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(Background: STAT?2 is a key transcription factor that mediates the protective role of type I interferons in host defense.
Results: Type I interferons induce the phosphorylation of STAT2 at serine 287.
Conclusion: Serine 287-STAT?2 is a regulatory site involved in modulating the transcriptional and cellular responses to type I

Significance: Deregulated STAT?2 signaling may contribute to heightened type I interferon responses and susceptibility to many
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STAT2 is a positive modulator of the transcriptional response
to type I interferons (IFNs). STAT2 acquires transcriptional
function by becoming tyrosine phosphorylated and imported to
the nucleus following type I IFN receptor activation. Although
most STAT proteins become dually phosphorylated on specific
tyrosine and serine residues to acquire full transcriptional activ-
ity, no serine phosphorylation site in STAT2 has been reported.
To find novel phosphorylation sites, mass spectrometry of
immunoprecipitated STAT2 was used to identify several phos-
phorylated residues. Of these, substitution of serine 287 with
alanine (S287A) generated a gain-of-function mutant that
enhanced the biological effects of IFN-a. S287A-STAT2
increased cell growth inhibition, prolonged protection against
vesicular stomatitis virus infection and enhanced transcrip-
tional responses following exposure of cells to IFN-a. In con-
trast, a phosphomimetic STAT2 mutant (S287D) produced a
loss-of-function protein that weakly activated IFN-induced
ISGs. Our mechanistic studies suggest that S287A-STAT2 likely
mediates its gain-of-function effects by prolonging STAT2/
STAT1 dimer activation and retaining it in transcriptionally
active complexes with chromatin. Altogether, we have uncov-
ered that in response to type I IFN, STAT2 is serine phosphory-
lated in the coiled-coil domain that when phosphorylated can
negatively regulate the biological activities of type I IFNs.

Type I interferons (IFN-«/pB) are pleiotropic cytokines that
induce the expression of multiple genes with antiviral, antipro-
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liferative and immunomodulatory activities (1). It is widely rec-
ognized that the transcriptional responses to type I [FNs are
triggered by activation of the canonical JAK/STAT pathway.
Binding of type I IFNs to the IFENAR1-IFNAR2 heterodimeric
receptor complex activates the receptor-associated tyrosine
kinases JAK1 and TYK2, which, in turn, transphosphorylate the
intracellular domains of IFNAR1 and IFNAR2, thus creating
binding sites for the transcription factors STAT1 and STAT2
(2). JAK1 and TYK2 phosphorylate STAT1 at tyrosine (Tyr)-
701 and STAT?2 at Tyr-690 in human cells (3-5). The ternary
IFN-stimulated gene factor 3 (ISGF3)? transcriptional complex
is then formed consisting of STAT1 and STAT2 bound as het-
erodimers via reciprocal phosphotyrosyl-SH2 interactions
together with the IFN regulatory factor-9 (IRF9). As a result,
ISGEF3 translocates to the nucleus and binds to the interferon-
stimulated response element (ISRE) of interferon-stimulated
genes (ISGs) and initiates gene transcription (6, 7).

A common feature shared by all members of the STAT family
is a requirement of ligand-induced phosphorylation of a con-
served tyrosine residue, located N-terminal of the transactiva-
tion domain, for their activation (3, 5, 8—12). A second phos-
phorylation event occurs on a serine residue 20 amino acids or
more C-terminal of the activating tyrosine site, mapped to the
transactivation domain. Phosphorylation of this residue influ-
ences the transcriptional activity of STAT proteins (13—17). In
the case of STAT1, phosphorylation of Tyr-701 and transloca-
tion to the nucleus are both required for its stable association
with chromatin and the ensuing phosphorylation of Ser-727
(18). Unlike the other members of the STAT family, no such
serine phosphorylation event has been reported in STAT2.

Tyrosine phosphorylation is not the only known IFN-induc-
ible post-transcriptional modification in STAT2. In addition to

2The abbreviations used are: ISGF3, IFN-stimulated gene factor 3; CCD,
coiled-coil domain; IRF9, IFN regulatory factor 9; ISG, interferon-stimulated
gene; ISRE, interferon stimulated response element; GAS, gamma acti-
vated sequence; VSV, vesicular stomatitis virus; gRT-PCR, quantitative real-
time PCR; qChlP, quantitative ChIP; DBD, DNA-binding domain.
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STAT1 and IRF9, IFN-« induces the acetylation of STAT?2 at
lysine 390 by cAMP responsive element-binding protein (19).
Acetylated Lys-390 alters the interaction between STAT2 and
STAT]1, thereby facilitating IFN-induced activation and antivi-
ral activity. The transcriptional activity of STAT2 can also be
modulated by a stretch of amino acid residues mapped to the
SH2 domain of STAT2. Our laboratory identified a novel motif
consisting of proline 630, tyrosine 631, threonine 632, and
lysine 633 that we termed PYTK and is conserved in STAT1 and
STATS3 (20, 21). A point mutation of Pro-630 to leucine sur-
faced under IFN-« selection pressure and was found to abro-
gate IFN-a induced apoptosis, whereas mutation of Y631 to
phenylalanine had the opposite effect as it promoted the apo-
ptotic effects of IFN-a. These observations indicate that the
function of STAT?2 is dictated by specific residues, with some
being targeted for post-translational modifications.

Our study identifies for the first time that STAT2 is serine
phosphorylated in an IFN-dependent manner at Ser-287, a res-
idue mapped to the coiled-coil domain of STAT2. This novel
post-translational event is important for regulating STAT2/
ISGF3 signaling. Mutating Ser-287 to alanine (S287A) gener-
ated a gain-of-function STAT2 mutant that augmented the
anti-proliferative and antiviral response to IFN-«, whereas a
phosphomimetic mutation of Ser-287 dramatically impaired
the transcriptional activity of STAT2. Our findings support the
existence of a novel regulatory serine residue in STAT2 that
when phosphorylated affects type I IFN signaling.

