
The promyelocytic leukemia protein functions
as a negative regulator of IFN-� signaling
Youn-Hee Choi*, Rosa Bernardi†, Pier Paolo Pandolfi†, and Etty N. Benveniste*‡

*Department of Cell Biology, University of Alabama, Birmingham, AL 35294; and †Cancer Biology and Genetics Program, Department
of Pathology and Medicine, Sloan–Kettering Institute, Memorial Sloan–Kettering Cancer Center, New York, NY 10021

Edited by George R. Stark, Cleveland Clinic Foundation, Cleveland, OH, and approved October 17, 2006 (received for review June 8, 2006)

IFN-� is an immunomodulatory cytokine and uses the STAT-1�
transcription factor to mediate gene expression. The promyelocytic
leukemia (PML) protein regulates transcription as an activator or
repressor, depending on the gene under investigation. Herein, we
examined the influence of PML on IFN-� signaling, using PML
wild-type (Pml�/�) and deficient (Pml�/�) mouse embryonic fibro-
blasts (MEF). Pml�/� MEF exhibit enhanced IFN-�-induced STAT-1�
transcriptional activity compared with Pml�/� cells. Moreover,
reconstitution of PML in Pml�/� MEF reduced STAT-1� transcrip-
tional activity to levels comparable to Pml�/� MEF. Numerous
endogenous IFN-�-regulated genes were up-regulated in Pml�/�

MEF compared with Pml�/� MEF. IFN-�-mediated STAT-1� DNA-
binding activity was enhanced in Pml�/� cells compared with
Pml�/� cells. Lastly, IFN-� enhanced the formation of a PML–
STAT-1� complex in the nucleus. These data suggest a novel
function for PML in the IFN-� signaling pathway by inhibiting
STAT-1� DNA binding and transcriptional activity.

signal transduction � STAT

IFN-� is an immunomodulatory cytokine that mediates its
biological responses through the JAK-STAT signaling pathway

(1). Binding of IFN-� to its receptor induces the oligomerization
of the receptor subunits and activation of JAK1 and JAK2
tyrosine kinases, which are associated with IFNGR1 and
IFNGR2, respectively. The phosphorylation of a tyrosine resi-
due on IFNGR1 by activated JAKs provides a docking site for
STAT-1�. Bound STAT-1� becomes phosphorylated on ty-
rosine 701, dissociates from the receptor complex, homodimer-
izes, translocates into the nucleus, and binds a DNA sequence
[gamma-activated site (GAS)], leading to transcriptional activa-
tion of IFN-�-stimulated genes (2). Serine 727 of STAT-1� is
phosphorylated by other kinases such as MAPK, PI3K, and
mTOR, and is critical for optimal STAT-1� transcriptional
activity (3). IFN-� activation of the JAK-STAT pathway is
attenuated by negative regulators such as suppressors of cytokine
signaling (SOCS), protein tyrosine phosphatases, and protein
inhibitors of activated STATs (PIAS) (4). The SOCS-1 protein
inhibits JAK2 kinase activity and attenuates STAT-1� phos-
phorylation and activation (5). Phosphatases dephosphorylate
the tyrosine residues of the IFN-� receptor, JAKs and STATs
(6). PIAS1 binds to activated STAT-1� dimers in the nucleus and
inhibits their DNA-binding activity (7). More recently, other
proteins such as TRADD and activated vitamin D3 hormone
have been shown to inhibit IFN-�-mediated signaling (8, 9).

The promyelocytic leukemia (Pml) gene was identified
through its fusion to the retinoic acid receptor-� involved in the
t(15;17) chromosomal translocation associated with acute PML
(10–14). The Pml gene is widely expressed and is enhanced by
stimuli such as interferons, viral infection, heat shock, and
�-irradiation (15). PML is a growth/tumor suppressor protein
which regulates cell cycle progression, gene transcription, and
apoptosis. Various PML isoforms have been identified that share
the same N terminus with variable C termini generated by
alternative splicing (16). PML is localized to subnuclear struc-
tures called PML-Nuclear Bodies, which recruit critical regula-

tors of cell proliferation, apoptosis, genome stability, and post-
translational modifications (17). Several studies demonstrate a
role for PML in transcriptional regulation through its association
with the coactivator CREB-binding protein; corepressors such
as HDAC, N-CoR, and mSin3A; and transcription factors such
as Nur77, AP-1, myc, and p53 (18–24). One cytoplasmic isoform
of PML has recently been shown to serve as a critical regulator
of the TGF-�1 signaling pathway (25).

