v.6.5 (Partek
Inc.). Subsequently, the data were log2 transformed. Differences among
genotypes within time points and within genotypes among time points
were tested with ANOVA or t tests using the appropriate contrasts. As
criteria for filtering strongly regulated transcripts, a minimum difference
in the log mean of 2-fold up- or downregulation and significance at a P
value of �0.05 were used throughout.

Microarray data accession number. The microarray data have been
deposited in the Gene Expression Omnibus (GEO) (http://www.ncbi.nlm
.nih.gov/geo/) under accession number GSE48970.

RESULTS
Both STAT1� and STAT1� maintain their basal expression lev-
els. Mice deficient for either STAT1� or STAT1� were generated
by a strategy similar to that previously used for STAT3 isoform-
deficient mice (31) (Fig. 1A). Homologous integration of target-
ing constructs in transfected ES cells was verified by PCR (data not
shown) and Southern blot analysis (Fig. 1B). B6.129P2-Stat1�/
�tmBiat mice (expressing only the STAT1� isoform and referred to
here as Stat1�/� mice) and B6.129P2-Stat1�/�tmBiat mice (express-
ing only the STAT1� isoform and referred to here as Stat1�/�

mice) were viable and were born at Mendelian ratios. Similarly to
mice deficient for both STAT1 isoforms (7, 8), they showed no gross
differences in body size and weight from WT mice. The mRNAs and
proteins of both isoforms were detectable in WT cells and organs,
whereas Stat1�/� cells/organs expressed only the Stat1� and Stat1�/�

cells/organs and only the Stat1� mRNA and protein (Fig. 1C and D).
The levels of the single STAT1 isoforms were comparable to the sum
of both isoforms in WT cells (Fig. 1D). As STAT1 protein levels are
maintained by constitutive low-level type I IFN signaling (32), the
data are consistent with the notion that STAT1 isoforms are function-
ally redundant within an ISGF3 complex.

In the absence of STAT1�, STAT1� shows prolonged Tyr701
phosphorylation. IFN-� induced similar tyrosine 701 phosphor-
ylation (pTyr701) of STAT1 in WT, Stat1�/�, and Stat1�/� BMM	
(Fig. 2A). In contrast, IFN-� induced prolonged pTyr701 STAT1
in Stat1�/� compared to WT and Stat1�/� cells (Fig. 2B). Consis-
tent with the autoregulatory function of STAT1 (9, 33, 34), we
found upregulation of STAT1 protein at later time points after
IFN-� and IFN-� treatment (Fig. 2A and B). STAT1 protein was
also upregulated by IFN-� in cells expressing only the STAT1�
isoform, indicating that STAT1� retains an autoregulatory ca-
pacity (Fig. 2B). As expected, phosphorylation of serine 727
(pSer727) could not be detected in cells expressing only the
STAT1� isoform (Fig. 2C). In line with the tyrosine phosphory-
lation data, we found IFN-�-induced DNA-binding activity of
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STAT1� homodimers for up to 32 h (Fig. 2D), while in WT- and
STAT1�-expressing cells, DNA-binding activity decreased
sharply at 4 h. Notably, dimers formed in WT macrophages were
mainly STAT1�-STAT1� and STAT1�-STAT1� dimers, both of
which showed similar DNA-binding kinetics.

To investigate the cause of prolonged Tyr701 phosphorylation
of STAT1�, cells were treated with IFN-� for 1 h before addition of
the kinase inhibitor staurosporine to inhibit ongoing STAT1
phosphorylation. Addition of staurosporine led to a rapid de-
crease of STAT1� and STAT1� phosphorylation in WT cells (Fig.
2E). Exposure of Stat1�/� cells to staurosporine for 0.5 h resulted
in a clear reduction in STAT1� phosphorylation, indicating that
STAT1� is not resistant to phosphatases. As expected, the rate of
dephosphorylation of STAT1� in Stat1�/� cells was similar to that
observed in WT cells (Fig. 2F).

