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Promoter Occupancy of STAT1 in Interferon Responses Is Regulated
by Processive Transcription
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Interferons regulate immunity by inducing DNA binding of the transcription factor STAT1 through Y701 phosphorylation.
Transcription by STAT1 needs to be restricted to minimize the adverse effects of prolonged immune responses. It remains un-
clear how STAT1 inactivation is regulated such that the transcription output is adequate. Here we show that efficient STAT1 in-
activation in macrophages is coupled with processive transcription. Ongoing transcription feeds back to reduce the promoter
occupancy of STAT1 and, consequently, the transcriptional output. Once released from the promoter, STAT1 is ultimately inac-
tivated by Y701 dephosphorylation. We observe similar regulation for STAT2 and STAT?3, suggesting a conserved inactivation
mechanism among STATs. These findings reveal that STAT1 promoter occupancy in macrophages is regulated such that it de-
creases only after initiation of the transcription cycle. This feedback control ensures the fidelity of cytokine responses and pro-

vides options for pharmacological intervention.

ytokines perform their functions as key regulators of immune

responses through activation of the JAK-STAT signaling
pathway (1). Inadequate (either low or exacerbated) cytokine sig-
naling may result in diseases such as immunodeficiency, autoim-
munity, or cancer (2, 3). The strength of cytokine responses is
regulated by various positive and negative feedback mechanisms
that act at all steps of the signaling pathway: the cytokine recep-
tors, JAKs, and STAT transcription factors. Yet it remains unclear
how the process of cytokine-induced transcription is controlled
once the transcription machinery has been turned on by activated
STAT.

STAT1 is indispensable for the biological function of interfer-
ons (IFNs), which are crucial cytokines for antiviral and antibac-
terial immunity. STAT1 nuclear translocation and DNA binding
are activated by JAK-mediated phosphorylation of Y701. Other
modifications that tune STAT1 function in IFN signaling include
CDK8-mediated S727 phosphorylation, IkB kinase € (IKKe)-me-
diated S708 phosphorylation, and K703 sumoylation (4-6). Y701-
phosphorylated STAT1 binds to target gene promoters in two
major forms: (i) STAT1 homodimers induced by type I, I, and 111
IFNs bind to gamma interferon-activated sequence (GAS) ele-
ments, and (ii) the trimeric interferon-stimulated gene factor 3
(ISGF3; composed of STAT1, STAT2, and IRF9) induced by type
I and III IFNs binds to interferon-stimulated response elements
(ISRE) (1, 7). The principal mechanism of STAT1 inactivation is
Y701 dephosphorylation, which causes both STAT1 homodimers
and ISGF3 to lose their DNA-binding activity and to relocate to
the cytoplasm. The nuclear T-cell protein tyrosine phosphatase
(TC-PTP) is the major Y701-directed phosphatase (8). STAT1
acetylation was reported to facilitate dephosphorylation by TC-
PTP (9), but this issue has been controversial (10). The access of
phosphatase to phosphorylated Y701 appears to be restricted,
since DNA-bound STAT1 is protected from Y701 dephosphory-
lation (11, 12). For type II IFN (IFN-vy) responses, it has been
proposed that the DNA-bound STAT1 homodimers at some
point switch their conformation from parallel to antiparallel,
thereby becoming accessible for Y701 dephosphorylation (12).
How this fundamental process of STAT1 homodimer inactivation
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is regulated and how the ISGF3 complex is disabled remain un-
known.

Using genetic and biochemical approaches, we demonstrate
that in the responses of primary murine macrophages to IFNs, the
promoter occupancy of Y701-phosphorylated STAT1 gradually
decreases as a result of processive transcription. Both STAT1 ho-
modimers and the ISGF3 complex are controlled in this way. Once
released from the chromatin, STAT1 is Y701 dephosphorylated,
revealing that the regulated step of STAT1 inactivation is its dis-
sociation from the promoter, not Y701 dephosphorylation. Mac-
rophages expressing solely the less transcriptionally active
STATI1 isoform exhibit longer STAT1 promoter occupancy than
wild-type (WT) cells. Blockade of transcription also results in im-
paired inactivation of STAT2 and STAT3, suggesting that cou-
pling of promoter dissociation with ongoing transcription is con-
served among STATs. Such feedback control ensures that after
successfully launching the transcriptional process, STAT1 quickly re-
locates to the IFN receptor to monitor the activation status of the
receptor. This mechanism ensures that the IFN-induced transcrip-
tional output is instantly adjusted to the cytokine levels and that ex-
cessive gene expression resulting from biological indolence is pre-
vented.

MATERIALS AND METHODS
Cell culture. All cell lines used were maintained in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10% fetal calf serum (FCS)
and penicillin-streptomycin. Immortalized mouse embryonic fibroblasts
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(MEFs) expressing STAT1 with the K336A mutation have been described
previously (13). Control immortalized MEFs expressing WT STAT1 were
generated by transfection of STAT1 into immortalized STAT1 /~ MEFs
using TurboFect (Thermo Scientific). Cells stably expressing WT STAT1
were selected using 100 pg/ml Zeocin (InvivoGen) and limited dilution
cloning. For the generation of bone marrow-derived macrophages
(BMDMs), bone marrow of 6- to 10-week-old C57BL/6N mice or Irfo ™'~
(14), STAT1P® (15), or p53~/~ (Trp53~') (stock no. 002101; The Jack-
son Laboratory) (16) mice was isolated from the femur and tibia. Macro-
phages were differentiated in DMEM supplemented with 10% FCS in the
presence of 1929 cell-derived colony-stimulating factor 1 (CSF-1) as de-
scribed previously (17).

Quantitation of RNA by qRT-PCR. To measure mRNA expression,
total RNA was reverse transcribed using an oligo(dT3) primer and Molo-
ney murine leukemia virus (M-MuLV) reverse transcriptase (Fermentas).
c¢DNA was amplified with GoTaq qPCR master mix (Promega) using
mRNA primers shown below. Reverse transcription-quantitative PCR
(qQRT-PCR) was performed using a Mastercycler ep realplex 2 system (Ep-
pendorf). To measure the abundance of precursor mRNA (pre-mRNA),
RNA was digested with Turbo DNase (Ambion) and was reverse tran-
scribed using random hexamer primers (Ng). To measure the expression
of microRNAs (miRNAs), isolation was performed using a miRNeasy
minikit (Qiagen). Reverse transcription was carried out using a miScript
II RT kit (Qiagen). miRNA was amplified with a miScript SYBR green
PCR kit (Qiagen) using miRNA/snRNA primers. qPCR primers for mR-
NAs were CCGAAGACCTTATGAAGCTCTTTG (forward [FWD]) and
GCAAGTATCCCTTGCCATCG (reverse [Rev]) for Irfl, CCAGTTCCT
CTCAGTCCCAAGATT (Fwd) and TACTGGATGATCAAGGGAAC
GTGG (Rev) for Mx2, QuantiTect primer assays (Qiagen) for SocsI (cat-
alog no. QT01059268) and Ifit1 (catalog no. QT01161286), and GGATT
TGAATCACGTTTGTGTCAT (Fwd) and ACACCTGCTAATTTTACTG
GCAA (Rev) for Hprt. Primers for pre-mRNAs were TGCCTAGTTGCT
TGTCTCTG (Fwd) and CTCCTGTGTGTCGCTGTC (Rev) for Irfl, GC
TTTGCTGGAACATCTCCT (Fwd) and ACTCTGGTCCCCAATG
ACAG (Rev) for Mx2, and CTGCAGGCCACCAACTACAA (Fwd) and
GGACAACCACAAACATCATCAG (Rev) for IkBa. miScript primer as-
says (Qiagen) were used for the miRNAs miR-872 (catalog no.
MS00012719) and let-7¢ (catalog no. MS00005852) and for the snRNA
Rnu6-2 (catalog no. MS00033740).