Herein, we demonstrate a function of PML as a negative
regulator of IFN-� signaling. In a preliminary screen for STAT-
1�-binding proteins, PML was found to interact with STAT-1�
in an IFN-�-dependent manner. We examined the effect of PML
on the transcriptional activity of STAT-1� using Pml�/� and
Pml�/� mouse embryonic fibroblasts (MEF). Pml�/� MEF dem-
onstrated enhanced IFN-�-induced STAT-1� transcriptional
activity compared with Pml�/� MEF, which was reduced by
reconstitution of PML. Correspondingly, IFN-�-dependent en-
dogenous gene induction was enhanced in Pml�/� compared
with Pml�/� MEF. Furthermore, PML inhibited IFN-�-
mediated STAT-1� DNA-binding activity. IFN-� enhanced the
formation of a PML–STAT-1� complex, and the C terminus of
PML was responsible for STAT-1 binding. Collectively, these
results demonstrate a regulatory role for PML in the IFN-�
signaling pathway by inhibiting IFN-�-induced STAT-1� tran-
scriptional activity.

Results
PML Represses IFN-�-Induced STAT-1� Transcriptional Activity. We
initially examined the influence of PML on IFN-�-induced
STAT-1� transcriptional activity. Pml�/� and Pml�/� MEF were
transiently transfected with three different luciferase reporter
constructs containing GAS elements; the minimal class II trans-
activator (CIITA) promoter with one GAS element (CIITAp-
D4), full length CIITA promoter containing three GAS elements
(CIITA), and a tandem array of four GAS elements (GAS4; Fig.
1 A–C). In Pml�/� MEF, IFN-� induced luciferase activity by
�4.0-, �11.0-, and �17.0-fold for the three GAS reporter
constructs, whereas in the Pml�/� MEF, IFN-� treatment led to
a �27.3-, �131.7-, and �52.2-fold increase in luciferase activity,
respectively. Enhanced IFN-�-induced STAT-1� transcriptional
activity was also observed in primary Pml�/� MEF (�13.6-fold)
compared with primary Pml�/� MEF (�7.5-fold; Fig. 1D). To
determine whether PML influenced IFN-�-induced transcrip-
tional activity, Pml�/� MEF were reconstituted with three
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different PML isoforms, PML I, PML III, and PML IV. Re-
constitution of PML reduced IFN-�-induced STAT-1� tran-
scriptional activity in a dose-dependent manner to levels com-
parable to Pml�/� MEF or to a lesser extent with higher
concentrations of PML (Fig. 1E). Although the three PML
isoforms showed varying degrees of expression (Fig. 1E Lower)
and repression, all three suppressed IFN-�-induced STAT-1�
transcriptional activity.

PML Influences IFN-�-Regulated Genes. The effect of PML on en-
dogenous genes regulated by IFN-� was examined by microarray
analysis. Pml�/� and Pml�/� MEF cells were incubated in the
absence or presence of IFN-� for 4 h, and then mRNA was
harvested and subjected to the Affymetrix (Santa Clara, CA)
mouse GeneChip. Fig. 2A shows the proportion of affected genes
(2-fold change in expression) that are either up- or down-regulated
between untreated and IFN-�-treated cells. In Pml�/� MEF, IFN-�

treatment up-regulated 217 genes (4.1%) and down-regulated 339
genes (6.3%), whereas in Pml�/� MEF, IFN-� treatment up-
regulated 1,056 genes (19.7%) and down-regulated 142 genes
(2.7%). Thus, in Pml�/� MEF, there is a 5-fold enhancement in
IFN-� up-regulated gene expression. The induction level of affected
genes was also different between Pml�/� and Pml�/� MEF. Rep-
resentative IFN-� up-regulated genes are shown, demonstrating
higher induction in Pml�/� MEF upon IFN-� treatment compared
with Pml�/� MEF (Table 1). The enhanced expression of the IP-10
gene was validated through ribonuclease protection assay (Fig. 2B).
These data support the hypothesis that PML functions as a negative
regulator of IFN-�-induced gene activation. However, the negative
effect of PML on IFN-�-induced gene expression was observed only
in a subset of IFN-� responsive genes. For IRF-1, SOCS-1, and
STAT-1, expression levels were increased in a comparable manner
upon IFN-� treatment in Pml�/� and Pml�/� MEF (data not

