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Target of rapamycin (TOR) is a highly conserved serine/thre-
onine kinase that controls cell growth, primarily via regulation
of protein synthesis. In Saccharomyces cerevisiae, TOR can also
suppress the transcription of stress response genes by a mecha-
nism involving Tap42, a serine/threonine phosphatase subunit,
and the transcription factorMsn2. A physical association between
mammalian TOR (mTOR) and the transcription factor signal
transducer and activator of transcription-1 (STAT1) was recently
identified inhumancells, suggestinga similar role formTORin the
transcription of interferon-�-stimulated genes. In the current
study, we identified amacromolecular protein complex composed
ofmTOR,STAT1, theTap42homologue�4, andtheproteinphos-
phatase 2A catalytic subunit (PP2Ac). Inactivation of mTOR
enhanced its association with STAT1 and increased STAT1
nuclear content in PP2Ac-dependent fashion. Depletion of �4,
PP2A, or mTOR enhanced the induction of early (i.e. IRF-1) and
late (i.e. caspase-1, hiNOS, and Fas) STAT1-dependent genes. The
regulation of IRF-1 or caspase-1 by mTOR was independent of
other knownmTOReffectors p70S6kinase andAkt. These results
describe a new role for mTOR and �4/PP2A in the control of
STAT1 nuclear content, and the expression of interferon-�-sensi-
tive genes involved in immunity and apoptosis.

Themacrocyclic lactone rapamycin (Sirolimus, RapamuneTM),
as well as its analogues temsirolimus (CCI-779, ToriselTM) and
everolimus (RAD-001, CerticanTM), are approved for immuno-
suppression after organ transplantation, treatment of renal cell
carcinoma, and thepreventionof coronaryartery in-stent resteno-
sis (1). Their only known target ismammalian target of rapamycin
(mTOR),3 a highly conserved protein that controls cell growth in

response to mitogens and changes in cellular metabolism. The
effectsofmTORoncell growth involve thephosphorylationofp70
S6 kinase (S6K) and the translation inhibitor 4E-BP1, key regula-
tors of ribosomal biogenesis and the initiation of protein synthesis
(2). In contrast to its role in the initiation of translation, the
current study focuses onmTOR as a regulator of mammalian
gene transcription.
Studies in Saccharomyces cerevisiae have revealed possible

mechanisms by which mTOR might control mammalian tran-
scription factors. TOR-regulated transcriptional control path-
ways include ribosomal biogenesis, the nutrient deprivation
response, and the stress response (3). TOR stimulates 35 S ribo-
somal RNA expression and ribosomal biogenesis in nutrient-
dependent fashion. Inhibition of TOR (e.g. rapamycin or amino
acid depletion) reproduces a catabolic response in part by
inhibiting rRNA synthesis. In the nutrient deprivation and
stress responses, TOR controls the nuclear localization of key
transcription factors by mechanisms that require its associated
serine/threonine phosphatases (i.e. Pph21, Pph22, or Sit4) and
their adaptor, Tap42 (3). Rapamycin blocks phosphorylation of
the transcription factor Gln3, as well as its cytosolic scaffolding
protein Ure2, permitting Gln3 translocation to the nucleus and
the induction of nutrient discrimination pathway genes (4).
During heat shock or osmotic stress, inactivation of TOR or
Tap42 leads to sustained transcription of stress response
genes by augmenting the nuclear content of the transcrip-
tion factorMsn2 (5). TOR does not appear to affect the phos-
phorylation of Msn2. Interactions between the mammalian
homologues mTOR, �4, and the protein phosphatase 2A cat-
alytic subunit (PP2Ac) have been described, but little is
known regarding the mechanism by which TOR controls the
induction of stress transcriptional responses in higher
eukaryotes.
We recently reported a physical association betweenmTOR,