In the absence of STAT1�, STAT1� shows prolonged nu-
clear localization and prolonged binding to endogenous pro-
moter elements. We next addressed whether prolonged pTyr701

of STAT1� affects the protein’s intracellular localization. Nuclear
pTyr701 STAT1 was detectable by immunofluorescence for up to
24 h after IFN-� stimulation in Stat1�/� cells, whereas nuclear
levels of pTyr701 STAT1 decreased markedly between 1 h and 8 h
after treatment in both WT and Stat1�/� cells (Fig. 3A). Similar
results were obtained in cellular fractionation experiments: we
found persistent nuclear localization of pTyr701 STAT1� for up
to 48 h after IFN-� treatment in Stat1�/� cells, whereas levels of
nuclear STAT1� and STAT1� decreased sharply between 1 h and
24 h after IFN-� treatment in WT cells (Fig. 3B).

To test whether binding of STAT1� to endogenous promoters
is also prolonged, we performed site-directed ChIP experiments.
WT and Stat1�/� BMM	 were stimulated with IFN-� for 1 h, 6 h,
and 24 h, and STAT1 binding to guanylate-binding protein 2 gene
(Gbp2) and Irf1 promoters was analyzed. These promoters are
strongly dependent on STAT1 (35). In WT cells, STAT1 bound
strongly to the Gbp2 promoter 1 h after IFN-� treatment, and
binding was clearly lower after 6 h and 24 h (Fig. 3C). The level of
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Protein expression of STAT1� and STAT1� was detected with a STAT1 antibody against the N-terminal region of the protein. A pan-ERK antibody was used as
a loading control (p85 is depicted).
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STAT1 binding 1 h after treatment was lower in Stat1�/� than in
WT cells. However, STAT1 binding was more persistent in
Stat1�/� cells than in WT cells, as it did not decrease between 1 h
and 24 h after IFN-� treatment. A consistent pattern was found for
STAT1 in the promoter region of Irf1, although binding in WT
cells was less transient than at the Gbp2 promoter (Fig. 3D). Again,
STAT1 binding persisted for up to 24 h after IFN-� treatment in
Stat1�/� cells.

In response to IFN-�, STAT1� is transcriptionally active but
induces IFN-stimulated genes (ISGs) with a delay or at lower
levels than STAT1�. Consistent with redundant roles of STAT1
isoforms within an ISGF3 complex, we found similar induction of
Mx1 and Cxcl10 in Stat1�/�, Stat1�/�, and WT cells in response to
IFN-� (Fig. 4A and B).

Surprisingly, cells expressing only the STAT1� isoform
showed clear upregulation of ISGs in response to IFN-� (Fig. 4C

to F). Induction of Irf1 and Gbp2 was around 3- to 10-fold lower in
Stat1�/� than in Stat1�/� and WT cells at 1 h to 8 h after stimulation
but reached levels similar to those in Stat1�/� and WT cells at later
time points (Fig. 4C and D). Similar results were obtained for
Cxcl10 (data not shown), whereas the expression of Nos2 and
Socs1 was persistently reduced in Stat1�/� compared to Stat1�/�

and WT cells (Fig. 4E and F). We did not observe any differences
in the induction of ISGs between Stat1�/� and WT cells (Fig. 4C to
F and data not shown). The data clearly show that STAT1� is
transcriptionally active, albeit at a generally lower level than
STAT1�. The transcriptional activity of STAT1� was not specific
for macrophages: we found induction of ISGs (i.e., Irf1, Cxcl10,
Gbp2, and Stat1) and antiviral activity in IFN-�-treated Stat1�/�

primary embryonic fibroblasts (data not shown).
STAT1� and STAT1� affect the transcription of distinct sets