EXPERIMENTAL PROCEDURES

Cell Lines, Cell Culture Reagents, and Antibodies—STAT2-
deficient human U6A fibrosarcoma cells, kindly obtained from
Dr. Ana Costa-Pereira (Imperial College London, London, UK),
and 293FT cells were cultured in DMEM (Cellgro Mediatech,
Inc., Manassas, VA) supplemented with 10% fetal calf serum
(Gemini Bio-Products), 100 units/ml penicillin (Cellgro), 100
pg/ml streptomycin (Cellgro), and 1 X GlutaMAX (Invitrogen)
at 37°C in a humidified atmosphere containing 5% CO,.
Recombinant human IFN-a-2a, (specific activity 2 X 107 units/
ml), was purchased from PeproTech, Inc. (Rock Hill, NJ). Rab-
bit anti-STAT2 (C-20), mouse anti-STAT2 (A-7), rabbit anti-
STAT1 (E-23), and rabbit anti-ISGF3y p48 (IRF9; C-20) were
purchased from Santa Cruz Biotechnology (Santa Cruz). Rabbit
anti-phospho-Tyr-689-STAT2 (07-224) and rabbit anti-acetyl
histone H3 (17-615) were obtained from Millipore (Bedford,
MA), mouse anti-STAT1 (phospho-Tyr-701) was purchased
from BD Biosciences, mouse anti-GAPDH was purchased from
Proteintech Group, Inc. (Chicago, IL), and mouse anti-actin
was obtained from Abcam (Cambridge, MA).

Plasmids and Mutagenesis—FLAG-tagged human STAT2 in
pCDNAS3 vector (provided by Dr. Curt Horvath, Northwestern
University, Evanston, IL) was subcloned into pIRES2-EGFP
(Clontech, Mountain View, CA) and subsequently used as DNA
template to introduce single mutations with the QuikChange II
site-directed mutagenesis kit (Agilent Technologies). The fol-
lowing primer sets synthesized by Bioneer Inc. (Alameda, CA)
were used: serine 287 > alanine (S287A), 5'-GACTGAGTTG-
CCTGGTTGCCTATCAGGATGACCCTC-3' and 5'-GAGG-
GTCATCCTGATAGGCAACCAGGCAACTCAGTC-3'; ser-
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ine 287 > aspartic acid (5287D), 5'-GACTGAGTTGCCTGG-
TTGACTATCAGGATGACCCTC-3' and 5'-GAGGGTCAT-
CCTGATAGTCAACCAGGCAACTCAGTC-3'. Mutagenesis
was confirmed by DNA sequencing of entire STAT2. Mutated
and wild type (WT) STAT2 were also subcloned into the lenti-
virus expression vector pCPP to transduce U6A cells and obtain
pooled cell populations with reconstituted STAT2. The pCPP
vector is a modified version of the pHR'-CMV-lacZ in which
lacZ was removed and replaced with a multiple cloning site
(22). pCPP, the packaging plasmid pCMV-dR8.2 dvpr, and the
envelope plasmid pCMV-VSV-G were kindly provided by Dr.
Alexander Y. Tsygankov and Dr. Xavier Grana (Temple Uni-
versity, Philadelphia, PA). The use of lentiviral vectors was
approved by Temple University under National Institutes of
Health guidelines.

Transfection and Transduction—UG6A cells stably expressing
human STAT?2 were generated by transfecting U6A cells with
pIRES2-EGFP encoding WT or mutant STAT2 using Turbo-
Fect (Fermentas, Inc., Burlington, Canada) transfection reagent
according to the manufacturer’s instructions. Twenty-four
hours post-transfection, cells were reseeded at a lower density,
and G418 (Mediatech, Inc.) was added to a final concentration
of 500 ug/ml to select for STAT2-expressing cells. Individual
colonies were picked, expanded, and screened for STAT2-ex-
pression by immunoblotting. Clones stably expressing STAT2
were maintained in complete DMEM supplemented with 300
pg/ml of G418. To make STAT?2 lentiviral particles, 293FT-
cells were co-transfected with pCPP-STAT2, pCMV-dR8.2
dvpr, and pCMV-VSV-G at a ratio of 6:4:3, respectively. Super-
natants containing lentivirus were collected after 48 h, passed
through a 0.45-um filter, and subsequently added to U6A cells
together with 10 ug/ml polybrene (hexadimethrine bromide;
Sigma-Aldrich) for 24 h. Infected cells were placed under selec-
tion 48 h post-infection by adding 2 ug/ml puromycin
(Sigma-Aldrich). Single clones and pooled populations of U6A
cells reconstituted with different STAT2 constructs were both
used in our studies and yielded the same responses to IFN
stimulation.

Mass Spectrometry and Data Analysis—UG6A cells stably
expressing WT-STAT2 were left untreated or treated with
1000 units/ml IFN-a for 30 min. STAT2 was immunoprecipi-
tated with anti-STAT2 antibody (C-20), and immune com-
plexes were resolved on 4—12% NuPAGE Bis-Tris gels (Invit-
rogen) and visualized using Coomassie Blue stain. A protein
band corresponding to the molecular weight of STAT2 was
excised and subjected to surface enhanced laser desorption/
ionization time-of-flight mass spectrometry. Mass spectrome-
try of STAT2 was performed by ITSI Biosciences (Johnstown,
PA) using an LTQ XL mass spectrometer (Thermo Scientific,
Rockford, IL). Resulting mass spectra was searched against a
custom STAT2 human database from UniProt using Pro-
teome Discoverer (version 1.2, Thermo Scientific) and
SEAQUEST algorithms. Proteins were identified when two or
more unique peptides had X-correlation scores greater than
1.5, 2.0, and 2.5 for respective peptide charge states of +1, +2,
and +3, and A score was = 0.1. Methylated C termini, carbam-
idomethyl cysteine, and methylated glutamic and aspartic acid
residues were used as static modifications. Phosphorylated ser-
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ine, threonine, and tyrosine along with oxidation of methionine
were variable modifications. Two missed cleavages were
allowed, and mass tolerance was set to 1 Da.