the transcription factor signal transducer and activator of tran-
scription-1 (STAT1), and the STAT1 kinase protein kinase C-�
(PKC�) (6). In human lung epithelial carcinoma (A549) cells,
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mTOR�STAT1 interactions were enhanced by Escherichia coli
lipopolysaccharide and the cytokine interferon-� (IFN-�), a key
inducer of genes involved in microbial killing, inflammation,
and apoptosis. AlthoughmTOR is a protein kinase, STAT1 did
not appear to be its substrate. We subsequently proposed that,
likeMsn2 in yeast, mTORmight control the nuclear trafficking
of STAT1 independent of its phosphorylation.
IFN-� transcriptional programs are determined, in large

part, by the control of STAT1 nuclear content, and binding of
STAT1 to target gene promoters. Phosphorylation of its Tyr-
701 residue is required for IFN-�-induced STAT1 dimeriza-
tion, accelerated translocation to the nucleus, and physical
interaction with DNA-binding elements. STAT1 is also phos-
phorylated at its Ser-727 residue by novel protein kinase C iso-
forms (i.e. PKC� and PKC�) (7); this modification controls
STAT1 transcriptional activity (8), as well as its nuclear export
(9). The induction of early IFN-�-stimulated genes (e.g. IRF-1
and STAT1) is required for, and amplifies, themaximal expres-
sion of late IFN-�-stimulated genes (10, 11).

Becausemechanisms bywhich TOR controls gene transcrip-
tion in yeast might be conserved, we hypothesized that inacti-
vation of mTOR augments STAT1 nuclear localization by an
�4- and PP2Ac-dependent mechanism. Here we demon-
strate a dynamic association between mTOR, STAT1,
PP2Ac, and �4 that is regulated by mTOR kinase activity.
Inactivation of mTOR, by a mechanism that requires �4 and
PP2Ac, increases the nuclear content of STAT1 and ampli-
fies the induction of IFN-�-stimulated genes involved in
inflammation and apoptosis.

EXPERIMENTAL PROCEDURES

Cell Culture and Cytokine Induction—A549, 2fTGH, and
U3A cells were cultured as previously described (6, 12). HEK
293T cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, penicillin,
100 units/ml, and streptomycin, 100 �g/ml. Cells were incu-
bated without or with rapamycin (Biomol), 50 ng/ml, in serum-
free or serum-containingmedia for 1 h before addition of IFN-�
(Roche Applied Science), 100 units/ml, for the indicated times.
Transfection of siRNAs and Plasmids—A549 cells were trans-

fected with 10–30 nM siRNA (siGENOME SMARTpool, Dhar-
macon) directed against the indicated mRNAs (supplemental
Table S1) using Dharmafect I, according to the manufacturer’s
protocol. A non-targeting siRNA pool (siCONTROL) was used
as a negative control. Specificity and potential off-target effects
of the siRNA pool were tested using each of two individual
siRNA duplexes per mRNA target (supplemental Table S1 and
Fig. S3). For the expression of recombinant proteins, sub-con-
fluent A549 or HEK 293T cells were incubated with serum-free
medium and mammalian expression vectors, 0.5–1.0 �g of
plasmid DNA per 9.6-cm2 culture surface area, mixed with
Lipofectamine 2000 or LTX (Invitrogen) in a 2:3 ratio for 5 h
before replacement with fresh culture medium. Mammalian
expression vectors pRK5 engineered to express Myc-tagged
wild-type or dominant-negative (kinase-dead) mTOR (Dr. D.
Sabatini, Massachusetts Institute of Technology), were ob-
tained from Addgene. After 48–72 h, experimental protocols

were initiated, and lysates were prepared for detection of pro-
tein or mRNA.
Preparation of Cell Lysates for Detection of Proteins or Protein

Complexes—Endogenous or recombinant proteins in whole
cell or purified lysates were detected by Western blot analysis
using antibodies listed in Table S2. Whole cell A549 or HEK
293T lysates were generated after washing oncewith cold phos-
phate-buffered saline, and incubating for 15 min on ice in lysis
buffer A (20mMTris, pH 8.0, 0.3%CHAPS, 1mMEDTA, 10mM

