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Alpha and gamma interferons rapidly induce several early response genes in primary human diploid
fibroblasts. The transcription rates of these genes are maximal after 1 h of interferon treatment and return to
basal levels within 8 h. Three different interferon-activated DNA-binding complexes (ISGF3, GAF, and
FcRF+y) that are responsible for transcriptional activation of cellular genes have been characterized. Assembly
of these complexes requires tyrosine phosphorylation of one or more of the protein components. In this report,
we demonstrate that a nuclear tyrosine phosphatase is responsible for the deactivation of these interferon-
regulated transcription factors and the subsequent transcriptional downregulation of the corresponding genes.
Furthermore, tyrosine phosphorylation is required for nuclear localization of the 91-kDa protein that is part
of all three interferon-induced transcription complexes. These results provide the first evidence for a nuclear
tyrosine phosphatase activity as a mechanism of transcriptional regulation.

The rapid transcriptional activation of cellular genes by
either alpha interferon (IFN-a) or IFN-vy is responsible for
many of the pleotropic actions of these cytokines. IFN-
activated gene expression is mediated by the formation of
protein complexes whose preexisting components assemble
as a result of ligand-induced tyrosine phosphorylation.
These complexes then translocate to the nucleus, where they
bind to enhancers within IFN-activated genes (3, 5, 7, 12, 15,
18, 28). Although the signals required for IFN induction of
gene expression are becoming better understood, consider-
ably less is known regarding how transcription of these
genes becomes downregulated. In primary diploid fibro-
blasts, 6 to 8 h of continuous treatment with either IFN-a or
IFN-vy shuts off the transcription of early response genes and
desensitizes cells such that reexposure to the cytokine is
ineffective in reinducing the expression of IFN-stimulated
genes (ISGs) (16). As downregulation of ISGs in fibroblasts
can be abrogated by inhibitors of protein synthesis, IFN-
induced proteins were thought to be responsible for shutting
off the transcriptional response (6, 9, 17). A likely candidate
to mediate this downmodulation would be a nuclear tyrosine
phosphatase, because tyrosine phosphorylation is required
for the integrity of the IFN-activated complexes ISG factor
3 (ISGF3), IFN-y-activated factor (GAF), and FcRI-binding
factor, IFN-y induced (FcRFy) (4, 5, 10, 14, 15). We
therefore initiated experiments to explore whether dephos-
phorylation of IFN-induced transcription factors correlated
with their nuclear localization and a decline in the rates of
transcription of ISGs.

MATERIALS AND METHODS
Cells and culture. Human foreskin diploid fibroblasts
(GM00468) from the National Institute of General Medical
Science were grown and passaged in Dulbecco’s modified
Eagle’s medium with 10% fetal bovine serum.
IFNs and reagents. Recombinant human IFN-a was a
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generous gift from Hoffmann LaRoche. Recombinant human
IFN-y was provided by Genentech Corp.

Preparation of nuclear cell extracts. Cells were collected
after being washed with phosphate-buffered saline and ho-
mogenized by a douncing in buffer A (20 mM N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid [HEPES; pH 7.0],
10 mM KCl, 10 mM MgCl,, 1 mM orthovanadate, 0.5 mM
dithiothreitol (DTT), 0.25 mM phenylmethylsulfonyl fluo-
ride, 20% glycerol, 0.1% Nonidet P-40). The lysate was
layered on a sucrose cushion (35% sucrose in 100 mM
HEPES [pH 7.0}-20 mM MgCl,), and the nuclei were
isolated by centrifugation at 3,000 x g for 15 min. Nuclei
were resuspended in buffer A with 0.3 M NaCl and extracted
by vortexing.

Selected extracts were treated with 10 mM N-ethylmale-
imide (NEM) for 20 min at room temperature and then
quenched with 20 mM DTT on ice for 10 min.