Cell Extract Preparation, Immunoprecipitation, and Immu-
noblotting—Cells were washed in ice-cold phosphate-buffered
saline (PBS) and resuspended in lysis buffer (50 mm Tris pH 7.5,
150 mm NaCl, 2 mm EDTA, 0.5% Triton X-100) supplemented
with 1X protease inhibitor mixture (Roche Diagnostics), 1 mm
sodium orthovanadate, 1 mMm PMSF, and 1X phosphatase
inhibitor mixtures 1 and 2 (Sigma) for 15 min. After centrifu-
gation, supernatants were collected, and protein concentra-
tions were measured using Bio-Rad protein assay kit (Bio-Rad).
In some experiments, cell extracts were subjected to immuno-
precitation with anti-IRF9 antibodies. Immunocomplexes
were precipitated using protein G Sepharose (GE Healthcare).
Lysates or immunoprecipitates were separated on NuPAGE
4-12% Bis-Tris gels. Proteins were transferred to PVDF mem-
brane (Millipore), blocked in blocker casein TBS (Thermo Sci-
entific), and incubated with primary antibodies overnight at
4 °Cin TBS+3% chicken egg albumin (Sigma-Aldrich) followed
by incubation with anti-mouse or anti-rabbit horseradish per-
oxidase-conjugated secondary antibodies (1:10,000; Invitro-
gen) for 1 h in room temperature. Membranes were developed
by chemiluminescence using SuperSignal West Pico (Thermo
Scientific). Quantification of protein bands was performed
using AlphaView software (ProteinSimple, CA).

¢DNA Synthesis and Quantitative Real-time PCR—Total
RNA was isolated from U6A cells incubated with IFN-« (1000
units/ml) for the indicated times using TRIzol reagent (Invitro-
gen). Contaminating DNA was removed with DNA-free kit
(Ambion), and cDNA was synthesized from total RNA using
High Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems, CA). cDNA (50 ng) was mixed with 2x TagMan Mas-
ter Mix (Applied Bioscience) and gene-specific FAM dye-la-
beled TagMan MGB probes corresponding to IFN-inducible
genes and ran in triplicate wells. Real-time analysis was per-
formed using a 7300 real time PCR system (Applied Biosys-
tems). Actin cDNA was also measured to normalize for differ-
ences in cDNA concentration.

Virus Infections—Cells were seeded in 12-well plates and left
untreated or treated with increasing concentrations of IFN-«
for 16 h prior to infection with green fluorescent protein (GFP)-
expressing vesicular stomatitis virus (VSV) (23). Plaque-puri-
fied VSV was added to cells at a multiplicity of infection of 0.01
under serum-free medium conditions for 1 h at 37 °C. Cells
were then washed twice with PBS followed by readdition of
complete DMEM. Infected cells were visualized using a Zeiss
Axiovert 40 CFC (Carl Zeiss, Inc.) inverted fluorescent micro-
scope, and progeny virion titers in culture supernatants were
quantified by standard plaque assay on baby hamster kidney
(BHK-21) cells.

Cell Growth Inhibition Assay—Cells were seeded in flat bot-
tom 96-well plates at a density of 500 cells in 100 ul volume/
well. Cells were stimulated with or without IFN-« (100, 400, or
1000 units/ml) and incubated for 72 h at 37 °C. Cell prolifera-
tion was determined by using CellTiter 96° AQueous One solu-
tion reagent (Promega, Madison, WI) according to the manu-
facturer’s instructions. Absorbance was measured at 490 nm
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using a VICTOR™X5 Multilabel Plate Reader (PerkinElmer
Life Sciences). Background values were subtracted from each
well before proceeding with determination of percent cell
growth inhibition. Data are shown as % of control (untreated
cells).

Subcellular Fractionation and Nuclear Localization of
STAT2—Cells were washed twice in cold PBS and resuspended
for 15 min in cold hypotonic buffer (10 mm HEPES, pH 7.9, 10
mM KCI, 0.1 mm EDTA, 0.1 mMm EGTA, 1 mMm sodium
orthovanadate, 10 mm 3-glycerophosphate, 1 mm DTT, 0.5 mm
PMSEF, 1X protease inhibitor mixture) before adding Triton
X-100 to a final concentration of 0.6%. Samples were then vor-
texed vigorously and centrifuged at 1000 X g at 4 °C. Superna-
tants were collected as cytoplasmic fractions. Next, nuclear pel-
lets were resuspended for 15 min in hypertonic buffer (20 mm
HEPES, pH 7.9, 400 mMm NaCl, 1 mMm EDTA, 1 mM EGTA, 1 mm
sodium orthovanadate, 10 mm 3-glycerophosphate, 1 mm DTT,
1 mm PMSF, 1X protease inhibitor mixture), and subsequently
centrifuged for 5 min at 15,000 X g. Resulting supernatants
were collected as nuclear fractions. Protein concentration was
measured by Bio-Rad Protein Assay. Localization and activa-
tion of STAT2 was analyzed in cytoplasmic and nuclear frac-
tions by immunoblot analysis.

EMSA—Five ug of nuclear protein was mixed with **P-la-
beled double-stranded oligonucleotide probe corresponding to
the IFN-vy activated sequence (GAS) of the FcyRI gene or an
ISRE sequence derived from the promoter of the ISG15 gene as
described previously (20, 21). Rabbit anti-STAT2 (C-20) and
rabbit anti-STAT1 (E-23) were used for supershifting STAT2
and STAT1, respectively. The corresponding binding buffer
was added (ISRE probe (40 mm KCl, 20 mm HEPES, pH 7.0, 1
mm MgCl,, 0.5 mm DTT, 4% Ficoll, 0.02% Triton X-100); for
GAS probe (10 mm Tris, pH 7.4, 5 mm MgCl,, 100 mm KCl, 1
mm DTT, 10% glycerol)), and samples were incubated at room
temperature for 30 min. Loading buffer (40% glycerol, bro-
mphenol blue, xylene cyanole FF, 250 mm Tris-HCl, pH 7.5)
was added, and samples were separated on a 5% native poly-
acrylamide gel. Gels were vacuum-dried and developed using
x-ray autoradiography film.