�-glycerophosphate, aprotinin, 10 �g/ml, leupeptin, 10 �g/ml,
1 mM phenylmethylsulfonyl fluoride, 50 mM NaF, 100 �M

sodium orthovanadate). After freezing and thawing, cells were
homogenized on ice and cleared (1,000 � g for 5 min). Super-
natants were further separated (16,000 � g for 30 min) to gen-
erate particulate-free lysates. For immunoprecipitation exper-
iments, proteins (1 mg) from whole cell HEK 293T cells lysate
were incubated with control IgG, anti-STAT1, or anti-Myc
antibody, each 4�g, overnight at 4 °C before addition of 20�l of
protein G-Sepharose for 1 h. Pellets were washed three times
with phosphate-buffered saline containing 0.3% CHAPS before
solubilization of bound proteins in SDS sample buffer for 5min
at 95 °C, separation by SDS-PAGE, and detection of bound pro-
teins by Western blot.
Preparation of Nuclear Lysates—A549 cell nuclear lysates

were prepared as described previously (13). Briefly, cell pellets
were resuspended in nuclear lysis buffer 1 (20 mM Tris, pH 7.5,
10 mM KCl, 1 mM dithiothreitol, 1 �g/ml aprotinin, 1 �g/ml
leupeptin, 0.5 mM phenylmethylsulfonyl fluoride, 100 �M

sodium orthovanadate) before homogenization (Dounce, Pes-
tle B) and centrifugation (1,100 � g for 3 min). Supernatants
were then centrifuged (16,000 � g for 30 min) and used as
cytosolic fractions, whereas pelleted nuclei were resuspended
in 2 volumes of nuclear lysis buffer 2 (20 mM Tris, pH 7.5, 500
mM KCl, 1 mM dithiothreitol, 1 �g/ml aprotinin, 1 �g/ml leu-
peptin, 0.5 mM phenylmethylsulfonyl fluoride, 100 �M sodium
orthovanadate) before freezing, thawing, and centrifugation for
30 min at 16,000 � g.
GST Pulldown Assay—The cDNA encoding wild-type

STAT1 (amino acids 1–750) was cloned by PCR into the Gate-
way pDONR 221 Entry vector (Invitrogen) using human lung
cDNA template and oligonucleotide primers listed in Table S3,
and verified by automated sequencing. cDNAswere transferred
to Gateway destination vector pDEST15 by recombination,
before transformation of E. coli BL21 cells, and induction of
GST-STAT1 protein synthesis with 2% arabinose as per the
manufacturer’s protocol (Invitrogen). Purification of GST-
STAT1 from crude bacterial lysates was performed by immo-
bilization on glutathione-Sepharose (Amersham Biosciences),
before recovery in elution buffer (50mMTris-HCl, pH 8, 40mM

glutathione). Purity was verified by Coomassie blue staining,
and confirmed byWestern blot analysis with antibodies against
STAT1 or GST. Recombinant proteins, 10�g each, were added
to 30 �l of glutathione-Sepharose 4B (Amersham Biosciences),
and mixed for 1 h at 4 °C, before addition of equal amounts of
whole cell lysate fromHEK 293T cells. Beads were washed with
phosphate-buffered saline containing 1 mM phenylmethylsul-
fonyl fluoride and 0.3% CHAPS. Proteins were eluted in SDS