Antibodies and reagents. Antibodies against tyrosine-phosphory-
lated STAT1 (catalog no. 9171; Cell Signaling), STAT1 (BD Biosciences
[catalog no. 610185] for Western blotting and Santa Cruz [catalog no.
sc-346] for ChIP), tyrosine-phosphorylated STAT2 (catalog no. 07-224;
Upstate), STAT2 (catalog no. 07-140; Upstate), tyrosine-phosphorylated
STATS3 (catalog no. 9131; Cell Signaling), STAT3 (catalog no. 9139; Cell
Signaling), IRF1 (catalog no. sc-13041; Santa Cruz), pan-extracellular sig-
nal-regulated kinase (pan-ERK) (catalog no. 610123; BD Biosciences),
alpha-tubulin (catalog no. T9026; Sigma-Aldrich), Dicer (catalog no.
30226; Santa Cruz), and p53 (catalog no. MONX10194; Monosan) were
used for Western blotting. For immunofluorescence, an anti-STAT1 an-
tibody (catalog no. 610185; BD Biosciences) was used. For chromatin
immunoprecipitation (ChIP), antibodies against STAT1 (2 jg/sample;
catalog no. sc-346X; Santa Cruz), RNA polymerase II (RNAPII) (5 g/
sample; catalog no. sc-899; Santa Cruz), NF-kB (4 pg/sample; catalog no.
sc-372; Santa Cruz), and an IgG control (preimmune serum [17]; 2 wl/
sample) were used. For stimulation of cells, 5 ng/ml mouse IFN-+y (eBio-
science) and 250 U/ml mouse IFN-8 (PBL Interferon Source) were used.
For pulse-chase stimulation of immortalized MEFs, cells were stimulated
with IEN-v for 5 min (“pulse”), washed twice with medium to remove
IFN, and incubated with conditioned medium for the indicated time
(“chase”). For stimulation of cells, 5 pg/ml lipoteichoic acid (LTA) (Invi-
voGen) was used. Flavopiridol was obtained through the National Insti-
tutes of Health (NIH) AIDS Research and Reference Reagent Program,
Division of AIDS, National Institute of Allergy and Infectious Diseases,
and was used at a final concentration of 0.5 wM 15 min prior to IFN
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treatment. 5,6-Dichlorobenzimidazole 1-B-p-ribofuranosyl benzimid-
azole (DRB; 100 wM; Sigma-Aldrich) was added to the cells 15 min prior
to IFN treatment. Additionally, the following inhibitors were used and
were added to the cells simultaneously with IFN: actinomycin D (ActD; 1
pg/ml; Sigma-Aldrich), sodium pervanadate (Na;VO,; 100 pM; Sigma-
Aldrich), and cycloheximide (CHX; 20 wg/ml; Sigma-Aldrich). When
combined with LTA, ActD and CHX were added 60 min after LTA addi-
tion.

Western blotting and immunoprecipitation. Procedures for West-
ern blotting and immunoprecipitation (IP) have been described previ-
ously (17). In brief, for the preparation of whole-cell extracts, cells were
washed with ice-cold phosphate-buffered saline (PBS) and were lysed in a
buffer containing 10 mM Tris-HCI (pH 7.5), 50 mM NaCl, 30 mM NaPP;,
50 mM NaF, 2 mM EDTA, 1% Triton X-100, and 1 X protease inhibitor
(Roche). Extracts were cleared by centrifugation at 13,200 rpm and 4°C.
For input control, 50 pl of the extract was mixed with 25 .l of SDS buffer
and was boiled for 10 min. For immunoprecipitation of STAT1 or STAT2,
250 pl of whole-cell extract was mixed with 4 g of an anti-STAT1 anti-
body (catalog no. sc-346; Santa Cruz) or anti-STAT?2 (catalog no. 07-140;
Upstate) antibody, respectively, and incubated on a rotating wheel at 4°C
overnight. On the next day, 50 pl of protein G Dynabeads (Invitrogen;
blocked with 0.05% bovine serum albumin [BSA]) was added to the IP
samples, which were then incubated on a rotating wheel for 2 h. After
washing, elution was carried out with 20 .l of SDS buffer following West-
ern blot analysis using an anti-STAT1 or anti-STAT2 antibody. Detection
was carried out using fluorescence-labeled secondary antibodies
IRDye800 and IRDye700 (Li-Cor) for infrared detection (Odyssey infra-
red imaging system; Li-Cor).

RNA interference (RNAi)-mediated silencing. A total of 5 X 10°
STAT1 WT MEFs were seeded in 6-cm plates in DMEM supplemented
with 10% FCS without antibiotics. The medium was replaced 24 h later
with 5 ml fresh medium, and cells were transfected with a mixture of 100
pmol Dicerl ON-TARGETplus SMARTpool small interfering RNA
(siRNA) (L-040892-00-0005; Dharmacon) diluted in 500 wl Opti-MEM I
and 20 pl Lipofectamine RNAIMAX reagent diluted in 500 pl Opti-MEM
I (both from Invitrogen). After 48 h, cells were washed and were incubated
for an additional 16 h in s medium without siRNAs, followed by pulse-
chase stimulation with IFN-B and whole-cell extract preparation or
miRNA isolation.

ChIP. ChIP was carried out as described previously (5) with the fol-
lowing modifications. For sonication, a Bioruptor sonicator (Diagenode)
was used to yield 300- to 500-bp DNA fragments. For immunoprecipita-
tion, protein G Dynabeads (Invitrogen) were used. The amount of immu-
noprecipitated DNA was quantified by qPCR using Kapa Sybr Fast gPCR
universal mix (Peqlab). All gPCRs were run on a Mastercycler ep realplex
2 system (Eppendorf). The values for immunoprecipitated DNA were
normalized to that for input DNA (percentage of input). The antibodies
used for ChIP are specified under “Antibodies and reagents” above. The
primers used for ChIP were Irfl (GAS) Fwd (GGAGCACAGCTGCCTT
GTACTT) and Rev (CCCACTCGGCCTCATCATT), IrfI (Start) Fwd (T
CCCGCTAAGTGTTTAGATTTC) and Rev (TTCGGTTCGGCTTAGAC
TG), IrfI (exon 4) Fwd (TGCCTAGTTGCTTGTCTCTG) and Rev (CTC
CTGTGTGTCGCTGTC), Mx2 (ISRE) Fwd (ACCCAGCCAAGGCCCCC
TTA) and Rev (GCAGCTGCCAGGGCTCAGAC), and IkBa (prx) Fwd
(AAGAAGGGTTCTTGCAGAGGGCT) and Rev (TCGTCCTCCACTGA
GAAGCCTAAA).