Antibodies. ISGF3 is composed of three ISGF3a proteins
(p84, p91, and p113) and a 48-kDa DNA-binding component,
ISGF3y (11, 18). Antibodies specific for p91 were raised
against a peptide corresponding to the C-terminal 39-amino-
acid region that is not present in the splicing variant p84.
Antibodies directed against the amino acids 607 to 647 of p91
and p84 recognized both proteins. A peptide identical to the
amino acid sequence 125 to 174 of p113 was used to generate
antibodies that specifically react with this protein. ISGF3y
antibodies were produced against a synthetic peptide corre-
sponding to the amino acid sequence 117 to 155.

Electrophoretic mobility shift assays. Gel shift assays were
gerformed as previously described (14, 24, 32) by using

2P-end-labeled double-stranded oligonucleotides corre-
sponding to (i) the ISGF3-binding IFN-stimulated response
element (ISRE) of the ISG15 gene, 5’ GATCCATGCC
TCGGGAAAGGGAAACCGAAACTGAAGCC 3'; (ii) the
GAF-binding IFN-y activation sequence (GAS) in the pro-
moter of the GBP gene, 5’ AAGTACTTTCAGTTTCATATT
ACTCTAAATC 3’; and (iii) the FcRFy-binding IFN-vy re-
sponse region (GRR) of the Fc receptor gene, 5’ AGCATGT
TTCAAGGATTTGAGATGTATTTCCCAGAAAAG 3'. For
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supershift experiments, nuclear extract was incubated with
the selected antibodies for 1 h at 4°C prior to gel shift
analysis.

Measurement of transcriptional activity. Nuclear run-on
transcription assays were performed by using isolated hu-
man fibroblast nuclei in the presence of [a-*’PJUTP as
previously described (21): DNA probes were immobilized to
Nytran membranes (Schleicher & Schuell) and hybridized to
[>*P]RNA by using conditions previously described (21).
cDNA probes included pGEM2 (to determine background),
actin as an internal standard, ISG54 800-bp EcoRI fragment
from exon 2 (19), human GBP (2), ISG15 (25), and FcRI (32).
The resulting blots were quantitated on an AMBIS scintilla-
tion counter.

Immunoprecipitations and Western blotting (immunoblot-
ting). Nuclear extracts were immunoprecipitated by using an
antibody against p91. Immunoprecipitates were boiled in
sodium dodecyl sulfate (SDS) sample buffer and resolved on
an SDS-8% polyacrylamide gel. After transfer to Immo-
bilon, blots were probed with PY20 anti-phosphotyrosine
antibodies (ICN) and reactive proteins were visualized by
enhanced chemiluminescence (Amersham). Blots were re-
probed with anti-p91 or anti-p84 and -p91 antibodies by using
alkaline phosphatase-conjugated secondary antibodies.

RESULTS

Vanadate maintains the assembly of IFN-a-activated tran-
scription factors. The activation and subsequent deactivation
of several IFN-a or IFN-y-induced transcription complexes
such as ISGF3, GAF, and FcRFy parallel the induction and
downregulation of transcription of the corresponding genes
(3, 7, 18, 32). Because assembly of ISGF3, GAF, and FcRFy
requires tyrosine phosphorylation (5, 10, 14, 15, 29), a
nuclear phosphotyrosine phosphatase (PTP) might be re-
sponsible for the observed decrease in the concentration of
these transcription complexes with prolonged IFN treat-
ment. Therefore, we investigated whether the tyrosine phos-
phatase inhibitor orthovanadate could prevent the inactiva-
tion of these transcription complexes. Incubation of
fibroblasts with IFN-a (500 U/ml) for 1 h activated formation
of GAF (Fig. 1A, lane 1 versus 2), FcRF¥ (lane 6 versus 7),
and ISGF3 (lane 11 versus 12). Incubation for 8 h in the
continuous presence of IFN-a resulted in a disappearance of
these protein-DNA complexes (lanes 3, 8, and 13). The
kinetics of IFN-y-induced formation and disappearance of
GAF and FcRFy were essentially the same as those seen
with IFN-a (data not shown). When 1 mM orthovanadate
was added after 1 h of IFN-a and was subsequently present
for 7 more h, the integrity of all three transcription com-
plexes (lanes 5, 10, and 15) was preserved. Vanadate was
added 1 h after IFN-a because a membrane-associated PTP
is also required for the activation of the complex (5, 14). The
serine/threonine phosphatase inhibitors okadaic acid and
calyculin A were ineffective in preserving the integrity of the
transcription factors (data not shown). Although the protein
synthesis inhibitor cycloheximide (30 pg/ml) is known to
prevent downregulation of IFN-induced transcription (7,
16), it had only a small effect on maintaining the assembly of
GAF, FcRFy, and ISGF3 (lanes 4, 9, and 14) during incu-
bation with IFN. To exclude the possibility that the short
half-life of ISGF3+y (the DNA-binding component of ISGF3)
was responsible for the disappearance of ISGF3 in these
experiments, we used a reconstitution assay with in vitro-
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translated ISGF3vy (30) (lanes 17 to 21). ISGF3y, which is
NEM sensitive, has been demonstrated to reconstitute
ISGF3 in extracts containing NEM-resistent, activated
ISGF3a (those proteins which are tyrosine phosphorylated
by IFN treatment of cells) (5, 12, 28). Extracts in lanes 16 to
21 were first treated with NEM, and the reaction was
quenched with DTT. Samples were then incubated with in
vitro-translated ISGF3y prior to analysis by electrophoretic
mobility shift assay. Increased concentrations of ISGF3y
could reconstitute ISGF3 only in extracts that contained
ISGF3 already before NEM treatment (lanes 17 to 21). These
results confirmed the fact that the disassembly of ISGF3 is
not due to a deficiency in ISGF3y as a result of extended
exposure to IFN or treatment with cycloheximide.