of genes. Microarray analysis of WT, Stat1�/�, Stat1�/�, and
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Stat1�/� BMM	 before and after 6 h or 24 h of IFN-� treatment
was used to dissect STAT1 isoform-specific transcriptional activ-
ities (Fig. 5A and B). Expression data were filtered for at least
4-fold induction by IFN-� in WT cells and for dependence on
STAT1. Unexpectedly, between 48% and 65% of the transcripts
were expressed similarly in WT and Stat1�/� BMM	 (Fig. 5A; see
Table S1 in the supplemental material). They included many of
the classical ISGs regulated by GAS (e.g., gamma interferon-in-
ducible protein 47 gene [Ifi47]), ISRE (e.g., Mx1), or both consen-
sus sites (e.g., Gbp4). Around 52% and 35% of transcripts were
differentially expressed between WT and Stat1�/� cells at 6 h and
24 h after treatment (Fig. 5A; see Table S2 in the supplemental
material). Consistent with the RT-qPCR data (Fig. 4E and F),
these transcripts included Nos2 and Socs1. The majority of the
differentially expressed transcripts were still induced by STAT1�,
but a subset (16.7% and 9.6%) were very weakly or not at all
induced in Stat1�/� cells, indicating an absolute requirement for
STAT1� for the regulation of some IFN-�-responsive genes (Fig.
5A; see Table S2 in the supplemental material). This pattern was
confirmed by RT-qPCR validation experiments for a set of genes
(Fig. 5C and D and data not shown). Promoter analysis showed no
correlation between the presence of GAS or ISRE consensus sites
in gene promoters and the requirement for the presence of
STAT1� for their induction (data not shown). The levels of some
transcripts were enhanced in Stat1�/� cells at 24 h after treatment
(Fig. 5A): this was the case for two transcripts that were at least
4-fold induced in WT cells (see Table S2 in the supplemental ma-
terial) and for 14 transcripts that the microarray analysis indicated
to be induced by less than 4-fold in WT cells, including the classi-
cal ISGs Isg20 and Isg15 (Fig. 5E and F and data not shown).

The absence of STAT1� had a comparatively small effect. None
of the genes regulated by STAT1 required STAT1� for upregula-
tion by IFN-� (see Table S3 in the supplemental material). In
contrast, a few transcripts showed increased levels of expression in
Stat1�/� compared to WT cells at 24 h after treatment (Fig. 5B; see
Table S4 in the supplemental material). Furthermore, three genes,
including Plac8 and Gpr33, which the microarray analysis indi-
cated to be less than 4-fold induced in WT cells, showed increased
expression in Stat1�/� cells (Fig. 5G and H; see Table S4 in the
supplemental material). Induction of these two genes was strictly
dependent on the presence of STAT1�.

STAT1� and STAT1� make distinct contributions to host
defense against infections. To test the contributions of the two
STAT1 isoforms to type I IFN-dependent immunity in vivo, we
infected mice with EMCV and VSV, two viruses that are mainly
controlled by type I IFNs (36–38). C57BL/6N mice are sensitive to
EMCV infection, and 90% of mice died within 8 days of infection
with 50 PFU. WT, Stat1�/�, and Stat1�/� mice showed no differ-
ences in survival, but survival was clearly extended compared to

Stat1�/� mice (Fig. 6A). Stat1�/� mice were more sensitive than
WT and Stat1�/� mice to intranasal infection with VSV (Fig. 6B).
However, Stat1�/� mice showed strongly increased survival over
Stat1�/� mice, confirming that STAT1� significantly contributes
to host immunity in vivo. Lack of STAT1� had no impact on
survival after challenge with EMCV and VSV, indicating that
STAT1� alone is sufficient to establish full antiviral immunity.

Control of rotavirus growth in gut epithelial cells is strongly
dependent on a functional IFN-� system (30). We orally infected
WT and mutant mice with murine rotavirus and measured virus
antigen in feces. Antigen levels in feces of Stat1�/� and Stat1�/�

mice were as low as in those of WT mice but were very high in
Stat1�/� mice (Fig. 6C), indicating that each STAT1 isoform is
capable of transmitting activating signals from the IFN-� recep-
tor. The antiviral immune response to influenza A virus in the
respiratory tract depends on the IFN-�/� system and, to a lesser
extent, on the IFN-� system (39, 40). As the IFN-mediated pro-
tection against influenza A virus is pronounced only if mice carry
at least one functional allele of the IFN-regulated Mx1 gene (41),
we crossed Stat1�/� and Stat1�/� females to Mx1�/� Stat1�/�

males and challenged the Mx1-heterozygous F1 offspring with
mouse-adapted influenza A virus strain SC35M (42). The 50%
lethal dose of SC35M for Stat1�/� mice is below 10 PFU, whereas
it is approximately 105 PFU for Stat1�/� mice with functional
Mx1 alleles (reference 42 and unpublished results). Stat1�/� and
Stat1�/� mice showed only minimal transient weight loss when
challenged with 104 PFU of SC35M, and all survived the infection,
as did the Stat1�/� control animals (Fig. 6D and data not shown).