Immunofluorescence microscopy. Cells were fixed with 1.8% form-
aldehyde and were incubated overnight at 4°C with an anti-STAT1 anti-
body (catalog no. 610185; BD Biosciences). After washing, the samples
were incubated with Alexa Fluor 488-conjugated anti-mouse secondary
antibodies (Molecular Probes) for 30 min, washed, and mounted with
fluorescence mounting medium (Dako). Analysis was carried out using a
Zeiss Axioplan 2 microscope.
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RESULTS AND DISCUSSION

Y701 dephosphorylation of IFN-activated STAT1 is dependent
on ongoing transcription. The level of STAT1 Y701 phosphory-
lation induced by IFN-(3, a type I IEN, decreased with the duration
of IFN-3 treatment in murine bone marrow-derived macro-
phages (BMDMs) (Fig. 1A). The diminishing amounts of acti-
vated STAT1 were paralleled by the profile of STAT1 recruitment
to the GAS element in the IrfI promoter (Fig. 1B) and to the ISRE
in the Mx2 promoter (Fig. 1C). The promoter occupancy of
STAT]1 correlated with the transcription rate, which was assessed
by Irfl and Mx2 precursor mRNA (pre-mRNA) measurements
(Fig. 1D and E). The profile of IrfI pre-mRNA was similar to that
of Irfl mature mRNA (Fig. 1D and F), whereas the level of Mx2
mature mRNA was still increasing when Mx2 pre-mRNA had al-
ready reached a plateau (Fig. 1E and G). The low stability of Irfl
mRNA (5, 18) and the high stability of Mx2 mRNA (18) explain
why IrfI but not Mx2 mRNA levels correlate with the pre-mRNA
amounts and hence with the rate of transcription. Taking these
findings together, we conclude that the duration of IFN-B re-
sponses was restricted at the level of both STAT1 activation and
STAT1-dependent transcription.

To test whether ongoing transcription and de novo protein
synthesis were required for the downregulation of STAT1 activity,
BMDMs were treated with the transcription inhibitor actinomy-
cin D (ActD) or the translation inhibitor cycloheximide (CHX),
added simultaneously with IFN-B. ActD but not CHX inhibited
transcription, as confirmed by Irfl pre-mRNA measurements
(Fig. 1H). Both Y701 dephosphorylation of STAT1 and Y689 de-
phosphorylation of STAT2 were impaired when transcription was
blocked, but they were not affected when translation was inhibited
(Fig. 11). As expected, the induction of the IFN target IRF1, which
is strongly increased at 180 min of IFN-{ treatment, was pre-
vented by both inhibitors (Fig. 11). The impaired tyrosine dephos-
phorylation in ActD-treated cells was observed also after 360 min
of IFN-B stimulation, although some dephosphorylation was de-
tectable at this time point (Fig. 1]). Inhibition of transcription but
not translation also resulted in a decreased rate of STAT3 Y705
dephosphorylation in IFN-B-treated BMDMs (Fig. 1K). Thus, ty-
rosine dephosphorylation of STATI, STAT2, and STAT3, the ma-
jor IFN-B-activated STATS, proceeds only if transcription is per-
mitted, whereas de novo protein synthesis is not required. These
data reveal that ongoing transcription is required for STATI,
STAT2, and STAT3 inactivation after IFN-@ stimulation, and they
suggest that this mode of regulation is conserved among STATSs.

To address the effects of transcription and protein synthesis on
STAT1I inactivation in the type II IFN response, Y701 dephos-
phorylation was examined in BMDMs stimulated with [FN-y.
ActD prevented efficient Y701 dephosphorylation of IFN-y-acti-
vated STAT1 (Fig. 1L), resembling the pattern for IFN-f signal-
ing. However, in contrast to the IFN-f3 pathway, in the IFN-y
pathway STAT1 Y701 dephosphorylation was also inhibited by
CHX (Fig. 1L). IFN-+ signaling is negatively regulated by suppres-
sor of cytokine signaling 1 (SOCS1), a STAT1 target induced by
IFNs (19). To test whether the impaired Y701 dephosphorylation
in IFN-vy responses under conditions of blocked translation re-
sulted from the lack of SOCS1 induction, we interrupted IFN-vy
signaling using the JAK2 inhibitor pyridone 6 (P6) (the 50% in-
hibitory concentration [ICs,] is 1 nM for JAK2) (20) 30 min after
IFN-y treatment. Upon P6 treatment, Y701 dephosphorylation
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was no longer affected by blocking of translation (Fig. 1M). Fur-
ther, P6 was capable of substituting for the missing SOCSI, as
revealed by complete Y701 dephosphorylation in SOCS1-defi-
cient cells in the presence of P6 (Fig. 1N). Similar analysis of re-
sponses to type I IFNs was precluded by the poor ability of P6 to
inhibit IEN-B-induced STAT1 and STAT?2 tyrosine phosphoryla-
tion (Fig. 10). These data show that the major reason for impaired
Y701 dephosphorylation upon translation blockade in the IFN-y
response was unrestricted activity of IFN-vy signaling due to the
lack of SOCS1 synthesis. Since transcription inhibition also pre-
vents SOCSI induction, the role of ongoing transcription in Y701
dephosphorylation cannot be assessed in IFN-+y responses.

ActD blocks RNAPII progression by intercalating into DNA
(21). Carboxy-terminal domain (CTD) phosphorylation of RNA-
PIT at S2 is increased under conditions of ActD treatment due to
the release of CDK9 from negative inhibition (21). Thus, ActD
blocks transcription and, in parallel, locks S2-phosphorylated
(i.e., elongation-competent) RNAPII at the promoter. To test
whether transcription inhibition without a concomitant increase
in RNAPII S2 phosphorylation causes defects in Y701 dephos-
phorylation similar to those with ActD, we employed flavopiridol,
a specific inhibitor of the Mediator-associated kinase CDK8 and
of the transcription elongation-promoting CTD S2 kinase CDK9
(22, 23). Like ActD treatment, flavopiridol treatment resulted in
impaired tyrosine dephosphorylation of both STAT1 and STAT2
in IFN-B-stimulated cells (Fig. 2A).