Regulation of STAT1 by mTOR

24342 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 36 • SEPTEMBER 4, 2009

http://www.jbc.org/cgi/content/full/M109.033530/DC1
http://www.jbc.org/cgi/content/full/M109.033530/DC1
http://www.jbc.org/cgi/content/full/M109.033530/DC1
http://www.jbc.org/cgi/content/full/M109.033530/DC1
http://www.jbc.org/cgi/content/full/M109.033530/DC1
http://www.jbc.org/cgi/content/full/M109.033530/DC1


sample buffer, separated by SDS-PAGE, and detected byWest-
ern blot analysis.
Purification of Endogenous Protein Complexes by Chro-

matography—Whole cell lysates for ion-exchange and gel-fil-
tration chromatography were prepared using lysis buffer A
without detergent. HEK 293T whole cell homogenates were
applied to a SP Sepharose column (Amersham Biosciences)
before washingwith 5 column volumes of buffer B (20mMTris-
HCl, pH 8.0), and collection of unbound proteins (i.e. flow-
through). Protein content was monitored by continuous UV
absorption spectrometry. Bound proteins were eluted with a
continuous NaCl gradient formed by automated mixing with
buffer C (20 mM Tris-HCl, pH 8.0, 1 M NaCl), and collected in
1-ml fractions. Proteins in fractions from chromatographic
peaks were detected by Western blot analysis or used for sub-
sequent gel-filtration chromatography.
For gel-filtration chromatography, 500-�l aliquots of the

partially purified mTOR�STAT1�PP2Ac-containing fractions
generated by cation-exchange chromatographywere applied to
a Superose 6 column (Amersham Biosciences, 10-mm diame-
ter/24-cm bed height), before perfusion with gel-filtration elu-
tion buffer (Buffer A without detergent). Proteins or protein
complexes were collected in 0.5-ml fractions and detected by
Western blot analysis. The column was calibrated using Dex-
tran blue (2000 kDa), aldolase (158 kDa), ferritin (440 kDa), and
thyroglobulin (669 kDa) molecular mass standards dissolved in
Buffer A.
Quantification of Protein Levels by Band Densitometry—Im-

ages ofWestern blot filmswere acquired using anAlpha Imager
(Alpha Inotech Corp.) and analyzed with Alpha Ease FC soft-
ware (version 4.1.0). Band density was obtained using the spot
density and autobackground functions. The means of band
density values from multiple experiments were compared by
Student’s t test.
Real-time PCR—RNA was extracted (Illustra RNAspin kit,

Amersham Biosciences), and cDNA was generated by reverse
transcription from 1 �g of RNA (Superscript II, Invitrogen).
TaqMan- or SYBR green-based real-time PCR was performed
using 2 �l of cDNA and Power SYBR green or TaqManUniver-
sal PCR master mix (ABI), as per the manufacturers’ instruc-
tions. Primers are listed in supplemental Tables S4 and S5. PCR
reactions were carried out for 45 cycles (ABI 7500 Real Time
PCRSystem). Results are expressed as -fold induction inmRNA
levels as calculated by the ��Ct method (14).
Fluorescence Imaging of STAT1 or STAT1�PKC� Hetero-

dimers—For detection of endogenous STAT1, A549 cells were
fixed with 4% paraformaldehyde for 15 min at room tempera-
ture before permeabilization with 0.2% Triton X-100 and incu-
bation with mouse �STAT1 antibody (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), and then Alexa Fluor 568 conjugated to
anti-mouse antibody (Invitrogen). For expression of enhanced
cyan fluorescent protein (ECFP)-tagged STAT1, gateway desti-
nation vector pcDNA3.1/nV5/ECFP-DESTwas constructed by
PCR-amplifying ECFP cDNA using pECFP-C1 (Clontech) as
a template, and the following primers, each containing an
EcoO109I restriction site: forward, 5�-acaaagggcccaatggtga-
gcaagggcga-3�; reverse, 5�-acaaagggcccttgtacagctcgtccat-3�.
EcoO109I digestion products of pcDNA3.1/nV5-DEST