Chromatin Immunoprecipitation Analysis—Chromatin immu-
noprecipitation (ChIP) assay kit (Millipore) was used to detect
protein-chromatin interactions according to manufacturer’s
instructions. The immunoprecipitated chromatin DNA was
used as template to amplify the ISRE-responsive elements in
the promoters of ISGs. DNA from cell lysates taken before
immunoprecipitation was used as input control. DNA primers
for quantitative ChIP analysis were purchased from Applied
Biosystems. Primers sequences used for quantitative ChIP
analysis were as follows: IFIT2 promoter, 5'-CTTTCCCTTT-
TGTAACGTCAGC-3’, 5'-TGCACTCTTCAGAAATCTTC-
CTC-3' and probe, 5'-AGGTCTCTTCAGCATTTATTGGT-
GGCA-3'; OAS1 promoter, 5'-GTTGGCTGGAGGTT-
AAAATGC-3" and 5'-TCTGCTTCCTGAAACTTACCC-3’
and probe, 5'-CAGAGTTCAGAGAAAGGCTGGGCT-3';
ISG1I5 promoter, 5'-CCACTTTTGCTTTTCCCTGTC-3, 5'-
AGTTTCGGTTTCCCTTTCCC-3', and probe: 5'-ATGCCC-
CAGAGTGAGCGGAAG-3'. Co-immunoprecipitated pro-
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FIGURE 1. MS/MS analysis of peptides corresponding to amino acids 281-295 of STAT2. S and T in boldface type indicate phosphorylated residues, and
underlined mass indicates a match to a peakin the spectrum. P, phosphoryl group (79.97Da); C, carbamidomethyl (57.02 Da); M, methyl (14.02 Da). Not all peaks
are annotated in the mass spectrum. Matches were made with a match tolerance of 3 Da.

moter abundance was normalized to promoter abundance of
input DNA.

Immunofluorescence Microscopy—Cellular localization of
STAT2 was evaluated by culturing cells on coverslips for 48 h
before treatment with (1000 units/ml) IFN-« for the indicated
times. Cells were washed with PBS and fixed for 20 min using
4% paraformaldehyde. The cells were washed with PBS and
permeabilized with PBS + 0.1% Triton X-100 for 5 min. After
incubation with blocking buffer (PBS + 4% goat serum) for 1 h,
the cells were incubated with primary rabbit anti-STAT?2 anti-
bodies (C-20) in blocking buffer overnight at 4 °C. The cells
were washed with PBS+0.1% Triton X-100 before and after 1 h
of incubation with secondary donkey anti-rabbit DyLight 594
antibodies (BioLegend) in blocking buffer at room temperature.
The coverslips were mounted on glass slides using Vectashield
mounting medium with DAPI (Vector Laboratories, Inc.),
and visualized using a Nikon Eclipse TE-2000U fluorescence
microscope.

Statistical Analysis—Student’s ¢ test and two-way analysis of
variance followed by Tukey’s post hoc test were used to deter-
mine any statistically significant differences between samples.

RESULTS

Identification of Phosphorylation Sites in STAT2—To iden-
tify novel phosphorylation sites, STAT2 immunoprecipitates
prepared from STAT2-deficient U6A cells reconstituted with
wild type (WT) STAT2 and stimulated with or without IFN-«
were resolved by SDS-PAGE. Protein bands corresponding to
STAT2 were excised from the gel and processed for mass spec-
trometry. The proteins in both the untreated and IFN-a-
treated gel bands were positively identified as STAT2 via pep-
tide mass fingerprinting (data not shown). Consequently, we
conducted additional mass spectrometry and identified pep-
tides corresponding to amino acids 281-295 with Ser-283, Ser-
287, and Thr-294 as phosphorylated following IFN-« treatment
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B 283 287 294
STAT2 | | |
Human LKGLSCLVSYQDDPLTK 295
Green monkey LKGLSCLVSYQDDPLIK 295
Pig LKGLSSVVKYDEDLLFK 295
Mouse LKEMSCLR-YQGDMFAK 295
Western clawed frog LAELPSRISYEGDPLKI 294
Atlantic salmon LEELMGKVTYEHDPVKK 285
* . * : *
283 287 294
Human | | |
STAT2 LKGLSCLVSYQDDPLTK 295
STAT1 LEELEQKYTYEHDPITK 296
STAT3 LEELQQKVSYKGDPIVQ 300
STAT4 LEEQSTKMTYEGDPIPM 295
STATS5a AEHLCQQLPIPG-PVEE 311
STATSb AEHLCQQLPIPG-PVEE 311
STAT6 AGGELEPKTR------- 254

FIGURE 2. Structural organization of STAT2, location of detected phos-
phorylation sites, and conservation of the sites between species and
STATs. ND, N-terminal domain; LD, Linker domain; SH2, Src homology 2
domain; TAD, transactivation domain.

for 30 min (Figs. 1 and 2A4). To determine which phospho-
residue of the three identified to most likely be important for
the function of STAT2, we aligned the human STAT?2 peptide
sequence in question with STAT?2 from several other species as
well as with other members of the STAT family (Fig. 2B). Tak-
ing the functionally similar properties of threonine and serine
into account, Ser-287 was found to be more evolutionarily con-
served between species and within the STAT family than both
Ser-283 and Thr-294. Therefore, Ser-287 was selected for fur-
ther studies.
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TABLE 1

Induction of ISGs in U6A cells in response to 1000 units/ml IFN-«

Values shown in the table are mRNA abundance normalized to B-actin mRNA as
measured by quantitative RT-PCR. Student’s ¢ test was used to test for significant
differences in ISG induction between WT-STAT2 and S287A-STAT2 expressing
cells for each time point (1 = 5); *, p < 0.05.