Fig. 1. PML represses IFN-�-induced STAT-1� transcriptional activity. Immor-
talized Pml�/� or Pml�/� MEF were transfected with the minimal CIITA re-
porter containing one GAS element (CIITAp-D4; A), the full length CIITA
reporter containing three GAS elements (CIITA; B), or the GAS4 reporter that
contains four GAS elements (GAS4; C). (D) Primary MEF were also tested with
the GAS4 reporter. (E) Reintroduction of PML isoforms in Pml�/� MEF. Immor-
talized Pml�/� or Pml�/� MEF were cotransfected with the GAS4 reporter
and/or increasing concentrations of PML I, PML III, and PML IV expression
vectors (0–2 �g), and equal molar concentrations of empty vector. (Lower)
Immunoblot analysis of Pml�/� MEF transfected with PML I, PML III, and PML
IV. Cells were either untreated or treated with IFN-� (10 ng/ml) for 16 h, and
then luciferase activity was determined. Data are presented as fold increase in
relative luciferase activity (RLA) compared with RLA in the absence of IFN-�.
Values are the mean � SD of three separate experiments. *, P � 0.05.

Fig. 2. PML influences IFN-�-regulated genes. (A) RNA from immortalized
Pml�/� and Pml�/� MEF untreated or treated with IFN-� for 4 h was subjected to
microarray analysis. The proportion of genes that are up- or down-regulated
(2-foldchange)betweenuntreatedandIFN-�-treatedcells is shown. (B)RNAfrom
immortalized Pml�/� and Pml�/� MEF treated with IFN-� for the indicated times
was subjected to RPA for IP-10 and GAPDH mRNA levels. Fold induction is shown.
Representative of three independent experiments.

Table 1. Tabulation of IFN-� up-regulated genes demonstrating
higher fold induction in Pml��� MEFs compared with
Pml��� MEF

Gene Pml��� vs. Pml���

lfi202B 2.20
lfi203 2.55
lfi204 2.75
lfi205 2.62
lfi10 (IP-10) 38.85
Clcn3 2.73
Rgs2 5.98
Gnbp3 2.55
TNFaip2 3.68
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shown), suggesting that PML affects a subset of IFN-�-regulated
genes.

PML Inhibits IFN-�-Induced STAT-1� DNA Binding. The effect of PML
on IFN-�-induced STAT-1� DNA binding was examined.
STAT-1� DNA binding was weakly induced by 0.5 h of IFN-�
treatment (lane 2) and diminished by 5 h (lane 6) in Pml�/� MEF
(Fig. 3A). In contrast, in Pml�/� MEF, STAT-1� DNA binding
was strongly induced by 0.5 h (lane 8), remained high through 3 h
(lanes 9–11), and then diminished by 5 h (lane 12). Anti-
STAT-1� antibody supershifted the complex (lane 13), whereas
anti-STAT-3 antibody did not (lane 14), confirming the specific
interaction between STAT-1� homodimers and the GAS ele-
ment. Competition with excess unlabeled GAS oligonucleotide
abrogated complex formation (lane 15). ChIP was performed to
examine STAT-1� binding in vivo. STAT-1� recruitment to the
CIITA-pIV promoter upon IFN-� stimulation was more pro-
nounced in Pml�/� MEF at 1 and 4 h (Fig. 3B). These data
demonstrate that STAT-1� DNA binding is stronger and pro-
longed in the absence of PML. We next tested whether PML
prevents STAT-1� binding to DNA using an in vitro competitive
EMSA. Inclusion of recombinant PML partially blocked
STAT-1� DNA binding in a dose-dependent manner, using
extracts from Pml�/� cells treated with IFN-� for 1 h (Fig. 3C).
These results indicate that PML partially inhibits STAT-1� from
binding to DNA, which correlates with increased IFN-�-induced
STAT-1� transcriptional activity in the absence of PML.