(Invitrogen) and the PCR product were ligated according to
the manufacturer’s protocol (Invitrogen); the resulting con-
struct was propagated in DB3.1 E. coli-competent cells
(Invitrogen), and verified by automated sequencing. The
cDNA encoding wild-type STAT1was transferred from
pDONR 221-STAT1WT to pcDNA3.1/nV5/ECFP-DEST by
recombination. For experiments employing co-expression of
PP2Ac isoforms, wild-type PP2Ac�, or its constitutively
active Y307F form, were cloned by PCR into Gateway entry
vector pDONR 221 using plasmid templates PCDNA3.1-
HA-PP2Ac� WT and PCDNA3.1-HA-PP2Ac� Y307F (Dr. P.
Branton, McGill University), and primers listed in supplemen-
tal Table S3. The dominant-negative PP2Ac� form (L199P)
inhibits endogenous PP2Ac� function, and cannot bind or
hydrolyze its substrates (15); this mutant was engineered by
site-directed mutagenesis (Stratagene) using pDONR 221-
PP2Ac� WT as template and the following primers: forward,
5�-ccaatgtgtgacttgccgtggtcagatccagatgac-3�; reverse, 5�-gtc-
atctggatctgaccacggcaagtcacacattgg-3�. The cDNAs encod-
ing PP2Ac isoforms forms were transferred from their
respective pDONR 221 plasmids to pcDNA3.1/nV5/DEST
by recombination. A549 cells were transfected with
pcDNA3.1/nV5/ECFP-STAT1 alone (1 �g/9.6-cm2 dish sur-
face area), or with empty vector or pcDNA3.1/nV5-PP2Ac�
isoforms. For co-expression experiments, STAT1 (0.7
�g/9.6-cm2 dish surface area) and PP2Ac (0.3 �g/9.6-cm2

dish surface area) mammalian expression plasmids were co-
transfected.
Plasmid vectors for protein fragment complementation

assays (PCAs) were adapted for the Gateway cloning system
and provided by Dr. S. Michnick (University of Montreal).
These pcDNA3.1 destination vectors contain Gateway recom-
bination sites inserted downstream from cDNAs for yellow flu-
orescent protein fragments YF1 (amino acids 1–158) or YF2
(amino acids 159–239) (16) (supplemental Fig. S2). Wild-type
PKC� was cloned by PCR into the Gateway entry vector
pDONR 221 using the primers and template listed in supple-
mental Table S3. cDNAs encoding wild-type STAT1 or PKC�
were transferred to the pcDNA3.1-based PCA vectors by
recombination. Plasmids, 1 �g/9.6-cm2 dish surface area, were
co-transfected in a 1:1 ratio (VF1-STAT1:VF2-PKC�) by lipo-
somal transfection (Lipofectamine LTX Reagent, Invitrogen)
according to themanufacturer’s recommendation, before initi-
ation of the indicated experimental protocols. Cells were fixed
in 4% paraformaldehyde for 15 min at room temperature,
rinsed with phosphate-buffered saline, and mounted in
Vectashield Mounting Medium containing the DNA-binding
dye 4�,6-diamidino-2-phenylindole (Vector Laboratories).

Fluorescence was detected by multitrack image acquisi-
tion (ECFP: excitation 458 nm, emission 475 nm; YFP: exci-
tation 512 nm, emission 529 nm; Alexa Fluor 568: excitation
578 nm, emission 603 nm; 4�,6-diamidino-2-phenylindole:
excitation 405 nm, emission 475 nm) using a Plan-Neofluar
40�/1.3� oil differential interference contrast objective and
Zeiss LSM 510 META scanning confocal microscope.
Images were acquired at room temperature using the inte-
grated Zeiss AxioCam HR digital sensor and LSM 510 soft-
ware. Fluorescence intensity was assessed by measuring rel-
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ative pixel density with ImageJ
software (Version 1.38x, NIH),
and images were displayed using a
Zeiss LSM Image Browser (version
4.2.0.121, Carl Zeiss MicroImag-
ing). Results are expressed as the
ratio of nuclear to cytoplasmic
pixel density.