WT-STAT2 S287A-STAT2

IFN-« Oh 6h 18h Oh 6h 18h
MX1 0.1 1.5 11 0.04 0.22* 24*
OAS1 0.4 16.9 8.9 0.4 11.9 13.6*
IFIT2 0.04 9.58 0.34 0.06 12.61 0.91*
RSAD2 0.002 6.155 0.784 0.004 4.012 2.284*
TRAIL 0.001 0.299 0.018 0.002 0.324 0.082*
1SG15 0.3 13.4 16.7 0.3 10.5 27.0*

Mutation of Ser-287-STAT?2 to Alanine Selectively Regulates
the Expression of Type I IFN-induced Genes—To evaluate the
role of Ser-287 in the transcriptional function of STAT?2, site-
directed mutagenesis was performed in which Ser-287 was
replaced with alanine. We generated STAT2-deficient U6A
cells stably reconstituted with WT-STAT2 or S287A-STAT2
and evaluated the IFN-a-inducible expression of six ISGs that
are representative of the antiproliferative, apoptotic, and anti-
viral effects of type I IFNs (MX1, TRAIL, OAS1, IFIT2, RSAD2,
and ISG15) by quantitative real-time PCR (qRT-PCR) analysis.
Asshownin Table 1, compared with WT-STAT?2, expression of
S287A-STAT?2 enhanced IFN-induced OASI, IFIT2, RSAD2,
TRAIL, and ISG15 transcription most notably at 18 h of IFN-«
treatment. Interestingly, S287A-STAT? failed to induce MX1
gene expression to the same levels as WT-STAT2 did at both 6
and 18 h of IFN-« treatment. Thus, our data suggest that the
outcome of Ser-287 phosphorylation may be promoter-specific
and to various degrees affect IFN-induced ISG expression.

Biological Consequences of S287A-STAT2—Cells exposed to
type I IFNs can exhibit decreased cell proliferation, induction of
apoptosis, and protection against viral infection (24). Our qRT-
PCR data shown in Table 1 was restricted in that we only eval-
uated a small group of ISGs out of the ~2000 IFN target genes
(as listed in the Interferome database: www.interferome.org;
(25)). The expression of these select genes, with the exception
of Mx1, was enhanced by S287A-STAT2. This observation sug-
gested that the cell growth inhibitory and antiviral capacities of
IEN-« could be different when signaling via WT-STAT2 and
S287A-STAT2. To test this, we first compared cell growth inhi-
bition following IFN-« treatment for 72 h. As expected, in the
presence of WT-STAT2, IFN-« decreased cell proliferation in a
dose-dependent manner (Fig. 34). However, the anti-prolifer-
ative effect of [IFN-«a was more pronounced in the presence of
S287A-STAT2 when compared with WT-STAT2 at doses
higher than 100 units/ml IFN-« (Fig. 3A). We also demonstrate
that expression of S287A-STAT?2 did not influence cell growth
rate, indicating that a reduction in cell proliferation was directly
linked to IFN-« stimulation (Fig. 3B). It is worth mentioning
that the enhanced cell growth inhibitory effect observed with
S287A-STAT2 was cytostatic and not due to activation of cell
death.

To determine whether the observed differences in gene
expression we detected between WT- and S287A-STAT?2 also
translated into altered cellular resistance to viral infection, U6A
cells stably reconstituted with empty vector (U6A-Vec), WT-

JANUARY 4, 2013 -VOLUME 288+NUMBER 1

STAT2 Ser-287 Regulates IFN Responses

[ WT-STAT2
Hl S287A-STAT2

% of control (untreated) >

0 100 400 1000 0 100 400 1000

IFN-o. (U/ml)

w
N
T

-~ WT-STAT2
-= S287A-STAT2

Fold growth

0.0 T T
Oh 24h

FIGURE 3. S287A-STAT2 enhances the antiproliferative effects of IFN-a.
A, U6A cells stably expressing WT-STAT2 or S287A-STAT2 were treated with
IFN-a for 72 h or left untreated. Cell viability was measured by MTS assay.
Results are presented as the percentage of viable cells treated with IFN-«
compared with untreated cells (100%). Data were obtained from four individ-
ual experiments and are shown as mean = S.E. An asterisk signifies a statistical
difference (p < 0.05) compared with cells expressing WT-STAT2 and treated
with the same concentration of IFN-a. B, growth rate was determined by MTS
assay at two time points (referred to as 0 and 24 h in figure). Data presented
are from five independent experiments and shown as mean =+ S.E. U, units.

STAT?2 or S287A-STAT2 were infected with GFP-expressing
VSV (multiplicity of infection of 0.01), a negative strand RNA
virus with well established sensitivity to the antiviral effects of
IEN (Fig. 4A). Without IFN-« pretreatment, all cells were visi-
bly infected by VSV, as seen by the expression of GFP and
appearance of cytopathic effects; regardless of STAT2 expres-
sion. As expected, in the absence of STAT2, IFN-« pretreat-
ment did not prevent viral infection, whereas reconstitution of
WT-STAT2 conferred protection at the various doses of IFN-«
tested at 24 h post-infection. This protection, however, was
limited as these cells succumbed to viral infection by 36 h even
when higher doses of IFN-a were used. In contrast, S287A-
STAT2 conferred continued protection against VSV even at
36 h post-infection with IFN-«a pretreatment. We also meas-
ured progeny virion yield in the culture supernatants of VSV-
infected cells lacking STAT2 or carrying WT-STAT2 or
S287A-STAT2. Less of the virus was produced in IFN-« pre-
treated cells expressing S287A-STAT2 than in similarly treated
control cells expressing WT-STAT2 (Fig. 4B). Together, these
results show that the S287A-STAT2 mutant can functionally
enhance type I IFN antiviral responses.