To assess the ability of STAT1� to mediate IFN-�-dependent
antiviral and antibacterial immunity, we challenged mice with
MCMV and the intracellular bacterium L. monocytogenes. Host
survival upon MCMV infection relies on STAT1 and requires
functional IFN-�/� and IFN-� signaling (43). WT and Stat1�/�

mice showed similar survival rates, but Stat1�/� mice were clearly
more susceptible to infection (Fig. 7A). Nevertheless, Stat1�/�

mice survived significantly longer than Stat1�/� mice. Protective
innate immunity against L. monocytogenes requires IFN-�/
STAT1-dependent macrophage activation (44, 45). Stat1�/� mice
were more susceptible to infection than WT and Stat1�/� mice but
were clearly more resistant than Stat1�/� mice (Fig. 7B). The
slightly increased rate of survival of Stat1�/� over WT mice was not
statistically significant. Consistent with the survival rates, bacterial
loads in organs from Stat1�/� mice were significantly lower than in
those from Stat1�/� mice (Fig. 7C). In contrast to its activity
against MCMV, STAT1�’s anti-Listeria activity cannot be attrib-
uted to its effect on IFN-�/� signaling, as this is deleterious rather
than protective in the infection model used (46–48). No difference
in bacterial load between WT and Stat1�/� mice was found at 3 and
5 days postinfection (Fig. 7C). Although STAT1� is of major im-

FIG 3 STAT1� shows prolonged nuclear localization and prolonged promoter binding after IFN-� treatment compared to STAT1�. (A) BMM	 derived from
WT (�/�), Stat1�/� (�/�), and Stat1�/� (�/�) mice were stimulated with IFN-� (100 U/ml) for the times indicated or left untreated (w/o). Phosphorylation of
Tyr701 STAT1 was detected with a specific phospho-STAT1 primary antibody and an IRDye 800-labeled secondary antibody (green). DAPI (100 ng/ml) was used
for nuclear staining (blue). Fluorescence signals were analyzed with a Leica DM5500B microscope. (B) BMM	 derived from WT (�/�) and Stat1�/� (�/�) mice
were stimulated with IFN-� as described for panel A. Cytoplasmic and nuclear proteins were isolated and used for Western blotting. Membranes were probed
with an anti-phosphotyrosine 701 STAT1 antibody (pTyr701) and an antibody against the STAT1 N-terminal region (STAT1�/�). The purity of fractions was
determined by detection of GAPDH (cytoplasm specific) and SP1 (nucleus specific). (C and D) STAT1 binding to the endogenous distal (dist) Gbp2 (C) or Irf1
(D) promoter region was examined by ChIP analysis using an antibody against the N-terminal portion of STAT1 and qPCR. The values were normalized to the
input control and calculated relative to untreated WT cells. Mean values � standard errors (SE) from at least three independent experiments are shown; *, P �
0.05; **, P � 0.01.
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portance for immunity against MCMV and L. monocytogenes,
STAT1� can induce antimicrobial immunity, albeit with reduced
effectiveness compared to the full-length isoform.

DISCUSSION

It was previously believed that STAT1� is transcriptionally
inactive and thus a dominant-negative regulator of STAT1�
homodimers. We present two novel gene-targeted mice that allow
us to assess specific functions of the STAT1 isoforms in primary
cells and in vivo. Our data show for the first time that STAT1� is
not merely a transcriptionally inactive STAT1 isoform. More than
half of the IFN-�-responsive genes can be induced by STAT1�,

although some of them at reduced levels compared to STAT1�
(Fig. 4C to F and 5A and C; see Table S1 in the supplemental
material). Despite the large overlap in the genes regulated, the two
isoforms display distinct transcriptional profiles. Regulation of
some genes strictly depends on the presence of STAT1� (Fig. 5D
to F; see Table S1 in the supplemental material), whereas STAT1�
is required to limit the expression of a small number of genes,
particularly at later time points (Fig. 5G and H; see Table S2 in the
supplemental material). Importantly, STAT1�’s transcriptional
activity is associated with functional biological responses, i.e.,
IFN-�-induced antiviral activity in vitro (data not shown) and
IFN-�-dependent antimicrobial immunity in vivo (Fig. 7).