IFN-� Induces PML-STAT-1 Complex Formation. To determine
whether PML interacts with STAT-1, Pml�/� and Pml�/� MEF
were incubated in the absence or presence of IFN-� for 0.5 or 4 h
and then assayed for PML–STAT-1 interaction (Fig. 4A). In
Pml�/� MEF, no interaction was detected in unstimulated cells

(lane 1); however, IFN-� induced the association of endogenous
PML and STAT-1 at 30 min (lane 2), which diminished by 4 h
(lane 3). IFN-�-induced complex formation was not detectable
in Pml�/� MEF (lanes 4–6). These findings were confirmed in
the RAW264.7 macrophage cell line; complex formation oc-
curred between endogenous PML and STAT-1 upon IFN-�
treatment (Fig. 4B). We next determined whether reconstitution
of PML in Pml�/� MEF could result in complex formation with
STAT-1�. Weak PML–STAT-1 complex formation was detected
in untreated Pml�/� MEF restored with PML; however, en-
hanced complex formation was detected in IFN-�-treated
Pml�/� MEF restored with PML (Fig. 4C). These results indicate
that IFN-� treatment results in PML–STAT-1 complex forma-
tion. To determine which domain(s) of PML is important for the
PML–STAT-1 interaction, we used in vitro-translated PML
mutants (26) and incubated them with immobilized STAT-1
using anti-STAT-1 antibody or control IgG [supporting infor-
mation (SI) Fig. 7A]. PML mutants lacking the C terminus were
not able to bind to STAT-1 (SI Fig. 7B, lanes 2 and 3), whereas
binding to STAT-1 was observed with full length PML and two
PML mutants with N terminus deletions (SI Fig. 7B, lanes 1, 4,
and 5). These results indicate that the C terminus of PML is
important for STAT-1 binding.

IFN-� Enhances PML-STAT-1 Colocalization in the Nucleus. To analyze
PML-STAT-1 colocalization, Pml�/� MEF were incubated in the
absence or presence of IFN-� for 0.5 h, fixed, and then stained
for total STAT-1 (Fig. 5A, green) followed by staining for PML
(red). STAT-1 was mainly localized in the cytoplasm in the
absence of IFN-�, and nuclear translocation occurred upon
IFN-� treatment (Fig. 5A). PML was detectable in the nuclear
compartment in unstimulated cells, and intensity of staining was
enhanced after IFN-� treatment (Fig. 5A). PML-STAT-1 colo-

Fig. 3. PML inhibits DNA binding activity of STAT-1�. (A) Nuclear extracts
from immortalized Pml�/� and Pml�/� MEF treated with IFN-� for 0–5 h were
incubated in the presence of a radiolabeled probe containing a GAS element
and subjected to EMSA. Anti-STAT-1� or -STAT-3 antibodies were added to
test the specificity of interaction. Binding specificity was also tested by adding
a 100-fold molar excess of cold GAS probe (competition). (B) Cells were treated
with IFN-� for up to 4 h and fixed by using formaldehyde. Chromatin was
sheared and immunoprecipitated by using STAT-1 antibody or normal rabbit
IgG, then amplified by RT-PCR using primers designed for the murine CIITA pIV
promoter. (C) Nuclear extracts from Pml�/� MEF treated with IFN-� for 1 h were
preincubated with PML IV protein (0–100 ng) for 1 h and then subjected to
EMSA (lanes 1–3). BSA was used as a control for the PML protein (lane 4).
Representative of three experiments.

Fig. 4. PML interacts with STAT-1 in vivo. (A) Immortalized Pml�/� and
Pml�/� MEF were incubated in the absence or presence of IFN-� for 0.5 and 4 h,
and whole-cell lysates were prepared. Cell lysates (1.2 mg) were immunopre-
cipitated with anti-STAT-1 antibody and subjected to SDS/PAGE for immuno-
blot analysis with anti-PML antibody. Input samples (5%) were assayed for
STAT-1 and PML protein expression by immunoblotting. (B) RAW264.7 cells
were either untreated or treated with IFN-� for 0.5 h and processed as
described in A. (C) Pml�/� MEF transfected with control vector or the PML III
expression vector were either untreated or treated with IFN-� for 0.5 h and
immunoprecipitated with anti-STAT-1 antibody. Anti-STAT-1 immunoprecipi-
tates were subjected to immunoblot analysis with anti-PML antibody. Input
samples (5%) were also assayed for PML expression by immunoblotting.
Representative of three experiments.
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calization was rarely detected in the absence of IFN-�, whereas
IFN-� treatment enhanced PML-STAT-1 colocalization in the
nucleus (Fig. 5A). Similar results were observed for tyrosine
phosphorylated STAT-1 and PML colocalization (data not
shown). Staining with isotype control antibodies was performed
to verify specificity (data not shown). We further assessed the
cellular localization of the PML-STAT-1 complex using cyto-
plasmic and nuclear fractions. In Pml�/� MEF, the IFN-�-
induced PML-STAT-1 complex was detected only in the nuclear
fraction at 0.5 h, with decreased complex formation observed at
6 h (Fig. 5B). These results indicate that IFN-� induces STAT-1
nuclear localization and PML-STAT-1� complex formation in
the nucleus.