ActD induces genotoxic stress and activates p53 (24, 25). Im-
portantly, ActD has been reported to cause STAT1 activation in
tumor cells in a p53-dependent way, independently of IFN treat-
ment (26). To examine whether these mechanisms could also op-
erate in BMDMs, we employed several strategies. First, we treated
BMDMs for 180 min with ActD or flavopiridol without IFN-3
stimulation and observed no activation of STAT1, in contrast to
IFN-B-stimulated cells (Fig. 2B). Second, we tested the effects of
ActD and flavopiridol in BMDMs derived from p53~/~ mice (Fig.
2C). Activation of STAT1 by IFN- was similar in WT and p53~/~
cells (Fig. 2C). Importantly, Y701 dephosphorylation proceeded
normally in p53 ™'~ cells, but as in WT cells, it was inhibited by
ActD and flavopiridol treatment (Fig. 2D). Together, these exper-
iments ruled out a role for a p53-dependent genotoxic-stress-in-
duced pathway in STAT1 activation in ActD-treated BMDMs.
Another explanation for prolonged STAT1 activation upon tran-
scription blockade might be missing production of inducible or
constitutively expressed miRNAs, which negatively target the type
I IFN pathway. However, type I IFNs are poor inducers of miR-
NAs in murine macrophages (27), and constitutively expressed
miRNAs exhibit an average half-life of 5 days (28) so that their
levels remain largely unchanged during the 3 to 6 h of ActD treat-
ment in our experiments. Thus, involvement of miRNAs in the
negative feedback inhibition of STAT1 is not likely. Yet a cancer-
associated polymorphism in the human IFNARI gene has been
linked to miRNA miR-1231 binding, although no specific func-
tion for this miRNA in negative regulation of type I [FN signaling
has been reported (29). To broadly investigate miRNA function in
STAT1 Y701 dephosphorylation, we employed siRNA to silence
the single Dicer gene, Dicerl, in mouse fibroblasts (Fig. 2E). The
Dicer knockdown resulted in a reduction of approximately 40% in
the levels of miR-872 and let-7 (Fig. 2F). The reported half-lives of
miR-872 and let-7 in mouse fibroblasts are approximately 24 and
36 h, respectively (28), in good agreement with the reductions in
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FIG 1 Tyrosine dephosphorylation of IFN-activated STAT1 is dependent on ongoing transcription. (A) Kinetics of STAT1 Y701 dephosphorylation after type
I IFN stimulation. BMDMs were stimulated with IFN-B for the indicated times, and cell extracts were analyzed by Western blotting using antibodies to
Y701-phosphorylated STAT1 (pY-STAT1), STAT1, and tubulin. (B and C) Occupancy of STAT1 at the IrfI (B) and Mx2 (C) promoters. BMDMs were stimulated
with IFN- for the indicated times, and STAT1 recruitment was assessed by ChIP for the corresponding GAS (B) and ISRE (C) sites. Signals were normalized to
input DNA. Error bars represent standard deviations. (D to G) Kinetics of IFN-B-induced transcription. BMDMs were stimulated with IFN-[3; total RNA was
isolated; and the levels of IrfI and Mx2 pre-mRNA (D and E) and mature mRNA (F and G) were analyzed by qRT-PCR. Error bars indicate standard deviations
for biological replicates (n = 3). (H) Actinomycin D (ActD), but not cycloheximide (CHX), inhibits transcription. BMDMs were stimulated with IFN-@ in the
presence or absence (w/0) of ActD or CHX for the indicated times. Total RNA was isolated, and the levels of IrfI pre-mRNA were analyzed as for panels D to G.
(I) Tyrosine dephosphorylation of STAT1 and STAT?2 requires ongoing transcription but not translation. BMDMs were stimulated with IFN-{ in the presence
or absence of ActD or CHX for the indicated times. Cell extracts were analyzed by Western blotting using antibodies to tyrosine-phosphorylated STAT1
(pY-STAT1), tyrosine-phosphorylated STAT2 (pY-STAT2), total STAT1, total STAT2, IRF1, and tubulin. Note that a lack of IRF1 induction in cells treated with
ActD or CHX confirmed a block in transcription or translation, respectively. (J) IFN-B-induced STAT1 Y701 phosphorylation is prolonged upon transcription
inhibition. BMDMs were stimulated with IFN-f in the presence or absence of ActD. Cell extracts were analyzed by Western blotting as for panel A. (K) Ongoing
transcription is required for tyrosine dephosphorylation of STAT3. BMDM:s were treated as for panel I, and cell extracts were analyzed by Western blotting using
antibodies to tyrosine-phosphorylated STAT3 (pY-STAT3), total STAT3, and tubulin (as a loading control). (L) Tyrosine dephosphorylation of IFN-y-activated
STAT1 requires both ongoing transcription and translation. BMDMs were stimulated with IFN-vy for the indicated times, and tyrosine phosphorylation of
STAT1 was analyzed as described for panel I. (M) Translation is required for Y701 dephosphorylation of IFN-y-activated STAT1, and JAK2 inhibition abolishes
this requirement. BMDMs were stimulated with IFN-y in the presence or absence of CHX or the JAK2 inhibitor P6, or both, for the indicated times. Cell extracts
were analyzed by Western blotting as for panel I. (N) JAK2 inhibition by P6 substitutes for SOCS1 function. WT and Socs1 '~ BMDM:s were stimulated with
IFN-v for the indicated times, and P6 was added 30 min after IFN-+y stimulation. Cell extracts were analyzed by Western blotting as for panel I. (O) The JAK2
inhibitor P6 fails to block IFN-B-induced STAT1 and STAT?2 tyrosine phosphorylation. BMDM:s were stimulated with IFN-{ or IFN-vy and were simultaneously
treated with P6 at the indicated concentrations. Cell extracts were analyzed by Western blotting as for panel I, with additional antibodies to tyrosine-phosphor-
ylated STAT2 (pY-STAT?2), total STAT2, and pan-ERK (as a loading control).
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FIG 2 ActD and flavopiridol inhibit STAT1 dephosphorylation independently of p53- and miRNA-mediated mechanisms. (A) Transcription inhibition by
flavopiridol (FP) impairs STAT1 and STAT?2 tyrosine dephosphorylation. BMDMs were either left untreated or pretreated with FP for 15 min and were then
stimulated with IFN- for the indicated times. Cell extracts were analyzed by Western blotting using antibodies to tyrosine-phosphorylated STAT1 (pY-STAT1),
tyrosine-phosphorylated STAT2 (pY-STAT2), total STAT1, and total STAT2. (B) ActD and FP do not cause IFN-independent activation of STAT1 and STAT?2.
BMDMs either were stimulated with IFN- for the indicated time or remained unstimulated in the presence or absence of ActD or FP. Treatment with ActD or
FP started 150 min prior to IFN-f addition. Cell extracts were analyzed by Western blotting as described for panel A. (C and D) ActD and FP inhibit STAT1
dephosphorylation in p53~'~ BMDMs. (C) WT and p53-deficient BMDMs were either left untreated or treated with IFN- or ActD for 30 min. HEK293 (HEK)
cells were used as a positive control, because they express large amounts of p53. Cell extracts were analyzed by Western blotting for pY701-STAT1, STAT1, and
p53. Note that human p53 (in HEK293 cells) has a high molecular weight and exhibits slower migration than mouse p53 (in BMDMs). (D) p53-deficient BMDMs
were treated with IFN-f3 in the presence or absence of ActD or FP for the indicated times. Cell extracts were analyzed by Western blotting as described for panel
A. (E, F,and G) miRNAs do not contribute to Y701 dephosphorylation of STAT1. (E) STAT1 WT MEFs were incubated with siRNA directed against Dicer or with
a control siRNA (CTRL). Cell extracts were analyzed by Western blotting using antibodies to Dicer and tubulin. (F) miRNA was isolated from cells treated with
Dicer siRNA (siDicer) or control siRNA (siCTRL), and the levels of miR-872 and let-7c were quantified using QRT-PCR. (G) Cells were stimulated with IFN-3

for the indicated times, and pY701 dephosphorylation of STAT1 was analyzed by Western blotting.

their levels after 62 h of treatment with Dicer siRNA (siDicer) (Fig.
2F). Importantly, STAT1 Y701 dephosphorylation proceeded
normally in Dicer-depleted cells, although the levels of Y701-
phosphorylated STAT1 were slightly lower in Dicer-silenced cells
than in controls (Fig. 2G). The experiment confirmed that lack of
miRNA transcription is not involved in the inhibition of Y701
dephosphorylation by ActD.