C D

E F

FIG 4 STAT1� is transcriptionally active in response to IFN-� and IFN-�. BMM	 isolated from WT (�/�), Stat1�/� (�/�), Stat1�/� (�/�), and Stat1�/� (�/�)
mice were stimulated with IFN-� (A and B) or IFN-� (C to F) for the times indicated or left untreated (w/o). Total RNA was extracted and used for RT-qPCR
analysis for the genes indicated. Ube2d2 was used for normalization, and expression levels were calculated relative to untreated WT cells. Mean values � SE are
given (log scale), and data from at least three independent experiments are shown; x, not detectable; *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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FIG 5 Transcriptional activities of STAT1� and STAT1� overlap but are nonredundant. BMM	 isolated from WT (�/�), Stat1�/� (�/�), Stat1�/� (�/�), and
Stat1�/� (�/�) mice were stimulated with IFN-� for the times indicated or left untreated (w/o). Total RNA was extracted and subjected to microarray (A and
B) or RT-qPCR (C to H) analysis. (A and B) Summary of data derived from three independent experiments. Transcripts at least 4-fold (significantly) induced in
WT cells were selected for each time point. To specifically analyze STAT1-dependent genes, only transcripts that were differentially expressed between WT and
Stat1�/� cells were included in the analysis. Expression of the transcripts (108 at 6 h and 135 at 24 h of treatment) was compared between Stat1�/� and WT (A)
and Stat1�/� and WT (B) cells, and the percentages and numbers of transcripts that showed common expression patterns are depicted. No difference, 
2-fold
difference and/or P 
 0.05; reduced, lower expression than in WT cells but still induced by treatment; not induced, lower expression than in WT cells and not
induced by treatment; differential expression was defined as at least 2-fold difference and a P value of �0.05. (C to H) RT-qPCR validation of expression patterns
was performed as described in the legend to Fig. 4 for CIIta (C), Ly6i (D), Isg20 (E), Isg15 (F), Plac8 (G), and probable Gpr33 (H). Expression levels of genes that
were not detectable in untreated WT cells were calculated relative to 6-h-treated WT cells. Mean values � SE are given (log scale), and data from at least three
independent experiments (different from those used for microarray analysis) are shown; x or nd, not detectable; *, P � 0.05; **, P � 0.01; ***, P � 0.001. See
Tables S1 and S2 in the supplemental material for lists of differentially expressed genes.
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We have no evidence for functional differences between
STAT1� and STAT1� in IFN-�/�- and IFN-�-mediated immune
responses. This finding is in line with previous reports that STAT2
provides the activating TAD within an ISGF3 complex (15, 49–
52). Stat1�/�, Stat1�/�, and WT mice survive at similar rates after
challenge with EMCV (Fig. 6A), a virus controlled by type I IFNs
in vivo (36, 38). STAT1� also contributes to the immune defense
against VSV (Fig. 6B), which is cleared as a result of type I IFN
signaling (37, 53), but surprisingly, less efficiently than STAT1�.
The reason for the discrepancy is unclear but may be related to a
contribution of IFN-� to anti-VSV defense in the central nervous
system (54). The STAT1 isoforms were also equally effective in
controlling rotavirus infections (Fig. 6C), which are controlled by
IFN-�-mediated antiviral immunity (30). Further support for the
notion that STAT1 isoforms are functionally redundant within an
ISGF3 complex, irrespective of whether activated by IFN-�/� or
IFN-�, comes from our finding that Stat1�/� and Stat1�/� mice
show similar resistance against influenza A virus infection (Fig.
6D) (39, 40).