PML Does Not Influence STAT-1� Phosphorylation. Cytoplasmic iso-
forms of PML have recently been described that affect signal
transduction pathways, thus it is possible that PML may influ-
ence STAT-1� phosphorylation within the cytoplasm. Pml�/�

and Pml�/� MEF were incubated with IFN-� for 0–6 h, then
STAT-1� tyrosine and serine phosphorylation was examined (SI
Fig. 8). IFN-�-induced STAT-1� phosphorylation on both ty-
rosine 701 and serine 727 was comparable in both cells, indi-
cating that PML does not affect STAT-1� phosphorylation.

Discussion
We have provided evidence for a function of PML as a negative
regulator of the IFN-� signaling pathway. Using Pml�/� and
Pml�/� MEF, we demonstrated that the absence of PML en-
hanced IFN-�-induced STAT-1� transcriptional activity and led
to an enhancement in the number of endogenous IFN-�-up-
regulated genes and in their level of induction. The presence of
PML inhibited IFN-�-induced STAT-1� DNA-binding activity
as well. These results strongly suggest a role for PML as a

negative regulator in the IFN-� signaling cascade, resulting in
reduced STAT-1� transcriptional activity.

Because IFN-� induced the colocalization and formation of a
PML–STAT-1� complex in the nucleus, we propose that PML
may inhibit the binding of STAT-1� to DNA through protein–
protein interactions and thus control STAT-1� transcriptional
activity (Fig. 6). It is possible that the STAT–1�-PML complex
is less favorable to bind DNA compared with STAT-1� itself or
less efficient in recruiting other transcription factors and/or
coactivators necessary for optimal IFN-�-mediated transcrip-
tion. Considering that PML partially inhibits the binding of
STAT-1� to DNA, this suggests that nuclear STAT-1� cannot
bind effectively to DNA in the presence of PML (Fig. 6A). In this
study, we demonstrated that PML inhibited binding of STAT-1�
homodimers to GAS elements in response to IFN-�, whereas
Kawasaki et al. (27) determined that PML inhibited STAT-3
DNA binding in response to G-CSF stimulation. In this regard,
PML was shown to suppress IL-6-induced STAT-3 activity (27),
whereas we have observed aberrant STAT-3 activation in the
absence of PML (Y.-H.C. and E.N.B., unpublished observa-
tions). These findings and the results herein indicate the PML
influences both the STAT-1� and -3 signaling pathways, and that
PML may be a more general regulator of the STAT family of
proteins.

The PML protein interacts with numerous proteins (18–24);
however, the domain(s) of PML required for interaction varies.
As examples, p53 binds to the C-terminal portion of PML (24),
whereas Nur77 requires the coiled-coil domain of PML for
interaction (21). The STAT-3 protein binds PML through the
B-box zinc finger and C-terminal domains (27). Our results
indicate that the C terminus of PML is important for STAT-1
binding. We also determined that PML mutants lacking the
C-terminal domains, which do not bind STAT-1�, also do not
inhibit STAT-1� transcriptional activity in Pml�/� MEF (data
not shown). These data demonstrate that PML interacts with
STAT-1� by its C terminus, and that this complex formation
inhibits the transcriptional activity of STAT-1�.