In conclusion, transcription, but not de novo protein synthesis,
is required for efficient Y701 inactivation in responses to IFN-f3,
whereas synthesis of a negative regulator plays a major role in
STAT1 inactivation in IFN-v signaling. Nonetheless, a fundamen-
tal contribution of transcription to Y701 inactivation in IFN-y
responses cannot be ruled out.

Transcription inhibition does not impede Y701 dephos-
phorylation of nucleoplasmic STAT1. The requirement for on-
going transcription in the tyrosine dephosphorylation of IFN-f3-
stimulated STAT1, STAT2, and STAT3 raised the question of
whether STAT binding to the promoter was needed for functional
exposure to a tyrosine phosphatase. To examine the role of DNA
binding, we employed cells lacking Irf9, the DNA binding subunit
of the ISGF3 complex. Irfo”'~ BMDMs treated with IFN-B
showed impaired tyrosine dephosphorylation of both STAT1 and
STAT2 (Fig. 3A). Importantly, nuclear accumulation of STAT1
was not compromised in the absence of Irf9 (Fig. 3B). IFN-f3-
mediated upregulation of Irf1 transcription, which is driven by the
binding of STAT1 homodimers to the Irfl GAS site, was similar in
WT and Irf9~'~ cells, providing evidence for the correct function-
ing of STAT1 homodimers in Irf9'~ cells (Fig. 3C). The dephos-
phorylation profile in Irf9~/~ BMDM:s displayed atypical kinetics,
though: Y701 phosphorylation levels decreased after 180 min of
IFN-f treatment but, unexpectedly, increased again after 360 min
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(Fig. 3A). Increasing tyrosine phosphorylation could also be ob-
served for STAT2 in the same cells (Fig. 3A). STAT1 and STAT2
protein levels are subject to type I IFN-mediated upregulation
(30). Basal constitutive type I IFN signaling is required for the
maintenance of steady-state STAT1 and STAT2 protein levels.
The amounts of STATI and STAT?2 are reduced in cells with
deficiencies in the type I IFN pathway (30). Consistently,
Irfo~'~ BMDM:s displayed lower levels of STAT1 and STAT2
than WT cells (Fig. 3A). However, the induction of STAT1 and
STAT? after 360 min of IFN-f3 treatment was much more pro-
nounced in Irf9”'~ BMDM:s than in WT cells (Fig. 3A). We
asked whether the profound increase in STAT1 and STAT2
levels could explain the prolonged tyrosine phosphorylation of
these proteins in Irf9~'~ cells. Since translation inhibition does
not impair STATI and STAT2 dephosphorylation in WT cells
(Fig. 11), we decided to prevent the IFN-B-mediated induction
of STAT1 and STAT?2 protein levels by CHX treatment. Under
these conditions, the defective tyrosine dephosphorylation of
STAT1and STAT2 in Irf9™’~ cells was no longer observed (Fig.
3D). To address the integrity of STAT1-STAT2 heterodimers in
the absence of Irf9, we first examined these complexes in WT
BMDMs. Coimmunoprecipitation experiments revealed that
STAT1-STAT?2 heterodimers exist as stable complexes regardless of
IFN stimulation (Fig. 3E). Coimmunoprecipitation of STAT2 using
anti-STAT1 antibodies confirmed the formation of STAT1-STAT2
heterodimers in Irf9-deficient cells also (Fig. 3F). We were unsuccess-
ful in coimmunoprecipitating STAT1 using anti-STAT2 antibodies
from Irf9~'~ cell extracts, presumably because of the combination of
poor affinity of anti-STAT?2 antibodies and low STAT1 and STAT2
expression in these cells. Together, the results show that STAT1-
STAT?2 heterodimers lacking Irf9 and incapable of binding to ISRE
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FIG 3 Inhibition of transcription is permissive for Y701 dephosphorylation of nucleoplasmic STAT1. (A) STAT1 and STAT?2 tyrosine dephosphorylation in the
absence of Irf9. WT and Irf9 '~ BMDM s were stimulated with TFN-( for the indicated times. Levels of tyrosine-phosphorylated STAT1 and STAT?2, total STAT1
and STAT2, and tubulin (used as a loading control) were assessed by Western blotting. Note that total STAT1 and STAT?2 levels strongly increased with time of
IFN-B treatment in Irf9~'~ cells, in contrast to levels in WT cells (compare the 0-min with the 360-min time points). (B) IFN-B-activated STAT1 accumulates
in the nucleus in the absence of IRF9. Irf9~/~ BMDMs were treated with IFN-@ for the indicated times, and immunofluorescence analysis was performed using
STAT 1-specific antibodies. (C) IFN-B-induced transcription of IrfI proceeds in the absence of Irf9. WT and Irfo~/~ BMDMs were treated with IFN-, and total
RNA was isolated and was analyzed by qRT-PCR. Error bars indicate standard deviations for 3 biological replicates. (D) Ongoing tyrosine dephosphorylation of
STAT1 and STAT?2 in Irf9~’~ BMDM:s with a block in protein synthesis. Irf9~'~ BMDMs were treated as described in the legend to panel A in the presence or
absence of CHX and were analyzed by Western blotting. (E) Amounts of STAT1 and STAT2 heterodimers remain stable regardless of IFN-@3 treatment. BMDMs
were stimulated with IFN-@ for the indicated times, and immunoprecipitation (IP) was carried out using antibodies against STAT1 (top) or STAT2 (bottom),
or beads only as a control (CTRL). Immunoprecipitated complexes were analyzed by Western blotting using antibodies to STAT1 and STAT2. (IN, input control
[20%]). (F) STAT1 and STAT2 form complexes in Irf9-deficient cells. STAT1 was immunoprecipitated in Irf9~'~ BMDMs as described in the legend to panel E.
(G) Y701 dephosphorylation of WT and DNA binding-deficient STAT1 after IFN-vy stimulation. Immortalized MEFs expressing either WT STAT1 or a DNA
binding-deficient STAT1 mutant (K336A) were stimulated with IFN-v for the indicated times and were analyzed by Western blotting as described for panel A.
(H) Y701 dephosphorylation of the DNA binding-deficient STAT1 mutant. MEFs expressing STAT1 K336A were stimulated with IFN-vy for 5 min (“pulse”),
followed by a chase for the indicated times in the presence or absence of the JAK2 inhibitor P6. (I) Y701 dephosphorylation of MEFs expressing WT or K336A
STAT1 after stimulation with IFN-B or IFN-y. MEFs expressing WT or K336A STAT1 were pulsed with IFN- or IFN-y for 5 min, followed by a chase for the
indicated times. STAT1 tyrosine phosphorylation was analyzed by Western blotting as described for panel A.

sites (14) are tyrosine dephosphorylated similarly to functional ISGF3
complexes.