STAT3 and STAT4 also express alternatively spliced �-iso-
forms. As for STAT1, the �-isoforms were originally considered to
be transcriptionally inactive, but this belief has been challenged by
the analysis of Stat3 isoform-specific knock-in (31, 55) and Stat4
isoform-transgenic mice (56–58). Both STAT3� and STAT4� are
known to be transcriptionally active and to exert functions that
overlap, but are not identical to, those of the �-isoforms. It is
unknown how the STAT1, STAT3, and STAT4 �-isoforms induce

transcription despite lacking a C-terminal TAD. One possibility is
that they interact with other transcription factors that provide a
functional TAD. This has been shown to be the case for STAT3�
and Jun/Fos family members at the �-macroglobulin promoter
(59, 60). Alternatively, essential coactivators could be recruited
through regions other than the C-terminal TAD. For example, the
N-terminal domain of STAT1 has been reported to interact with
CBP (61). The interaction may occur with lower affinity but might
nevertheless suffice for transcriptional activation. Other proteins
could direct coactivator complexes to regions other than the C-
terminal TAD or may provide an alternative recruitment inter-
face: N-myc interactor (Nmi) interacts with the coiled-coil do-
main of all STATs except STAT2 and enhances recruitment of
CBP (62).

STAT1� is able to drive the expression of more than half of the
STAT1-dependent IFN-� target genes. ISRE-driven genes may be
induced through IFN-�-activated ISGF3 or STAT1/IRF9 com-
plexes (63–65). The ability of STAT1� to induce Irf1 may account
for ISRE-regulated gene induction during secondary responses. It
is unclear how STAT1� induces Irf1, but the mechanism may
involve a recently identified ISRE around 7 kb upstream of the
transcription start site of the Irf1 gene (66). However, STAT1� is
not able to perform all the functions of STAT1�, and our data
reveal that over 16% and 9% of genes are induced only by
STAT1�. Induction was weak or nonexistent in Stat1�/� cells at 6
h and 24 h after IFN-� treatment, whereas it was unimpaired in
Stat1�/� cells (Fig. 5A and B; see Tables S2 and S3 in the supple-
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mental material). Differential responsiveness to the STAT1 iso-
forms does not obviously correlate with the presence of GAS,
ISREs, or both (data not shown), arguing against the possibility
that STAT1� acts solely in conjunction with IRF9 and/or STAT2
or through the induction of IRF1. It thus seems as though the
requirement for the STAT1 C-terminal TAD depends on the pre-
cise structure of the target gene promoter and its ability to recruit
other gene-specific transcription factors and/or coregulators. A
few genes showed enhanced expression in cells expressing
STAT1� alone (Fig. 5B, E, and F; see Table S2 in the supplemental
material). This may be due to the prolonged activation of STAT1�
and increased formation of ISGF3-II, which contains unphosphor-
ylated STAT2 and regulates ISGF3-driven genes, in particular, at
late time points after IFN-� treatment (67).

The importance of the C-terminal TAD of STAT1 for the reg-
ulation of IFN-� responses is consistent with previous results sug-
gesting that CDK8-mediated Ser727 phosphorylation of STAT1�
is required for full induction of IFN-�-responsive genes (2, 4).
However, in some cases, phosphorylation of STAT1 on Ser727
inhibits gene expression (2). Although the genes whose expression

was reduced in Stat1�/� cells were similar to those reduced in
Stat1S727A cells (e.g., Irf1, Gbp2, and Nos2), we found fewer genes
with enhanced expression. Future work will dissect which aspects
of STAT1-dependent transcriptional control rely on the presence
of the C-terminal region and which on its serine phosphorylation.