PIAS1 is a nuclear protein involved in the negative regulation
of STAT-1� transcriptional activity by inhibiting DNA binding
of STAT-1� (7). PIAS1 deficiency promotes enhanced recruit-
ment of STAT-1 to the promoter of STAT-1-dependent genes;
however, this effect occurs in a gene-specific manner. The
specificity of PIAS1 is due to the DNA-binding affinity of
STAT-1-binding sites present in the promoters of target genes,
with PIAS1 inhibiting the DNA-binding activity of STAT-1 more

Fig. 5. PML and STAT-1 colocalize upon IFN-� treatment. (A) Immortalized
Pml�/� MEF were incubated with IFN-� for 0.5 h, stained with rabbit polyclonal
anti-STAT-1 (green) and mouse monoclonal anti-PML (red) antibodies, and
analyzed by immunofluorescent microscopy. Representative of three experi-
ments. (B) Immortalized Pml�/� MEF were incubated in the absence or pres-
ence of IFN-� for 0.5 and 6 h. Cytoplasmic and nuclear fractions were prepared
and assayed for PML–STAT-1 complex formation by coimmunoprecipitation.
Input samples from the cytoplasmic and nuclear fractions were subjected to
immunoblotting to detect caspase-3 and Sp1, respectively. Representative of
three experiments.

Fig. 6. Proposed model for the role of PML in regulating IFN-� signaling. (A)
IFN-�-induced STAT-1� DNA-binding and transcriptional activities are reduced
in the presence of PML. Because IFN-� induces the colocalization and forma-
tion of a PML-STAT-1� complex in the nucleus, we propose that PML may
inhibit the binding of STAT-1� to DNA and thus control its activity, leading to
a dampening of IFN-� inducible genes. (B) In the absence of PML, STAT-1�

binds to GAS elements, perhaps with higher affinity, and IFN-� inducible gene
expression is heightened.
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efficiently on a weak than on a strong binding site (7). Although
STAT-1� DNA binding is negatively affected by PML, microar-
ray data demonstrated that only a subset of IFN-� responsive
genes were affected by PML, similar to results reported from
PIAS1-deficient mice (7). Interestingly, IFN-� induction of IP-10
and Ifi203 was higher in both PIAS1- and PML-deficient cells,
whereas IFN-�-induced Irf1 and Socs1 gene expression was not
affected by either PIAS1 or PML deficiency (7). The results from
our study suggest that PML functions in the IFN-� signaling
pathway as a negative regulator, tuning and controlling the
extent and duration of signaling, rather than as a global inhibitor.
The expression level of PIAS1 in Pml�/� and Pml�/� MEF in the
absence or presence of IFN-� was comparable, indicating that
PIAS1 was not affected by the absence of PML (data not shown).
There are other negative regulators of the IFN-�-mediated
JAK-STAT pathway. The TRADD protein functions by forming
a complex with STAT-1� within the nucleus and inhibiting
STAT-1� transcriptional activity (8). Activated vitamin D hor-
mone suppresses numerous IFN-�-inducible genes in macro-
phages (9). This inhibitory mechanism is independent of STAT-
1�; rather, it depends on the expression and localization of the
vitamin D receptor (9). Annexin V was shown to associate with
the IFN-� receptor upon IFN-� treatment and to inhibit acti-
vation of JAK2 and STAT-1� (28). These data indicate that
IFN-� activation of the JAK-STAT pathway can be negatively
regulated at many levels and in different cellular compartments.

PML is essential for induction of apoptosis by diverse stimuli.
PML promotes apoptosis by a TNF-mediated pathway and
sensitizes cells to apoptosis by inhibiting the NF-�B survival
pathway. This is accomplished by PML binding to p65 and
interfering with its binding to NF-�B target genes (29). Another
pathway implicated in apoptotic responses is the p38 MAPK
pathway, which is also negatively regulated by PML (30). The
effect of PML on signal transduction is complex, having both
positive (TGF-� pathway) and inhibitory effects (STAT, NF-�B,
and p38 MAPK pathways). We have provided evidence that
PML negatively regulates the IFN-� signaling pathway and
selectively inhibits expression of a subset of IFN-�-inducible
genes. The inhibitory effect of PML occurs by inhibiting
STAT-1� DNA binding and transcriptional activation (Fig. 6). It
will be interesting to compare the inhibitory effects of both
PIAS1 and PML on STAT-1� DNA binding and to determine
whether these two nuclear proteins function in a coordinated
fashion to inhibit expression of a subset of IFN-�-inducible
genes.

Materials and Methods
Cells. Primary and immortalized Pml�/� and Pml�/� MEF were
established and maintained as described (26). The murine macro-
phage cell line RAW264.7 was maintained as described (8).