S287A-STAT2 Prolongs STAT2 and STATI Tyrosine
Phosphorylation—To study whether the gain of function S287A
altered STAT activation, U6A cells expressing WT-STAT?2 or
S287A-STAT?2 were stimulated with IFN-« for various times.
Immunoblot analysis revealed that the S287A mutation
caused an increase in the level of phosphorylated Tyr-690 of
STAT?2 and Tyr-701 of STAT1 when compared with WT-
STAT2 (Fig. 54; and quantitative analysis). Furthermore,
S287A-STAT2 extended the duration of tyrosine phosphor-
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FIGURE 4. STAT2-S287A confers prolonged protection against VSV infection. A, U6A cells stably expressing empty vector, WT-STAT2, or S287A-STAT2 were
pretreated for 16 h with different concentrations of IFN-a and then infected with 0.01 multiplicity of infection GFP-expressing VSV. Mock controls are
uninfected cells. Infection with VSV was detected by the presence of GFP expression. Bright field images show cells with cytopathic effects associated with virus
infection. This is a representative experiment of two that were performed. B, same as in A, except viral titers were determined and compared between the
supernatants of VSV infected U6A-cells expressing empty vector, WT-STAT2 or S287A-STAT2. Viral titers are shown as the mean = S.E. from two independent

experiments. *, p < 0.05. U, units.

ylation of STAT1 and STAT2. Although cells expressing
WT-STAT2 showed little to no activation of STAT1 and
STAT?2 between 6 h and 10 h of IFN-« stimulation, cells
expressing S287A-STAT2 continued to show detectable lev-
els of activated STAT1 and STAT2. Of note, S287A-STAT2
alone did not cause activation of either STAT, suggesting
that its effect remained IFN-« dependent.

To determine whether tyrosine phosphorylated S287A-
STAT2 detected at 6 to 10 h of IFN-« stimulation was found in
the nucleus, an indication that active STAT2 was available for
gene transcription, nuclear fractions of IFN-« treated U6A
WT-STAT2 and S287A STAT?2 cells were prepared. Immuno-
blot analysis confirmed an increased amount of tyrosine phos-
phorylated S287A-STAT?2 at 8 h of IFN-« treatment compared
with WT-STAT2 (Fig. 5B). These results showed that the
observed enhanced ISG expression is likely a consequence of
prolonged ISGF3 activation.

S287A-STAT2 Is Less Susceptible to IFN-a-mediated De-
sensitization—Continuous exposure to type I IEN is known to
temporarily desensitize cells to further IFN stimulation (26).
This unresponsive phase can last up to 24 h from the initial IFN
exposure. After the continued presence of IFN, desensitized
cells remain unresponsive to newly added IFN as further induc-
tion of ISGs transcription is severely diminished. Desensitized
cells (after 16 h of IFN exposure) subjected to a recovery period
by removal of IEN for 6 h only show modest restoration of
STAT?2 activation with little to no STAT1 activation (27).
Because we first found that S287A-STAT2 provided longer
protection against VSV infection after an overnight incubation
with IFN-q, and second, tyrosine phosphorylation of STAT1
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and STAT?2 was prolonged, we next determined whether this
heightened response could be attributed to resistance to
IFN-« induced desensitization. Naive U6A cells expressing
WT-STAT2 or S287A-STAT2 were subjected to continuous
exposure to IFN-a for 10 h; this is the time point at which
STAT1 and STAT?2 are weakly phosphorylated in the presence
of WT-STAT2 (Fig. 6). This was followed by a recovery period
of no IFN-a for 14 h before readdition of fresh IFN-« for various
time points. No tyrosine phosphorylated STAT1 and STAT2
were detected in cells carrying WT-STAT2 or S287A-STAT?2 pri-
or to IFN-a re-exposure, indicating that STAT1 and STAT2 had
returned to their initial inactive state. As expected, cells
expressing WT-STAT2 were refractory to further IFN-« stim-
ulation as STAT1 and STAT2 were found to be weakly acti-
vated by IFN-a. In contrast, cells expressing S287A-STAT2
were resensitized to IFN-a as tyrosine phosphorylation of
STAT1 and STAT2 was reinduced and markedly different
from cells expressing WT-STAT2 (Fig. 6). Indeed, in the
presence of S287A-STAT?2, the level of tyrosine phosphoryl-
ated STAT?2 in previously desensitized cells after a 30 min
re-exposure to IFN-« was similar to that observed in naive
cells expressing either WT-STAT2 or S287A-STAT2 that
have been exposed for the same time to IFN-a. These results
clearly indicate that S287A-STAT?2 is more resistant to IFN-
a-induced desensitization.

Prolonged activation of STAT1 and STAT2 with S287A-
STAT2 could be attributed to several reasons, including 1) a
delay in the rate of STAT tyrosine dephosphorylation, and 2)
increased association with IRF-9. To examine the first possibil-
ity, pulse-chase experiments were conducted in the presence of
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the protein kinase inhibitor staurosporine. No obvious differ-
ences were seen in the rate of STAT1 and STAT?2 tyrosine
dephosphorylation between cells expressing WT-STAT2 and
S287A-STAT2 (supplemental Fig. S1).