These data address STATI tyrosine dephosphorylation in the
pool of STAT1-STAT?2 heterodimers but not in the pool of STAT1
homodimers, since homodimers are still functional and capable of
DNA binding in the absence of Irf9: IFN-f induces STAT1 and
STAT? levels and increases the STAT1 homodimer-driven tran-
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scription of Irf1 in Irf9™'~ cells (Fig. 3A and C). To directly address
the role of DNA binding in Y701 dephosphorylation of STAT1
homodimers, we employed fibroblasts expressing solely a STAT1
K336A mutant, which is incapable of chromatin recruitment and
induction of IFN-y target genes, despite nuclear accumulation
(13). IFN-y treatment of STAT1 K336A-expressing cells revealed
impaired Y701 dephosphorylation (Fig. 3G). This was expected,
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FIG 4 Transcription inhibition by ActD prolongs STAT1 but not NF-kB occupancy at target promoters. (A and B) Transcription inhibition prolongs STAT1
occupancy at the Irfl and Mx2 promoters. BMDMs were stimulated with IFN-{ in the presence or absence of ActD for the indicated times. STAT1 occupancy at
the corresponding GAS (A) and ISRE (B) sites was assessed by ChIP. Signals were normalized to input DNA. Error bars represent standard deviations (n = 3).
(Cand D) ActD treatment does not alter RNAPII recruitment to the IrfI and Mx2 promoters. BMDMs were stimulated with IFN-f in the presence or absence
of ActD for the indicated times. (C and D) The binding of RNAPII to the IrfI (C) and Mx2 (D) promoters was analyzed by ChIP. Signals were normalized to input
DNA. Error bars represent standard deviations (n = 3). (E) ActD treatment inhibits the progression of RNAPII into the gene body. BMDMs were stimulated with
IFN-B in the presence or absence of ActD for the indicated times. The recruitment of RNAPII to Irf] exon 4 was assessed by ChIP. Signals were normalized to
input DNA. Error bars represent standard deviations (n = 3). (F and G) Transcription inhibition does not prolong NF-«kB occupancy at the Ikba promoter. (F)
BMDMs were stimulated with LTA for 60 min, followed by ActD treatment for an additional 60 min. RNA was isolated, and Ikba pre-RNA was analyzed by
qRT-PCR. Error bars indicate standard deviations for 3 biological replicates. (G) BMDMs were stimulated as described in the legend to panel F, and ActD or
cycloheximide (CHX) was added 60 min after LTA stimulation. The binding of NF-«B to the Ikba promoter was analyzed by ChIP. Signals were normalized to
input DNA. Error bars represent standard deviations (n = 3).

since the K336A mutant does not induce transcription and con-  after IFN-v stimulation resulted in Y701 dephosphorylation of the
sequently does not induce SOCS1 expression to turn off IFN-y  K336A mutant (Fig. 3H), demonstrating that dephosphorylation
signaling in these cells. In order to show that the K336A mutant can proceed in the absence of DNA binding. Upon IFN-{ treat-
was capable of targeting by STAT1 Y701 phosphatase, we used the  ment, Y701 dephosphorylation of the K336A mutant progressed
JAK2 inhibitor P6. To circumvent the slow kinetics of STAT1 similarly to that for WT STAT1 (Fig. 31I), suggesting that tran-
dephosphorylation in fibroblasts, we employed a pulse-chase pro-  scription, which is required for Y701 dephosphorylation (Fig. 11)
tocol for IFN stimulation: 5 min of IFN treatment followed by by the K336A-containing ISGF3 complex, proceeds normally.
washout and incubation in the absence of IFNs. Inhibition of This is in agreement with previous studies showing that ISGF3
IFN-v signaling by treatment with the JAK2 inhibitor P6 30 min  containing the K336A mutation is transcriptionally active (13). In
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FIG 5 Transcription inhibition by flavopiridol and DRB prolongs STAT1 promoter occupancy. (A and B) Flavopiridol (FP) inhibits IFN-B-induced transcrip-
tion. BMDMs that had been left untreated (w/o) or pretreated with FP for 15 min were stimulated with IFN-f3 for the indicated time. Total RNA was isolated, and
the levels of Irfl (A) and Mx2 (B) pre-mRNAs were analyzed by qPCR. Error bars indicate standard deviations (n = 3). (C and D) Flavopiridol increases and
prolongs STAT1 occupancy at the Irfl and Mx2 promoters. BMDMs were either left untreated or pretreated with FP for 15 min; then they were stimulated with
IFN-B for the indicated times. STAT1 occupancy at IrfI-GAS (C) and Mx2-ISRE (D) sites was analyzed by ChIP. Error bars represent standard deviations (n =
3). Note that STAT1 promoter occupancy at 360 min of IFN-{ treatment in the presence of FP was as high as that at 60 min without FP. (E and F) IFN-B-induced
RNAPII recruitment to the Irfl and Mx2 promoters is not altered in the presence of FP. BMDM s either remained untreated or were pretreated with FP for 15 min;
then they were stimulated with IFN-{ for the indicated time. RNAPII occupancy at the Irfl (E) and Mx2 (F) promoters was analyzed by ChIP. Signals were
normalized to input DNA. Error bars indicate standard deviations (n = 3). (G) Transcription inhibition by DRB impairs STAT1 and STAT2 tyrosine dephos-
phorylation. BMDMs were either left untreated or pretreated with DRB for 15 min; then they were stimulated with IFN- for the indicated times. Cell extracts
were analyzed by Western blotting using antibodies to tyrosine-phosphorylated STAT1 (pY-STAT1), tyrosine-phosphorylated STAT2 (pY-STAT2), total
STAT1, and total STAT2. (H and I) DRB increases and prolongs STAT1 occupancy at the Irfl and Mx2 promoters. BMDMs were either left untreated or
pretreated with DRB for 15 min; then they were stimulated with IFN- for the indicated times. STAT1 occupancy at IrfI-GAS (H) and Mx2-ISRE (1) sites was
analyzed by ChIP. Error bars represent standard deviations (n = 3). (J and K) DRB treatment does not alter RNAPII recruitment to target promoters. BMDMs
either remained untreated or were pretreated for 15 min with DRB; then they were stimulated with IFN-{ for the indicated time. RNAPII occupancy at the IrfI
(J) and Mx2 (K) promoters was analyzed by ChIP as described for panels E and F. Signals were normalized to input DNA. Error bars indicate standard deviations

(n=23).

sum, these results provide evidence that, in the DNA-unbound
state, dephosphorylation of both STAT1 homodimers and ISGF3
is an unregulated process. The dependence of STAT1 and STAT2
dephosphorylation on ongoing transcription, as shown for IFN-3
signaling (Fig. 1I), but not on DNA binding implies that STAT
inactivation constitutes a regulated step only if the transcription
factor has been recruited to the promoter.

Transcription inhibition prolongs STAT1 occupancy at tar-
get promoters. The regulation of Y701 dephosphorylation of
DNA-bound STAT1 by a mechanism that requires ongoing tran-
scription suggests either that transcription directly facilitates the
activity of a tyrosine phosphatase toward DNA-bound STAT1 or
that the transcription machinery feeds back to decrease STAT1
promoter occupancy. In the latter scenario, less promoter-bound
STAT1 would result in larger amounts of free (not DNA-bound)
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STAT1, which is readily dephosphorylated in an unregulated
fashion.