RESULTS

The Phosphatase Subunits�4 and
PP2Ac Associate with mTOR and
STAT1 in Mammalian Cells—We
identified additional components
of the mTOR�STAT1 complex by
affinity purification of proteins from
HEK 293T whole cell lysates, a
commonly used system for studying
mTOR protein interactions. In
GST pulldown assays, recombinant
GST-STAT1, but not GST alone,
associated with mTOR and PKC�
in HEK 293T lysates, as well as
the mTOR-associated phosphatase
subunit �4 (Fig. 1A). As expected,
GST-STAT1 was strongly associ-
atedwith endogenous STAT1. Con-
sistent with our previous work (6),
IFN-� led to a small but significant
increase in the amount of mTOR or
PKC� that bound recombinant
STAT1 (Fig. 1A, right panel). The
association between �4 and STAT1
was reduced in lysates from cells
exposed to IFN-�. These results
indicate that mTOR, PKC�, and �4
can associate with recombinant
STAT1; however, the levels of
mTOR, PKC�, or �4 bound to GST-
STAT1 were a small fraction of the
total cellular input (Fig. 1A, lanes 4
and 5 versus lanes 1 and 2), suggest-
ing that the complex may not be
abundant, or its assembly might
require STAT1 post-translational
modification. We therefore pro-
ceeded to characterize the complex
using endogenous proteins from
intact cells.
Endogenous proteins in HEK

293T whole cell lysates were sepa-
rated by ion-exchange and gel-fil-
tration chromatography. HEK 293T
cells were serum-deprived for 1 h
before incubation without or with
IFN-� for 30 min. After cation-ex-
change chromatography (Fig. 1B),
STAT1, and PKC� were detected in
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two chromatographic peaks at elution volumes of 60–64 ml
(Peak 1, 110 mM NaCl) and 70–72 ml (Peak 2, 250 mM NaCl),
respectively.mTOR, and its associated phosphatase subunit�4,
was detected with PKC�, STAT1, and PP2Ac, but only in frac-
tions from Peak 2 (Fig. 1B). mLST8, a known mTOR-interact-
ing adaptor protein, was also present in Peak 2. The peak elu-
tion ofmTOR-associated translational control proteins 4E-BP1
and S6K occurred at higher concentration of NaCl. Therefore,
the transcription factor STAT1 co-purifies with mTOR,
mLST8, PKC�, PP2Ac, and �4, but not with the translational
control factors 4E-BP1 or S6K.
Fractions containingmTOR, STAT1, PP2Ac, and�4 (Peak 2)

were next subjected to gel-filtration chromatography (Fig. 1C).
In unstimulated cells, mTOR and mLST8 were detected at a
molecular mass similar to that of thyroglobulin (�669 kDa). In
cells exposed to IFN-�, STAT1, PKC�, and PP2Ac were
detected in high molecular weight fractions with mTOR; with

the exception of PKC�, monomeric forms of proteins in the
mTOR�STAT1 complex were absent in this cation exchange-
purified fraction (i.e. Peak 2). In contrast to PP2Ac, mTOR, and
PKC�, �4 no longer co-eluted with STAT1 in cells exposed to
IFN-�. Although a small amount of S6K was recovered in Peak
2 (Fig. 1B), it did not co-fractionate with STAT1 after gel-filtra-
tion chromatography (Fig. 1C). Therefore, the subset of mTOR
that binds PKC� and STAT1 co-elutes with PP2Ac and �4 and
is distinct from that which regulates translation initiation or
ribosomal biogenesis. The amount of STAT1 that co-elutes
with mTOR and �4 represents a fraction of the input, because
STAT1 is present inmultiple complexes (Fig. 1,B andC). These
data are consistent with variation in the amounts of mTOR-
associated proteins that bound GST-STAT1 (Fig. 1A).
To determine whether mTOR kinase activity regulates the

association between STAT1 andmTOR,we exposedHEK293T
cells to serum-free media, rapamycin, or IFN-�. Blockade of
mTOR activity with rapamycin strengthened the association
between STAT1 and mTOR as compared with baseline (Fig.
1D), but had no discernable effect on the association between
STAT1 and PP2A or �4. As previously shown (6), IFN-�
increased the association between STAT1 and mTOR. Similar
to findings in gel-filtration experiments (Fig. 1C), IFN-�
strengthened the association between STAT1 and PKC� or
PP2Ac.
These results suggest that STAT1 is preferentially associated