The ISGF3 proteins are antigenically similar in cells treated
with IFN-« and vanadate. The ISGF3 transcription complex
is composed of the three ISGF3a proteins p84, p91, and
p113, which associate with ISGF3y, the 48-kDa DNA-
binding protein described above, as a result of IFN-induced
tyrosine phosphorylation (5, 12, 28). To determine whether
the ISGF3 observed after 8 h of IFN-a-plus-vanadate treat-
ment contained the same proteins as in ISGF3 seen after 1 h
of IFN-a treatment of cells, extracts were prepared and
incubated with specific antibodies against p91, pl13, and
ISGF3y. All three antibodies formed supershifted com-
plexes with ISGF3 from the short (Fig. 1B, lanes 2 to 5)
and prolonged (lanes 7 to 10) treatment. Anti-p91 anti-
body also supershifted the GAF and FcRFy complexes,
which do not contain p113 or ISGF3y, in extracts prepared
from cells incubated with vanadate and IFN-« for 8 h (data
not shown).

Vanadate prevents transcriptional downregulation of IFN-
a-induced genes. To evaluate whether a direct correlation
existed between the presence of the transcription complexes
maintained by vanadate and elevated transcription rates of
IFN-a-induced genes, we performed nuclear run-on assays
(Fig. 2). Cells were treated as described in the legend to Fig.
1, and the nuclei were isolated and incubated in the presence
of [a->2PJUTP. ?P-labeled RNA was isolated and hybridized
to cDNA probes corresponding to the IFN-a-stimulated
genes ISG54, ISG1S, and FcRI and the GBP. After hybrid-
ization and autoradiography, transcription rates were quan-
titated by direct counting. As in previously published results
(6, 17, 25), IFN-a treatment of cells for 1 h induced high
rates of transcription of ISG15, ISG54, and GBP, which in
the continuous presence of the cytokine for 8 h declined to
nearly undetectable levels. Addition of cycloheximide 30
min prior to incubation with IFN-a maintained elevated
transcription rates, whereas vanadate-treated cells exceeded
maximal levels of transcription observed after 1 h of IFN-a
treatment (Fig. 2). Since IFN induction of the FcRI tran-
scription is restricted to cells of myeloid lineage, no tran-
scription of the gene was detected in spite of FcRFy forma-
tion (32). These data confirm that a complete correlation
exists between the ability of vanadate to maintain IFN-o-
induced levels of ISGF3 or GAF and the rates of transcrip-
tion of their corresponding genes. However, no such corre-
lation was noted with cycloheximide, which was able to
maintain elevated transcription rates but only marginally
preserved the assembly of the transcription complexes (com-
pare Fig. 1, lanes 4 and 14, with Fig. 2).