To address the control of STAT1 promoter occupancy by the
transcription process, we first examined whether transcription
blockade and the accompanying persistent Y701 phosphorylation
result in prolonged association of STAT1 with target promoters.
IFN-B-induced STAT1 promoter occupancy decreased with the
duration of IFN-B treatment (Fig. 4A and B). The decrease of
STAT1 occupancy at the Irfl promoter was more pronounced
than that of ISGF3 at the Mx2 promoter (Fig. 4A and B). Impor-
tantly, the decrease in STATI promoter occupancy was almost
blocked when transcription was inhibited by ActD treatment (Fig.
4A and B). Thus, the reduced STAT1 tyrosine dephosphorylation
in ActD-treated cells correlated with a slower decrease in STAT1
promoter occupancy. IFN-B-induced recruitment of RNA poly-
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merase II (RNAPII) to the transcription start site (TSS) was not
impaired by ActD treatment (Fig. 4C and D). As expected, the
progression of RNAPII into the gene body was inhibited by ActD
treatment, as revealed by RNAPII occupancy in exon 4 of Irfl
(Fig. 4E).

To test whether blockade of transcription had more general
effects on the dynamics of chromatin association of transcription
factors, we examined NF-kB occupancy at the Ikba promoter in
lipoteichoic acid (LTA)-stimulated BMDMs treated with ActD.
LTA causes rapid Toll-like receptor 2 (TLR2)-dependent NF-kB
activation but not type I IFN production in BMDMs, so that an
undesired interaction with STAT1 was excluded (31). Cells were
stimulated with LTA for 60 min, followed by ActD treatment for
an additional 60 min. Under these conditions, Ikba transcription
was completely abolished (Fig. 4F). Importantly, such a regime
allowed accumulation of the NF-kB inhibitor IkB prior to the
transcription blockade so that aberrant inactivation of NF-kB was
avoided, as confirmed by inhibiting translation (Fig. 4G, CHX
control). The occupancy of NF-kB at the Ikba promoter displayed
transient kinetics, with a peak after 60 min of LTA treatment
(Fig. 4G). A similar occupancy profile was observed upon ActD
treatment, indicating that transcription inhibition did not im-
pair NF-kB dissociation from the promoter (Fig. 4G). The data
suggest that the effects of ActD on STAT1 promoter binding
are specific.

Like ActD treatment, flavopiridol treatment resulted in im-
paired tyrosine dephosphorylation of both STAT1 and STAT2 in
IFN-B-stimulated cells (Fig. 2A). Under these conditions, the
transcription of Irfl and Mx2 in IFN-B-stimulated cells was pre-
vented, as confirmed by measurements of Irfl and Mx2 pre-
mRNAs (Fig. 5A and B). Flavopiridol enhanced STAT1 occu-
pancy at both the Irfl and Mx2 genes throughout IFN-f treatment
(Fig. 5C and D). In contrast to ActD treatment (Fig. 4A and B),
STAT1 occupancy was consistently higher in flavopiridol-treated
cells at 60 min of IFN-3 stimulation, but a decrease in STAT1
occupancy was not completely abolished (Fig. 5C and D). Impor-
tantly, STAT1 occupancy at 360 min of IFN-f treatment in the
presence of flavopiridol was as high as that at 60 min without
flavopiridol (Fig. 5C and D). Thus, the increased levels of Y701-
phosphorylated STAT1 in flavopiridol-treated cells correlated with
higher STAT1 promoter occupancy. The occupancy of RNAPII at the
TSSs of both the Irfl and Mx2 genes was not affected by flavopiridol
(Fig. 5SEand F).

DRB (5,6-dichloro-1-B-ribo-furanosyl benzimidazole) is a
transcription inhibitor (21) that reversibly targets CDK9 and, in
contrast to flavopiridol, also inhibits CDK7, albeit with 3-fold-
lower efficiency (32). Thus, DRB targets transcription elongation
and, to a lesser extent, transcription initiation. Consistently, DRB
treatment of BMDMs prevented IFN-B-induced expression of
Irfl (Fig. 5G). Like ActD and flavopiridol treatments, DRB treat-
ment inhibited STAT1 Y701 dephosphorylation (Fig. 5G) and ex-
tended IFN-B-induced STAT]1 association with the IrfI and Mx2
promoters (Fig. 5H and I) but did not block RNAPII recruitment
(Fig. 5] and K). We consistently observed that DRB enhanced
STAT1 occupancy at 60 min of IFN-@ stimulation. With this re-
gard, DRB resembled flavopiridol, which is also a kinase inhibitor,
rather than the DNA-intercalating ActD.

We wanted to test the requirement for ongoing transcription
in Y701 dephosphorylation without the use of chemical transcrip-
tion inhibitors. To this end, we made use of BMDMs derived from
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FIG 6 Analysis of IFN-B-induced gene expression and STAT1 promoter oc-
cupancy in BMDM s expressing solely the STAT1 isoform. (A and B) IFN-(3-
induced transcription in WT and STAT13 BMDMs. Cells were stimulated
with IFN-B; total RNA was isolated; and the levels of IrfI (A) and Socs1 (B)
pre-mRNAs were analyzed by qRT-PCR. Error bars indicate standard devia-
tions for biological replicates (n = 3). (C and D) STAT1 promoter occupancy
in WT and STAT1 BMDMs. BMDMs were stimulated with IFN-f for the
indicated times. STAT1 occupancy at the IrfI-GAS (C) and SocsI-GAS (D)
sites was analyzed by ChIP. Error bars represent standard deviations (n = 3).

mice expressing solely the STAT1B isoform (STAT1P’® mice)
(15). STAT1 occurs in cells in two isoforms: STAT 1« is the full-
length isoform, whereas STAT1 is an isoform that lacks the C-
terminal 38 amino acids but otherwise is identical with STAT 1o
STAT1R homodimers were previously regarded as not transcrip-
tionally active, but a recent study using STAT1?® mice demon-
strated that STAT1B homodimers retain significant transcrip-
tional activity (15). BMDMs from STAT1P’® mice exhibit reduced
induction of GAS-driven genes in response to IFN-v, but not all
target genes are affected to the same extent (15). The expression of
ISRE-driven genes is not grossly affected in STAT1?® BMDMs
stimulated by IFN-{, indicating that the ISGF3 complex is fully
functional in these cells. The IrfI and SocsI genes were shown to be
significantly less induced in IFN-y-stimulated STAT1?"® BMDMs
than in IFN-y-stimulated WT BMDMs (15). IFN-@ treatment of
STAT1®® BMDMs and analysis of pre-mRNA expression of Irf]
and SocsI demonstrated that STAT1 homodimers were less tran-
scriptionally active at these genes in type I IFN responses also (Fig.
6A and B). However, similarly to the reported responses to IFN-v,
STAT1p was still significantly active, since the pre-mRNA levels
of Irfl and SocsI were approximately 50% lower in STAT1P®
BMDMs than in WT cells (Fig. 6A and B). Strikingly, ChIP exper-
iments revealed longer occupancy of STAT1{ than of WT STAT1
at the Irfl and Socsl promoters (Fig. 6C and D). This finding
further supported our notion that processive transcription limits
STAT1 promoter occupancy.