with inactivated mTOR. Consistent with the effect of rapamy-
cin, the recombinant kinase-dead form of Myc-mTOR exhib-
ited a stronger association with STAT1 than that with the wild
type (Fig. 1E, lane 3 versus 1). IFN-� enhanced the association
between wild-typeMyc-mTOR and STAT1 (Fig. 1E, lane 2 ver-
sus 1) but failed to further increase that between kinase-dead
Myc-mTOR and STAT1 (Fig. 1E, lane 4 versus 3). Despite an
increased association with kinase-dead mTOR, the phospho-
rylation of STAT1, as determined by phospho-specific antibod-
ies or gel retardation, did not appear to be altered by rapamycin
or expression of the kinase-dead mTORmutant (supplemental
Fig. S1). In vitro kinase assays using mTOR immunoprecipi-
tates were not employed, because at least one other STAT1
kinase is present in the complex (i.e. PKC�). Taken together,
these data indicate that mTOR can be found in a dynamicmac-
romolecular complex with STAT1, PKC�, and the mTOR-as-
sociated phosphatase subunits �4 and PP2Ac. Moreover,
mTOR kinase activity regulates its association with STAT1.

FIGURE 1. STAT1 associates with mTOR, �4, and PP2Ac in a macromolecular complex. A, HEK 293T cells were exposed to serum-free medium for 1 h before
incubation without or with IFN-�, 100 units/ml for 30 min. Proteins in whole cell homogenates, 2.5 mg, were incubated with recombinant GST alone or
GST-STAT1, each 10 �g, bound to glutathione-Sepharose. Bound proteins and sample inputs (Inp) 0.5% of the cell lysate) were separated by SDS-PAGE and
detected by Western blot analysis. Long (Inp-l) and short (Inp-s) exposures of the same gel are shown. Average band density for recovered mTOR � S.E. from
three independent experiments is shown (right panel, *, p � 0.05 versus control). B, proteins in whole cell homogenates, 40 mg, from cells serum-deprived cells
(1 h) incubated without or with IFN-� were separated by cation-exchange chromatography. Beginning at the first chromatographic peak (flow-through), 1-ml
fractions were collected. A NaCl gradient was applied, beginning at 54 ml (0 mM NaCl). 30-�l aliquots of fractions from the flow-through and the indicated three
peaks were analyzed by Western blot analysis. C, samples, 500 �l, from an mTOR�STAT1-containing fraction (Peak 2, 70 ml) were resolved by gel-filtration
chromatography, and the indicated proteins were detected by Western blot analysis. The gel-filtration column was calibrated with molecular mass markers
(shown above). D, HEK 293T cells, or E, HEK 293T cells expressing Myc-tagged wild-type (WT) or kinase-dead (KD) mTOR, were serum-deprived for 1 h in the
absence or presence of rapamycin before incubation without or with IFN-� for 30 min. Proteins from whole cell lysates, 1 mg, were immunoprecipitated with
�STAT1 (D), �-Myc (E), or normal IgG antibody before detection of protein G-Sepharose-purified proteins by Western blot analysis. �STAT1 immunoprecipi-
tates were run on separate gels for the detection of mTOR (left) and other mTOR�STAT1 complex proteins (right), respectively. Average band density for
recovered mTOR (mean � S.E.) from three independent experiments is shown (right panel; *, p � 0.05 versus control). All gels are representative of 3–5
independent experiments.