Tyrosine phosphorylation of p91 parallels assembly of tran-
scription factors and transcription rates. Because tyrosine-
phosphorylated p91 is the common component found in
IFN-a-activated ISGF3 as well as in IFN-a- and IFN-y-
activated GAF and FcRFy (1, 15, 22, 23, 29), experiments
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FIG. 1. Extended incubation of human fibroblasts with IFN-a and vanadate maintains the assembly of ISGF3, GAF, and FcRFy. (A)
Confluent human diploid fibroblasts (150-cm? dishes) were left untreated (lanes 1, 6, 11, and 17) or were incubated with IFN-a (500 U/ml) for
1 h (lanes 2, 7, 12, 16, and 18) or 8 h (lanes 3, 8, 13, and 19), with cycloheximide (CHX; 30 pg/ml) for 8.5 h and IFN-a for 8 h (lanes 4, 9,
14, and 20), or with IFN-a for 8 h and vanadate (VAN; 1 mM) for 7 h (lanes 5, 10, 15, and 21). Cells were lysed, and nuclei were isolated
by sucrose density centrifugation and extracted. Electrophoretic mobility shift assays were performed as described in Materials and Methods
with probes corresponding to GAS (lanes 1 to 5), the GRR (lanes 6 to 10), or the ISRE (lanes 11 to 21). Samples shown in lanes 16 to 21 were
incubated with NEM and then with DTT prior to the addition of 2 pl of in vitro-transcribed and -translated ISGF3vy (lanes 17 to 21). Lane 16
is the same as lane 18, but without the addition of ISGF3vy. (B) ISGF3 in nuclear extracts prepared from cells treated with IFN-a for 1 h or
IFN-a for 8 h and vanadate for 7 h, both contain ISGF3y, p91, and })113. Extracts (20 ul) prepared as described above were incubated with
antibodies (1:100 dilutions) for 1 h at 4°C prior to the addition of the *>P-labeled ISRE probe. Lane 1, untreated control (CTL); lane 2, IFN-a,
1 h; lane 3, IFN-a, 1 h, incubated with anti-p91 antiserum; lane 4, IFN-a, 1 h, incubated with anti-p113 antiserum; lane 5, IFN-a, 1 h,
incubated with anti-ISGF3+y antiserum; lane 6, IFN-q, 8 h; lane 7, IFN-a, 8 h, and vanadate; lane 8, IFN-a, 8 h, and vanadate, incubated with
anti-p91 antiserum; lane 9, IFN-a, 8 h and vanadate, incubated with anti-p113 antiserum; lane 10, IFN-a, 8 h and vanadate, incubated with
anti-ISGF3y antiserum.
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FIG. 2. Transcription rates of ISGs are enhanced after 8 h of IFN-a treatment in the presence of vanadate or cycloheximide. (A) Human
fibroblasts were incubated with IFN-a in the presence or absence of cycloheximide (Chx) or vanadate (Van) under the conditions described
in the legend to Fig. 1. Nuclear run-on assays were performed, and labeled RNA was hybridized to Nytran filters containing the indicated
cDNA clones. After hybridization, the filters were subjected to autoradiography. ISG54, 54-kDa ISG; ISG15, 15-kDa ISG; FcRI, high-affinity
immunoglobulin G FcRI gene; Actin, chicken B-actin; Vector, pPGEM; GBP, guanylate-binding protein. (B) Autoradiograph of the
hybridization shown in panel A was directly counted. The rates of transcription are displayed relative to the ISG54 signal with 1 h of IFN-a
(= 100%), after being normalized for actin. CHX, cycloheximide; VAN, vanadate; CTL, control.

were initiated to characterize the fate of tyrosine-phosphor-
ylated p91 as a result of extended treatment of cells with
IFN-a or IFN-y. Human fibroblasts were treated with either
IFN for 1 or 8 h or for 8 h in the presence of vanadate or
cycloheximide. After lysis, nuclei were isolated by sucrose
density centrifugation and extracted, and the extracts were
immunoprecipitated with an antibody against the p91 pro-
tein. The immunoprecipitates were resolved on SDS-poly-
acrylamide gels, blotted, and probed with anti-phosphoty-
rosine antibodies. Treatment of cells for 1 h with either