Reagents and Antibodies. Recombinant murine IFN-� was pur-
chased from R&D Systems (Boston, MA). Antibodies to PML
(mouse monoclonal), STAT-1, and p-S727-STAT-1 were pur-
chased from Upstate Biotechnology (Lake Placid, NY). Anti-
body to p-Y701-STAT-1 was purchased from Cell Signaling
Technology (Beverly, MA). Rabbit polyclonal antibody to PML
was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA), and antiactin antibody was purchased from Sigma
(St. Louis, MO).

Plasmids, Transient Transfection, and Reporter Assays. For reconsti-
tution of PML in Pml�/� MEF, pCMV-Tag2B-PML-I, pSG5-
PML-III, and pCMV-Tag2B-PML-IV expression vectors were
used (26). The pET-33b-PML-IV vector was used for purifica-
tion of recombinant PML protein (26). The GAS4-luc construct,
minimal CIITA promoter construct (CIITAp-D4) and full-
length CIITA promoter construct (CIITA) have been described

(8, 31). Transient transfections were performed with FuGENE
6, Roche Diagnostics (Indianapolis, IN). For reporter assays, 0.4
�g of the GAS-containing constructs was transiently transfected
into 2 � 105 Pml�/� or Pml�/� MEF, with 0.1 �g of the
pCMV-�-galactosidase vector to normalize for transfection ef-
ficiency. Increasing concentrations (0–2.0 �g) of the PML
expression vectors were cotransfected with those constructs in
some experiments. Cells recovered for 12 h before treatment
with IFN-� (10 ng/ml) for 16 h, then luciferase activity was
measured (8). The luciferase activity of each sample was nor-
malized to �-galactosidase activity to yield relative luciferase
activity (RLA). Fold induction was calculated as the ratio of
RLA between IFN-� and untreated samples. The data were
analyzed by Student’s t test, and a value of P � 0.05 was
considered statistically significant.

RNA Isolation, Microarray, and Ribonuclease Protection Assay (RPA).
Total cellular RNA was isolated from cells by using TRIzol
(Invitrogen Life Technologies, Carlsbad, CA). Five micrograms
of RNA was subjected to microarray analysis by using the Mouse
Genome 430 2.0 GeneChip (Affymetrix) and subsequent data
analysis using the Microarray Suite and the Data Mining Tools
(Affymetrix) was performed by the University of Alabama at
Birmingham Comprehensive Cancer Center Gene Expression
Shared Facility. The experimental procedure was conducted by
following the standard Affymetrix protocol. RNA quality and
quantity were confirmed with the Agilent Bioanalyzer 2100
system (Agilent Technologies, Palo Alto, CA). The mCK-5
multiriboprobe was purchased from PharMingen (San Diego,
CA), and 15 �g of total RNA was hybridized with the riboprobes,
as described (8). Quantification of the protected RNA fragments
was performed with the PhosphorImager (Molecular Dynamics,
Sunnyvale, CA). Values for IP-10 mRNA expression were
normalized to GAPDH mRNA levels.

Nuclear Extracts and EMSA. EMSA was performed with 10 �g of
nuclear extracts, as described (8). Nuclear extracts from Pml�/�

and Pml�/� MEF treated with IFN-� for 0–5 h were incubated
with a GAS oligonucleotide end-labeled with [32P]ATP for 30
min. For competition and supershift experiments, a 100 molar
excess of cold oligonucleotide or 1 �g of anti-STAT-1� or -3
antibodies was added to the nuclear extracts for 30 min before
the addition of labeled probe. For in vitro competitive EMSA
experiments, nuclear extracts from Pml�/� MEF treated with
IFN-� for 1 h were preincubated with recombinant PML protein
(0–100 ng) for 1 h and then incubated with the [32P] end-labeled
GAS oligonucleotide for 30 min. BSA (100 ng) was used as a
control for the PML protein. Bound and free DNA were resolved
by electrophoresis through a 6% polyacrylamide gel and exposed
for autoradiography.