In sum, all three transcription inhibitors, despite different
mechanisms of action, prolonged STAT1 promoter occupancy
and STAT1 Y701 phosphorylation in response to IFN-f3. Simi-
larly, reduction of STAT1 transcriptional activity by genetic
means caused longer promoter association of STAT1. Together,
these results demonstrate that STAT1 inactivation can proceed
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FIG 7 Processive transcription is required for downregulation of STAT1 promoter occupancy but not for Y701 dephosphorylation. (A) Pervanadate (Na;VO,)
inhibits the tyrosine dephosphorylation of STAT1 and STAT2. BMDMs were stimulated with IFN-(3 in the presence or absence of Na;VO, for the indicated times.
Cell extracts were analyzed by Western blotting using antibodies to Y701-phosphorylated STAT1 (pY-STAT1) and STAT2 (pY-STAT?2), total STAT1 and STAT?2,
and tubulin (used as a loading control). (B) Na;VO, treatment results in persistent STAT1 nuclear accumulation. BMDMs were stimulated with IFN-{ in the
presence or absence of Na;VO, for the indicated times. Cellular localization of STAT1 was assessed by immunofluorescence using STAT1-specific antibodies. (C
and D) Inhibition of tyrosine dephosphorylation does not prevent a decrease in STAT1 promoter occupancy. BMDMs were stimulated with IFN-$ in the
presence or absence of Na;VO, for the indicated times. STAT1 recruitment was assessed by ChIP for IrfI-GAS (C) and Mx2-ISRE (D) sites. Signals were
normalized to input DNA. Error bars represent standard deviations (n = 3). (E) Na;VO, treatment is permissive for [IFN-B-induced transcription. BMDMs were
stimulated with IFN-{ in the presence or absence of Na;VO,. Total RNA was isolated, and the levels of Irfl, Mx2, Socs1, and Ifit]l mRNAs were quantified using

qRT-PCR. Error bars indicate standard deviations (n = 3).

only after the establishment of a transcription-competent RNAPII
complex.

Processive transcription is required for downregulation of
STAT1 promoter occupancy but not for Y701 dephosphoryla-
tion. Prolonged STAT1 accumulation at the target promoters un-
der conditions preventing processive transcription might be the
consequence of impaired STAT1 Y701 dephosphorylation. We
therefore asked whether a block in Y701 dephosphorylation is
sufficient for enhanced promoter accumulation of STAT1. To an-
swer this question, we inhibited Y701 dephosphorylation by treat-
ment of cells with the irreversible tyrosine phosphatase inhibitor
pervanadate, which is known to prevent STAT1 Y701 dephos-
phorylation (33). As expected, pervanadate treatment resulted in
inhibition of tyrosine dephosphorylation of STAT1 and STAT2
(Fig. 7A) and persistent nuclear accumulation of STAT1 (Fig. 7B)
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in IFN-B-stimulated cells. Surprisingly, STAT1 occupancy at IrfI
and Mx2 promoters decreased with time in the presence as well as
in the absence of pervanadate (Fig. 7C and D). In agreement with
the declining STAT1 occupancy, pervanadate treatment was per-
missive for IFN-B-induced transcription of IFN-stimulated genes
(Fig. 7E). Thus, regardless of the amounts of Y701-phosphory-
lated STAT] in the nucleus, the IFN-B-stimulated promoter oc-
cupancy of STAT1 decreases with time of processive transcription.
Together, these data establish that the regulated step of STAT1
inactivation in macrophages is STAT1 promoter occupancy, not
STAT1 Y701 dephosphorylation.

Our findings reveal that the transcription machinery com-
municates to the promoter-bound transcriptional complexes
the status of transcription: establishment of processive tran-
scription diminishes STAT1 occupancy, whereas a perturbation
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in transcription maintains high occupancy. STAT1 bound to
DNA is protected from efficient Y701 dephosphorylation, while
unbound STAT1 is subject to rapid dephosphorylation and recy-
cling to the IFN receptor. By these means, permanent monitoring
of the cytokine receptor activity and precise adjustment of the
transcriptional output are ensured. Such a sensor function of con-
tinuous STAT activation and inactivation has been proposed by
mathematical modeling (34, 35). Coupling of processive tran-
scription with a reduction in promoter occupancy could result
from a promoter displacement of STAT1 or from prevention of
STATI recruitment after the onset of transcription. In both sce-
narios, the most likely regulators are chromatin modifiers and/or
chromatin remodelers. Dynamic changes in histone modifica-
tions and chromatin remodeling operate in concert to reversibly
switch the chromatin conformation between open and closed (36,
37). Transcription factor access can be facilitated through histone
modifications such as acetylation, which loosens the nucleosome-
DNA contacts, or by nucleosome eviction at the binding site, or by
combinations of both. An example of regulation of transcription
factor occupancy by signal-dependent chromatin changes is the
two-wave recruitment of NF-kB in lipopolysaccharide (LPS)-
stimulated macrophages, whereby the second wave of NF-kB ap-
pears at the target promoters only after a stimulus-dependent gain
in the accessibility of NF-«kB binding sites (38). Conversely, lin-
eage-specific transcription factors can, in a signal-independent
manner, maintain chromatin in an open configuration, which is
characteristic for the particular lineage. In this way, the transcrip-
tion factor Pu.1 preserves nucleosome-depleted sites at positions
of macrophage-specific enhancers (39). The observed negative
regulation of STAT1 occupancy after the onset of transcription
might result from a gradual change from open to closed chroma-
tin. The recruitment of several chromatin modifiers, including
histone deacetylases or the RVB and BRG1 chromatin remodelers,
has been associated with the induction of IFN-stimulated genes
(40-44). The removal of these enzymes from the target genes
might help to reestablish a closed chromatin conformation,
thereby reducing STAT1 promoter occupancy. An important
player in the repositioning of evicted nucleosomes is the INO80
remodeling complex, which also facilitates the exchange of the
transcription-promoting histone variant H2A.Z with the nucleo-
some-stabilizing H2A (45). Although INO80 is not critical for
type I IFN-induced gene expression in HEK293 cells (43), in com-
bination with lineage-specific chromatin regulators, such as Pu.1,
INO80 might contribute to restricting STAT1 promoter occu-
pancy in macrophages. We assume that cell type-specific aspects
feed in to modulate the duration of STAT1 signaling: our findings
demonstrate that despite constitutive IFN presence, STAT1 is ef-
ficiently inactivated within several hours in BMDMs, whereas the
dephosphorylation kinetics appears slower in MEFs, in which an
IFN-free chase is beneficial for the assessment of STAT1 inactiva-
tion. Future studies should explore the involvement of general as
well as cell type-specific histone marks and nucleosome configu-
ration in the control of STAT1 occupancy. One can also speculate
that a second signal (other than IFN) might restructure the chro-
matin configuration at the STAT1 target genes such that the pro-
moter occupancy of STATI is shortened or prolonged. Such
mechanisms would provide additional ways of regulating IFN/
STAT1 signaling. Notably, pathogens might have developed strat-
egies to interfere with IFN signaling by restricting STAT1 turnover
at the promoter: persistent STAT1 chromatin association without
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concomitant transcription of STATI target genes has been ob-
served in Toxoplasma gondii-infected cells (46). The results of our
study have broader implications for STAT biology, since inactiva-
tion of STAT2 and STATS3, like that of STAT1, is impaired under
conditions of blocked transcription.
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