IFN-a or IFN-y resulted in tyrosine-phosphorylated p91
(Fig. 3A, lanes 1 and 6 versus 2 and 7), and in agreement with
the gel shift experiments, further incubation for 7 more h led
to the complete loss of tyrosine phosphorylation of p91
(lanes 3 and 8). Incubation of cells with either IFN-a or
IFN-vy for 8 h in the presence of vanadate maintained p91 as
a tyrosine-phosphorylated species in the nuclei (lanes 5 and
10), while cycloheximide had very little effect (lanes 4 and 9).
These results not only confirmed the data from the gel shift
and nuclear run-on experiments, but they also reinforced the
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FIG. 3. Tyrosine phosphorylation and nuclear localization of p91
as a function of extended treatment with IFN-a or IFN-y. (A)
Phosphotyrosine blots of immunoprecipitated p91. Fibroblasts were
exposed to either IFN-a (500 U/ml) or IFN-y (5 ng/ml), and nuclei
were isolated and extracted under the conditions described in the
legend to Fig. 1. Extracts were incubated with the antiserum against
p91 for 16 h at 4°C, and the resulting immunoprecipitates were
resolved on 8% polyacrylamide-SDS gels. The gels were transferred
to Immobilon and probed with an anti-phosphotyrosine antibody.
The presence of tyrosine-phosphorylated proteins was detected by
enhanced chemiluminescence. Migration of p91 is indicated. (B) The
same blot shown in panel A was reprobed with anti-p91 antibody
and developed with an alkaline phosphatase-conjugated secondary

antibody. Ctl, control; CHX, cycloheximide; Van, vanadate.

specificity of the in vivo effects of vanadate’s action as a PTP
inhibitor. Interestingly, another protein besides p91 with a
molecular mass of 84 kDa became tyrosine phosphorylated
when cells were treated with IFN-y and vanadate for 8 h
(lane 10). An antibody which recognized both p91 and its
spliced variant p84 (27) reacted with the 84-kDa protein,
suggesting that under certain circumstances IFN-y can cause
tyrosine phosphorylation of both proteins.

The phosphotyrosine blots revealed that no tyrosine-
phosphorylated p91 was present in the nuclei of either
untreated cells or cells exposed to IFNs for 8 h. To deter-
mine whether p91 was present in the unphosphorylated form
in the nucleus, the same blots initially probed with anti-
phosphotyrosine antibodies were reprobed with anti-p91
antibodies. As shown in Fig. 3B, p91 was only present in the
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nuclei of those samples shown to be tyrosine phosphorylated
in Fig. 3A (compare lanes 2, 5, 7, and 10 of Fig. 3A and B).

DISCUSSION

Homeostasis requires downregulation of many cellular
responses resulting from extended exposure to external
stimuli such as cytokines, growth factors, and hormones.
Initial studies indicated that a protein synthesis-dependent
mechanism functioned to shut off IFN-activated transcrip-
tion of early response genes (9, 16). However, recent re-
ports, which have shown that IFN-a- and IFN-y-induced
formation of several transcription complexes (ISGF3, GAF,
and FcRFy) required tyrosine phosphorylation (5, 10, 12, 14,
15, 22, 23, 28, 29) suggested that a nuclear tyrosine phos-
phatase might be one mechanism to downregulate IFN-
induced gene expression. Although no evidence has so far
been presented for the role of nuclear PTPs in regulation of
gene expression, it has been reported that type 1 or 2A
serine/threonine phosphatases downregulate the cyclic
AMP-responsive transcription factor CREB after forskolin
induction (13, 31). In this report we describe a nuclear PTP
activity that is able to dephosphorylate IFN-activated tran-
scription factors and to turn off the transcription of ISGs.
Exposure of IFN-stimulated cells to the PTP inhibitor van-
adate prevented the downmodulation of the transcription
complexes observed during extended incubation. Further-
more, nuclear run-on experiments demonstrated that the
transcription rates of several IFN-a-induced genes remained
elevated for 8 h in the presence the cytokine and vanadate
(Fig. 1 and 2). To characterize what role tyrosine phosphor-
ylation contributed to maintenance of elevated transcription
rates, fibroblast nuclear extracts were immunoprecipitated
by using an antibody against p91, the common component of
ISGF3, GAF, and FcRFy. The results of these experiments
demonstrated that incubation with either IFN-a or IFN-y
and vanadate maintained p91 in its tyrosine-phosphorylated
state within the nucleus and that the presence of nuclear,
tyrosine-phosphorylated p91 correlated with elevated rates
of transcription. These data clearly support the role of a
nuclear PTP as a transcriptional downregulator of ISGs.