ChIP Assay. ChIP analysis was performed as described (8). After
IFN-� stimulation (0–4 h), cells were fixed with 1% formalde-
hyde for 15 min and washed with cold PBS. Nuclei were isolated
as described (8), and chromatin was sheared by sonication.
Sheared chromatin solution was precleared with salmon sperm
DNA-saturated protein A/G Sepharose beads and then precip-
itated with 4 �g of anti-STAT-1 or isotype-matched control IgG
overnight at 4°C. Immune complexes were incubated with
salmon sperm DNA-saturated protein A/G Sepharose beads for
3 h at 4°C and were washed extensively. To reverse crosslinks,
samples were incubated at 65°C overnight. After proteinase K
digestion, DNA was recovered by using the Qiagen miniprep kit
(Valencia, CA). Purified DNA was analyzed by PCR by using a
primer pair designed for the murine CIITA-pIV promoter
containing a functional GAS element: 5�-GAGGGGTCCTCT-
GGAAAGAC-3� and 5�-GCAGTCTCCTGGCAGCTATC-3�.
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Coimmunoprecipitation and Immunoblotting. Pml�/� and Pml�/�

MEF were incubated with medium or IFN-� (10 ng/ml) for
various time points, and coimmunoprecipitation was performed
as described (8). Cleared lysates were incubated overnight with
3 �g of rabbit anti-STAT-1 and an additional incubation for 3 h
with 50 �l of protein A/G bead slurry at 4°C. After washing, the
samples were separated on 8% SDS/PAGE and analyzed by
immunoblotting with monoclonal or polyclonal anti-PML anti-
bodies (1 �g/ml) for detection of endogenous PML–STAT-1
interaction. Coimmunoprecipitation of cytoplasmic and nuclear
proteins was performed as described (8). Two milligrams of
nuclear and cytoplasmic extracts was subjected to immunopre-
cipitation with anti-STAT-1 antibody and immunoblotting with
anti-PML. Anti-Sp1 and -caspase-3 antibodies were used to
demonstrate separation of the nuclear and cytoplasmic fractions,
respectively. For immunoblotting, whole cell lysates were sub-
jected to SDS/PAGE, and blots were probed with Y701-
phospho-STAT-1, S727-phospho-STAT-1, total STAT-1, PML,
or actin antibodies.

His-Fusion PML Protein Expression, in Vitro Translation, and Binding
Assay. The pET-33b plasmid encoding PML IV was used as a
source of His-fusion PML protein (26). For His-PML protein
expression, the BL21 competent Escherichia coli strain (Nova-
gen, Madison, MD) and isopropyl-1-thio-�-D-galactopyranoside
(IPTG) were used. After 4 h of induction with 0.1 mM IPTG, the
bacteria were collected, lysed, incubated with 1 �g of lysozyme
for 30 min on ice, and then disrupted by sonication. Purification
of the His-PML protein was performed by using a Ni-NTA spin
column purchased from Qiagen. The protein concentration of
the His-fusion PML protein was determined, and purity was
assessed by Coomassie brilliant blue staining. For in vitro trans-
lation, PML full length and mutant proteins (26) were expressed

under the T3 promoter by using the TNT-coupled transcription/
translation system with [35S]methionine (Promega, Madison,
WI). For binding assays, whole-cell lysates containing endoge-
nous STAT-1 protein were precleared and incubated with anti-
STAT-1 antibody or rabbit IgG overnight at 4°C, then immu-
noprecipitated with protein A/G beads for an additional 3 h.
STAT-1-protein A/G beads or rabbit IgG protein A/G beads
were washed extensively and incubated with 35S-labeled PML
proteins in binding buffer overnight at 4°C. Beads were washed
five times with binding buffer, then bound proteins were ana-
lyzed by SDS/PAGE.

Immunofluorescence Assay (IFA). IFA was performed as described
(8). Pml�/� MEF were incubated in the absence or presence of
IFN-� (10 ng/ml) for 30 min. Cells were stained with anti-
STAT-1 for 1 h, rinsed three times with PBS, and then stained
with goat anti-rabbit Alexa488 (Molecular Probes, Eugene, OR)
for 45 min. Cells were rinsed again with PBS, followed by
staining with mouse anti-PML antibody for 1 h. Cells were then
rinsed three times in PBS and stained with goat anti-mouse
Alexa594 for 45 min. Cells were then stained with DAPI. Images
were obtained with an Olympus (Melville, NY) IX70 digital
camera and analyzed with IPLab 3.2 software (Scanalytics, Inc.,
Fairfax, VA).
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