The prolonged activation, nuclear localization, and chromatin
association of STAT1� in cells lacking STAT1� may also play a
part in the protein’s function (Fig. 2B and D and 3). Prolonged
activation of STAT1� is not due to resistance against phosphatases
(Fig. 2E), although we cannot exclude the possibility that there are
subtle differences in the dephosphorylation of the two isoforms.
The prolonged activation of STAT1� most likely stems from the
reduced induction of Socs1 (Fig. 4F). SOCS1 is a negative-feed-
back regulator that can bind to and inhibit all four members of the
JAK family (68). Absence of SOCS1 results in hyperresponsiveness
to IFN-� and sustained STAT1 phosphorylation (68–70).
STAT1�’s more persistent activation in the absence of STAT1�
may compensate for its weaker transactivation capacity. This ex-
planation would imply that the lower induction of a single target
gene, Socs1, affects the overall transcriptional activity of STAT1�.
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FIG 7 STAT1� and STAT1� show differential efficiencies in immune defense against MCMV and L. monocytogenes infections. (A) WT (Stat1�/�), Stat1�/�,
Stat1�/�, and Stat1�/� mice were infected i.p. with MCMV (4 � 105 PFU/mouse), and survival was monitored for 14 days. The data are derived from two
independent experiments; n � 20 (Stat1�/�), n � 23 (Stat1�/�), n � 14 (Stat1�/�), and n � 18 (Stat1�/�). Significances were as follows: Stat1�/� versus all others,
P 
 0.01; Stat1�/� versus WT and Stat1�/�, P 
 0.001. (B) WT (Stat1�/�), Stat1�/�, Stat1�/�, and Stat1�/� mice were infected i.p. with L. monocytogenes (2 �
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infected as for panel B and killed 3 or 5 days postinfection. Whole spleens and livers were removed and homogenized, and bacterial loads were determined with
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and n � 8 and 0 (Stat1�/�); because of their early lethality after infection, Stat1�/� mice had to be excluded from the analysis at day 5. **, P � 0.01; ***, P � 0.001.
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Thus, STAT1�’s function in the absence of STAT1� may not be a
true reflection of its function in WT cells. Further analysis will be
required to determine whether and to what extent STAT1�’s
functions depend on its prolonged activity.

Our transcriptional data are clearly of physiological relevance.
STAT1� alone can mediate IFN-�-dependent inhibition of bacte-
rial growth and increase host survival after infection with L. mono-
cytogenes (Fig. 7B and C). However, despite the large overlap be-
tween STAT1�- and STAT1�-regulated genes, STAT1� is much
less potent than STAT1� against MCMV, VSV, and L. monocyto-
genes infection. This suggests that IFN-�-dependent innate im-
munity depends on an appropriately dosed response or on genes
selectively regulated by STAT1�. An alternative explanation is
that macrophage transcriptional responses may not be represen-
tative of the complex immune responses in vivo and that STAT1
isoforms have cell-type-specific transcriptional activities depend-
ing on other interacting transcription factors and/or coregulators.
Additional experiments will be required to address this possibility.

Another intriguing finding of our study is that mice lacking
STAT1� are phenotypically indistinguishable from WT mice with
regard to their susceptibility to viral and bacterial infections (Fig.
6 and 7). Furthermore, IFN-�-mediated transcriptional responses
are very similar in cells lacking STAT1� and in WT cells (Fig. 5B;
see Table S3 in the supplemental material). Thus, although
STAT1� represses some genes (Fig. 5B, G, and H), it is not an
inhibitor of STAT1� during host defense against microbial infec-
tions. This may be related to its relatively low level in WT cells.
STAT1� may have to be present in large excess to block STAT1�
activity, an explanation that would be consistent with the fact that
inhibitory functions have been reported only when STAT1� is
overexpressed (16, 17). In most cells, STAT1� is more abundant
than STAT1�, but there has not yet been a thorough analysis of the
ratios of STAT1 isoforms in distinct cell types and throughout the
course of immune challenges. This raises the possibility that
STAT1� functions only in certain cell types and/or during partic-
ular immune responses.

More detailed experimentation will be required to understand
the distinct functions of the STAT1 isoforms in vivo. It is becom-
ing increasingly evident that the availability of STAT1 determines
biological responses (6, 32, 43, 71, 72). The finding that the STAT1
isoforms show distinct functional properties underlines the im-
portance of differentiating between them. Many functions have
been ascribed to STAT1, and dividing them into those regulated
by STAT1�, STAT1�, or both may help in the design of specific
strategies to interfere with STAT1 function and to fine-tune diag-
nostic approaches.
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