Interestingly, none of the conditions used in these exper-
iments permitted detection of unphosphorylated (tyrosine)
P91 in the nuclei. This finding implied that tyrosine phosphor-
ylation is needed not only for assembly of the transcription
complexes but also for targeting the proteins to the nucleus
and maintaining their nuclear localization. At the moment it
is not evident whether dephosphorylated p91 is degraded in
the nucleus or is recycled to the cytoplasm to be reactivated.
Although we assume that p84 and p113 are processed in a
manner similar to that for p91, the antibodies presently
available do not immunoprecipitate these proteins efficiently
enough to perform these studies.

Those few nuclear-localized PTPs which have thus far
been purified are very substrate specific (8, 20, 26), and their
activity does not appear to be regulated by treatment of cells
with cytokines or growth factors. The nuclear PTP(s) activ-
ity which dephosphorylates the IFN-induced transcription
complexes described in this work also appears to be consti-
tutively expressed. This conclusion is suggested by the fact
that preincubation with cycloheximide did not substantially
maintain IFN-induced ISGF3, GAF, or FcRFy formation or
retain tyrosine-phosphorylated p91 in the nucleus. The role
of protein synthesis in downregulating IFN-induced gene
transcription remains unclear. From the data presented,
cycloheximide may function to maintain elevated rates of
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transcription of ISGs through a mechanism which functions
independently of these transcription complexes binding to
their enhancer elements. Alternatively, the PTP may have a
short half-life, and cycloheximide prevents resynthesis of
the degraded nuclear PTP. This latter possibility is attrac-
tive, since Fig. 1 and 3A indicated a slightly enhanced
concentration of both the ISGF3 and FcRFy transcription
complexes and nuclear tyrosine-phosphorylated p91 in the
presence of cycloheximide (compare Fig. 1, lanes 19 and 20,
and Fig. 3A, lanes 8 and 9). However, it is unclear whether
the small amount of ISGF3 maintained by cycloheximide can
completely account for the elevated transcription of the
ISGs seen in the nuclear run-on assays. Further character-
ization and purification of the nuclear PTP(s) which is
associated with downregulation of the transcriptional re-
sponse will permit both resolution of this question as well as
an understanding of a new function that nuclear tyrosine
phosphatases provide in regulation of gene expression.

ACKNOWLEDGMENTS

D. Levy generously provided the vector for in vitro translation of
the ISGF3v protein.

M.D. was supported by a Schroedinger fellowship from the Fonds
zur Foerderung der wissenschaftlichen Forschung from Austria.

REFERENCES

1. Benech, P. D., K. Sastry, R. R. Iyer, Q. G. Eichbaum, D. P.
Raveh, and R. A. B. Ezekowitz. 1992. Definition of Interferon-
y-response elements in a novel human Fcy receptor gene
(FcyRIb) and characterization of the gene structure. J. Exp.
Med. 176:1115-1123.

2. Cheng, Y. E., C. E. Patterson, and P. Staeheli. 1991. Interferon-
induced guanylate-binding proteins lack an N(T)KXD concen-
sus motif and bind GMP in addition to GDP and GTP. Mol. Cell.
Biol. 11:4717-4725.

3. Dale, T. C., A. M. Ali Imam, I. M. Kerr, and G. R. Stark. 1989.
Rapid activation by interferon o of a latent DNA-binding protein
present in the cytoplasm of untreated cells. Proc. Natl. Acad.
Sci. USA 86:1203-1207.