Next, we focused on the interaction between STAT2 and
IRF-9. The crystal structure of STAT2 remains unsolved; yet
threading analysis using the protein structure of STAT1
hints Ser-287 to be part of the loop between the third and
fourth « helix of the coiled-coil domain (CCD) and, there-
fore, accessible for phosphorylation by kinases or direct pro-
tein-protein interactions (28). The CCD of STAT2, which
encompasses amino acids 137-316, is known to bind IRF9
(29). STAT2-IRF9 complexes can mediate the expression of
ISRE driven target genes independently of STAT1 (30). Con-
sequently, we wanted to examine whether Ser-287-STAT2
altered the binding of STAT2 to IRF9. Co-immunoprecipi-
tation assay using anti-IRF9 antibodies showed no differ-
ences in the amount of protein interactions between IRF9
and S287A-STAT2 compared with WT-STAT2 following
treatment with IFN-a (supplemental Fig. S2). This result
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FIGURE 7. Differential recruitment of WT-STAT2 and S287A-STAT2 to chromatin. A, nuclear extracts prepared from U6A cells stably expressing WT-STAT2
or S287A-STAT2 were treated with or without IFN-a (1000 units/ml) at the indicated times and assayed for binding of ISGF3 to the ISRE probe (top) and binding
of y-associated factors (GAF; STAT1 homodimers) to the GAS probe (bottom) by EMSA. Shown is a representative experiment of three that were performed.
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indicated time points. Specific qPCR primers were used to amplify the ISRE-containing promoter region of IFIT2, OAS1, and ISG15.

indicates that S287A-STAT2 does not appear to influence
IRF9-STAT2 complex formation.

S287A-STAT2 Binding to DNA—To distinguish whether the
difference we observed in the kinetics of STAT2 and STAT1
activation between WT STAT2 and S287A-STAT?2 correlated
with alterations in STAT binding to DNA, we tested this possi-
bility first by EMSA using an ISRE or a GAS DNA probe. No
obvious differences were observed in ISGF3 binding to ISRE
between WT or S287A-STAT?2 at 30 min and 1 h of IFN-«
treatment (Fig. 7A). At later time points, however, S287A-
STAT?2 caused an increase in the amount ISGF3 bound to the
ISRE probe; which was detectable even at 10 h. Similarly,
S287A-STAT?2 also increased the amount of y-associated fac-
tors (GAF; STAT1 homodimers) to the GAS probe when com-
pared with WT-STAT2. However, this increase in STAT1
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homodimers binding to DNA detected in the presence of
S287A STAT2 did not augment the mRNA expression of the
STAT1 controlled gene IRF1 (supplemental Fig. S3). We also
demonstrate by supershift EMSA that in U6A cells expressing
S287A STAT?2, the identity of the protein-DNA complex we
found bound to the ISRE is indeed ISGF3 containing both
STAT1 and STAT2, whereas only STAT1 homodimers were
found bound to GAS (Fig. 7B).

To confirm our EMSA results and more importantly, to
assess in vivo the dynamic interaction of the ISGF3 complex
binding to chromatin, we employed quantitative chromatin
immunoprecipitation (qChIP) assay using STAT2 or STAT1
antibodies to pull down STAT-containing complexes. We eval-
uated binding of STAT1 and STAT?2 to the ISRE motifs in the
promoters of IFIT2, OAS1, and ISG15 as these were the genes
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whose expressions we showed earlier (Table 1) to be increased
by S287A-STAT?2 after 18 h of IFN-« treatment. Both STAT2
and STAT1 were recruited to the promoters of all genes ana-
lyzed (Fig. 7C). When compared with WT-STAT2, enhanced
recruitment of S287A-STAT2 to the ISG promoters was
observed at 18 h of IFN-« stimulation. This observation agrees
with our EMSA result in that cells expressing S287A-STAT2
showed more ISGF3 bound to DNA at later time points, includ-
ing 10 h. Our qChIP data are also in agreement with our previ-
ous observation in that IFIT2, OAS1, and ISG15 transcription at
18 his higher in cells expressing S287A-STAT2 and less in cells
expressing WT-STAT2 (Table 1). Acetylation of histone H3
(AcH3) at the ISRE site of the promoters of IFIT2, OASI, and
ISG15 was also assessed in cells expressing either WT-STAT2
or S287A-STAT?2. Without stimulation, a basal level of AcH3
was detected in both cells lines, which was further increased
with IFN-a stimulation over time (supplemental Fig. S4). A
modest but not significant increase in the amount of AcH3 was
detected in the presence of S287A-STAT?2 at 18 h of [FN-«
treatment. These results indicate that S287A-STAT2 is present
in the nucleus much longer as an active transcriptional complex
with chromatin.

A Phosphomimetic Mutation at Ser-287 Impairs STAT2 Acti-
vation and ISG Induction—Our mass spectrometry revealed
Ser-287 to be phosphorylated in response to 30 min of exposure
to IFN-« (Fig. 1). Because our above findings indicated that
S287A-STAT2 is a gain-of-function mutant, we next tested
whether a phosphomimetic mutant of Ser-287, by changing
this site to aspartate to mimic serine phosphorylation, will have
the opposite effect of S287A-STAT2 and behave as a loss-
of-function mutant. Indeed, in response to IFN-«, U6A cells
stably expressing $287D-STAT?2 showed a marked decrease in
both STAT2 and STAT1 tyrosine phosphorylation when com-
pared with WT-STAT2 expressing cells (Fig. 84). Next, we
measured IFN-« induction of ISGs and found this response to
be dramatically affected, as seen by the poor mRNA expression
of OASI, IFIT2, and TRAIL (Fig. 8B). As suspected, S287D-
STAT2 displayed a dramatic reduction in nuclear STAT2 (Fig.
8C). Furthermore, in contrast to S287A-STAT2, expression of
S287D-STAT?2 failed to protect cells against VSV infection
after pretreatment with IFN-« (Fig, 8, D and E). These data
strongly indicate that the phosphomimetic S287D-STAT2
mutant impairs IFN signaling via defects in STAT2 nuclear
translocation and consequently, STAT2 transcriptional activ-
ity, thus suggesting that Ser-287 is located in a critical regula-
tory region important for the activation and retention of the
ISGF3 complex bound to chromatin.