4. David, M., and A. C. Larner. 1992. Activation of transcription
factors by interferon alpha in a cell free system. Science
257:813-815.

5. David, M., G. Romero, Z. Zhang, J. E. Dixon, and A. C. Larner.
1993. In vitro activation of the transcription factor ISGF3 by
IFNa involves a membrane associated tyrosine phosphatase
and kinase. J. Biol. Chem. 268:6593-6599.

6. Decker, T., D. J. Lew, Y.-S. E. Cheng, D. E. Levy, and J. E.
Darnell. 1989. Interactions of - and y-interferon in the tran-
scriptional regulation of the gene encoding a guanylate-binding
protein. EMBO J. 8:2009-2014.

7. Decker, T., D. J. Lew, J. Mirkovitch, and J. E. Darnell. 1991.
Cytoplasmic activation of GAF, an IFN-y-regulated DNA-
binding factor. EMBO J. 10:927-932.

8. Dunphy, W. G., and A. Kumagai. 1991. The cdc25 protein
contains an intrinsic phosphatase activity. Cell 67:189-196.

9. Friedman, R. L., S. P. Manley, M. McMahon, I. M. Kerr, and
G. R. Stark. 1984. Transcriptional and posttranscriptional reg-
ulation of interferon-induced gene expression in human cells.
Cell 38:745-755.

10. Fu, X.-Y. 1992. A transcription factor with SH2 and SH3
domains is directly activated by an interferon-a induced cyto-
plasmic protein tyrosine kinase(s). Cell 70:323-335.

11. Fu, X.-Y., D. S. Kessler, S. A. Veals, D. E. Levy, and J. E.
Darnell, Jr. 1990. ISGF-3, the transcriptional activator induced
by IFN-a, consists of multiple interacting polypeptide chains.
Proc. Natl. Acad. Sci. USA 87:8555-8559.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

27.

29.

30.

MoL. CELL. BioL.

Gutch, M. G., C. Daly, and N. C. Reich. 1992. Tyrosine
phosphorylation is required for activation of an a interferon-
stimulated transcription factor. Proc. Natl. Acad. Sci. USA
89:11411-11415.

Hagiwara, M., A. Alberts, P. Brindle, J. Meinkoth, J. Feramisco,
T. Deng, M. Karin, S. Shenolikar, and M. Montminy. 1992.
Transcriptional attenuation following cAMP induction requires
PP-1 mediated dephosphorylation of CREB. Cell 70:105-113.
Igarashi, K., M. David, D. S. Finbloom, and A. C. Larner. 1993.
In vitro activation of the transcription factor gamma interferon
activation factor by gamma interferon: evidence for a tyrosine
phosphatase/kinase signaling cascade. Mol. Cell. Biol. 13:1634-
1640.

Igarashi, K., M. David, A. C. Larner, and D. S. Finbloom. 1993.
In vitro activation of a transcription factor by IFNy requires a
membrane associated tyrosine kinase and is mimicked by van-
date. Mol. Cell. Biol. 13:3984-3989.

Larner, A. C., A. Chaudhuri, and J. E. Darnell. 1986. Transcrip-
tional induction by interferon: new protein(s) determine the
extent and length of the induction. J. Biol. Chem. 261:453-459.
Larner, A. C., G. Jonak, Y.-S. E. Cheng, B. Korant Knight, and
J. E. Darnell. 1984. Transcriptional induction of two genes in
human cells by B interferon. Proc. Natl. Acad. Sci. USA
81:6733-6737.

Levy, D. E., D. S. Kessler, R. Pine, and J. E. Darnell, Jr. 1989.
Cytoplasmic activation of ISGF3, the positive regulator of
interferon-a-stimulated transcription, reconstituted in vitro.
Genes Dev. 3:1362-1371.

Levy, D., A. Larner, A. Chauduri, L. E. Babiss, and J. E.
Darnell, Jr. 1986. Interferon-stimulated transcription: isolation
of an inducible gene and identification of its regulatory region.
Proc. Natl. Acad. Sci. USA 83:8029-8933.

McLaughlin, S., and J. E. Dixon. 1993. Alternative splicing gives
rise to a nuclear protein tyrosine phosphatase in Drosophila. J.
Biol. Chem. 268:6839—6842.

Nakagawa, Y., V. Rivera, and A. C. Larner. 1992. A role for the
Na/K-ATPase in the control of human c-fos and c-jun transcrip-
tion. J. Biol. Chem. 267:8785-8788.

Pearse, R. N., R. Feinman, K. Shuai, J. E. Darnell, Jr., and J. V.
Ravetch. 1993. Interferon y-induced transcription of the high-
affinity Fc receptor for IgG requires assembly of a complex that
includes the 91-kDa subunit of transcription factor ISGF3. Proc.
Natl. Acad. Sci. USA 90:4314-4318.

. Perez, C., J. Wietzerbin, and P. D. Benech. 1993. Two cis-DNA

elements involved in myeloid-cell-specific expression and
gamma interferon (IFN-v) activation of the human high-affinity
Fcy receptor gene: a novel IFN regulatory mechanism. Mol.
Cell. Biol. 13:2182-2192.

. Petricoin, E. F., R. H. Hackett, H. Akai, K. Igarashi, D. S.

Finbloom, and A. C. Larner. 1992. Modulation of interferon
signaling in human fibroblasts by phorbol esters. Mol. Cell.
Biol. 12:4486-4495.

. Reich, N., B. Evans, D. E. Levy, D. Fahey, E. Knight, and J. E.

Darnell, Jr. 1987. Interferon-induced transcription of a gene
encoding a 15-kDa protein depends on an upstream enhancer
element. Proc. Natl. Acad. Sci. USA 84:6394-6398.

. Rohan, P. J., P. Davis, A. Moskaluk, M. Kearns, H. Krutzsch,

U. Siebenlist, and K. Kelly. 1993. PAC-1: a mitogen-induced
nuclear protein tyrosine phosphatase. Science 259:1763-1766.
Schindler, C., X.-Y. Fu, T. Improta, R. Aebersold, and J. E.
Darnell, Jr. 1992. Proteins of transcription factor ISGF-3: one
gene encodes the 91- and 84-kDa ISGF-3 proteins that are
activated by interferon . Proc. Natl. Acad. Sci. USA 89:7836—
7839.

. Schindler, C., K. Shuai, V. R. Prezioso, and J. E. Darnell, Jr.

1992. Interferon-dependent tyrosine phosphorylation of a latent
transcription factor. Science 257:809-813.

Shuai, K., C. Schindler, V. R. Prezioso, and J. E. Darnell, Jr.
1992. Activation of transcription by IFN-vy: tyrosine phosphor-
ylation of a 91-kD DNA binding protein. Science 258:1808-1812.
Veals, S. A., C. Schindler, D. Leonard, X. Fu, R. Aebersold,
J. E. Darnell, and D. E. Levy. 1992. Subunit of an alpha-
interferon-responsive transcription factor is related to interferon

200z ‘z 1snbny uo 0931Ad NVS dITvD 40 AINN e Bio wse gow woij papeojumod


http://mcb.asm.org

VoL. 13, 1993 DOWNREGULATION OF IFN-INDUCED GENE EXPRESSION 7521

regulatory factor and Myb families of DNA-binding proteins.
Mol. Cell. Biol. 12:3315-3324.

31. Wadzinski, B. E., W. H. Wheat, S. Jaspers, L. F. Peruski, R. L.
Lickteig, G. L. Johnson, and D. J. Klemm. 1993. Nuclear protein
phosphatase 2A dephosphorylates protein kinase A-phosphory-
lated CREB and regulates CREB transcriptional stimula-

32.

tion. Mol. Cell. Biol. 13:2822-2834.

Wilson, K. C., and D. S. Finbloom. 1992. Interferon vy rapidly
induces in human monocytes a DNA-binding factor that recog-
nizes the vy response region within the promoter of the gene for
the high-affinity Fcy receptor. Proc. Natl. Acad. Sci. USA
89:11964-11968.

200z ‘z 1snbny uo 0931Ad NVS dITvD 40 AINN e Bio wse gow woij papeojumod


http://mcb.asm.org