DISCUSSION

Our objective was to identify novel phosphorylation sites in
STAT2. All other STATs have been confirmed to be tyrosine
and serine phosphorylated to acquire transcriptional activity
and become fully active (13-15, 31), with the exception of
STATS, in which serine phosphorylation inactivates its tran-
scriptional function (16, 17). Although the transcriptional
activity of STAT2 is driven by tyrosine phosphorylation and
nuclear translocation, it is less clear whether the transcriptional
response to type I IFNs also requires STAT2 to be serine phos-
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phorylated. We used mass spectrometry and identified Ser-287
as a bona fide phosphorylation site. This amino acid residue is
mapped to the CCD of STAT2 that when mutated to alanine
(S287A) generated a gain-of-function mutant that increased
the biological effects of type I IFNs over that of WT-STAT2. In
contrast, substitution of Ser-287 with aspartic acid (S287D), to
mimic serine phosphorylation, had the expected opposite
behavior of S287A-STAT2. The dramatic negative effect
$287D-STAT2 had on IFN-« signaling indicates that the role of
phosphorylated Ser-287 is to limit type I IEN signaling.

Recently, the analogous site to Ser-287 in STAT1, threonine
288, was found to be mutated to alanine in several patients with
chronic mucocutaneous candidiasis (32, 33). The T288A sub-
stitution was one of 12 mutations clustered spatially around the
same region in the CCD. The resulting phenotype for 11 of the
12 mutations, including T288A, was resistance to phospho-
Tyr-701 dephosphorylation after activation with IFN-vy, IFN-«
or IL-27, which led to increased GAS binding (EMSA) and
GAS-dependent but not ISRE-dependent ISG induction. This
observation parallels to what we have observed with S287A in
STAT?2. Although the exact mechanism of STAT?2 inactivation
is not clear, the most feasible model of STAT1 inactivation has
been proposed by the group of James Darnell. As phosphory-
lated STAT1 homodimers disassociate from DNA, the STAT1
dimer now interacts via their N-terminal domains (28, 34). This
facilitates reorientation of the STAT1 dimer from a parallel
(active) to an anti-parallel (inactive) conformation (35, 36).
Instead of phospho-tyrosyl-SH2 interactions, the new anti-par-
allel dimer is stabilized by reciprocal interaction between the
CCD of one monomer and the DBD of the other monomer. The
final step of this reorientation process is the dephosphorylation
of the now exposed phospho-tyrosines. The critical residues for
the STAT1 CCD-DBD interactions have been mapped to Phe-
172 in the CCD and GIn-340, Gly-384, and GIn-408 of the DBD.
Mutation of any of these amino acids leads to prolonged
STAT1-phosphorylation due to impaired dephosphorylation,
similarly to what was seen in Liu et al. (32). It is, therefore,
plausible that the mutations identified in chronic mucocutane-
ous candidiasis patients, all localized near the CCD-DBD inter-
action surface, disrupt the formation of the anti-parallel STAT1
dimer necessary for proper dephosphorylation of phospho-
Tyr-701-STAT1. Curiously, only Phe-172 is conserved in
STAT?2, whereas the other three critical residues conserved in
the STAT1 DBD are not, indicating that the exact mechanism
of STAT2/STAT1 anti-parallel binding might be different from
that of STAT1 homodimers. Therefore, until the structure of
STAT2-containing complexes is solved, mutational studies are
warranted to identify regulatory residues that are critical in the
regulation of STAT2 function.

Protein modeling of STAT2 using the crystal structure of
STAT]1 as a protein template infers that Ser-287 is exposed and
available for post-translational modifications and/or direct
protein interaction with a second protein. Furthermore,
according to the solved structures of other STATSs (28, 37), this
site is located on the side of the CCD that is facing away from
the DBD and SH2 domain as the STAT-dimer is associated with
DNA. Therefore, it makes it less likely that the S287A mutation
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directly affects STAT functions that are linked to DNA binding
and/or SH2-mediated STAT dimerization.

Type I IENs activate the transcriptional activity of STAT?2.
Our qRT-PCR results showed that S287A-STAT2 augmented
the expression of several IFN target genes; which correlated
with sustained activation of STAT1 and STAT2. Our qChIP
experiments confirmed increased binding of S287A-STAT?2 to
chromatin at later time points compared with WT-STAT2.
This helps explain why ISG expression was more pronounced at
later times in the presence of S287A-STAT?2 as detected in our
initial qRT-PCR experiment. Although we did not detect sig-
nificant alterations in the level of acetylated histone H3 at the
ISRE region in the ISG promoters when cells express either
WT-STAT2 or S287A-STAT?2, it is most probable that acety-
lation and/or methylation of specific lysine residues in histone
H3 may take place with S287A-STAT2 (38). Alternatively,
binding of acetylated histone H3 to other regions distal from
the promoter site may be preferred in the presence of S287A-
STAT2 following IFN-« stimulation (39). It is also possible that
S287A-STAT2 may slowly increase the binding affinity for
adaptor molecules/coactivators as it has been reported to occur
with the INHAT component, pp32 (40). pp32 interacts with
tyrosine phosphorylated STAT2 and STAT1 and potentiates
the expression of ISGs. Furthermore, IFN-a-induced acetyla-
tion of STAT2 Lys-390 is presumed to facilitate the reorienta-
tion of the antiparallel STAT1/STAT?2 heterodimer to the par-
allel conformation and promote the antiviral effects of type I
IFNs (19). This leads to speculation that perhaps S287A-
STAT?2 augments and/or extends the duration of acetylated
STAT?2 during which STAT2/STAT1 heterodimers are kept in
the active parallel orientation leading to enhanced gene tran-
scription. Alternatively, the S287A mutation may turn STAT2
into a more flexible molecule in which reorientation of antipa-
rallel STAT1/STAT2 heterodimers to the parallel conforma-
tion in IFN naive and/or IEN desensitized cells is more efficient
and stable, resulting in prolonged STAT activation. Overall, our
study reports the first observation that STAT2 is serine-phos-
phorylated in response to type I IFNs. Unlike serine phosphor-
ylation of other STATSs, Ser-287-STAT2 phosphorylation
evokes a negative regulatory role in the antiproliferative and
antiviral effects of type I IFNs. This information could serve as
the platform in the development of therapeutics to disable
resistance and improve the clinical efficacy of type I IFNs by
targeting the responsible kinase.
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