FIGURE 1—continued
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Rapamycin Increases the Nuclear Content of mTOR�STAT1
Component Proteins—STAT1 did not appear to be a kinase
substrate for mTOR (6), and we reasoned that, like the yeast
TOR/Msn2 pathway (3), mTORmight control the nuclear con-
tent of STAT1. To test for mTOR effects, we used transient
exposure to its inhibitor rapamycin, because prolonged genetic
or molecular manipulation of mTOR, or its endogenous sup-
pressor TSC2, can alter STAT1 levels and activity (6, 18). Sub-
sequent experiments were performed in lung epithelial adeno-

carcinoma (A549) cells, because
HEK 293T cells do not express
many IFN-�- and STAT1-depend-
ent genes (data not shown) that reg-
ulate apoptosis or inflammation (6,
19, 20). A549 cells were serum-de-
prived for 1 h in the absence or pres-
ence of rapamycin, before incuba-
tion with serum-free medium or
IFN-� for 0.5, 3, or 18 h, and prepa-
ration of nuclear and cytosolic
lysates. In cells exposed to IFN-�,
rapamycin further enhanced
nuclear STAT1 levels (Fig. 2A,
lanes 4 versus 2 and lanes 12 versus
10; Fig. 2B). The enhancing effect
of rapamycin was observed for the
Tyr-701- and Ser-727-phospho-
rylated forms of STAT, indicating
the accumulation of STAT1 in its
transcriptionally active form. Sep-
aration of nuclear and cytoplasmic
proteins was confirmed by co-lo-
calization of acetylated histone H3
and enolase, respectively.
Incubation of cells with rapamy-

cin alone for 0.5, 3, or 18 h was
sufficient to increase the nuclear
content of STAT1 in its unphos-
phorylated form (Fig. 2, A (lanes 3
and 11) and B). The nuclear accu-
mulation of STAT1 was accompa-
nied by elevated nuclear levels of
mTOR, �4, and PP2Ac seen at all
time points (Fig. 2A, lanes 3 and
11). We did not consistently ob-
serve an inverse correlation
between cytoplasmic and nuclear
levels of mTOR�STAT1-associ-
ated proteins. These results sug-
gest that a fraction of total cellular
STAT1, mTOR, �4, and PP2Ac
undergoes nuclear trafficking, and
that inactivation of mTOR can
increase the nuclear content of
mTOR�STAT1-associated proteins.

Although rapamycin significantly
enhanced the nuclear content of
STAT1 (Fig. 2B), changes in nuclear

STAT1 content observed by Western blot analysis were of
small magnitude, and low levels of the endoplasmic reticulum
marker protein Erp57 were detected in nuclear fractions (data
not shown). To better determine the effect of mTOR inactiva-
tion on constitutive STAT1 nuclear trafficking, we performed
fluorescence confocal imaging of untransfected A549 cells, or
those expressing wild-type cyan fluorescent protein (CFP)-
tagged STAT1 (Fig. 3). As expected, IFN-� led to a significant
increase in nuclear STAT1 as measured by its nuclear to cyto-

FIGURE 2. The effect of rapamycin on nuclear STAT1 content. A549 cells were serum deprived for 1 h without
or with rapamycin (50 ng/ml) before incubation without or with IFN-�, 100 units/ml, for 0.5, 3, or 18 h. A, pro-
teins were detected by Western blot analysis after generation of nuclear and cytosolic fractions. Gels shown are
representative of six experiments. Average integrated band density � 1000 (S.E. � 5% of the mean for each
condition, †, p � 0.05 rapamycin with IFN-� versus IFN-� alone; *, p � 0.05 versus control) is indicated below
Western blots for nuclear phospho-STAT1, mTOR, PP2Ac, or �4. B, average integrated band density for nuclear
STAT1 � S.E. (*, p � 0.05 versus untreated control; †, p � 0.05 rapamycin with IFN-� versus IFN-� alone).
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plasmic ratio (Fig. 3A). Incubation of cells with rapamycin for
1 h also augmented endogenous (Fig. 3A) or CFP-STAT1 (Fig.
3B) levels in the nucleus. Serum deprivation minimally
increased nuclear levels of recombinant CFP-STAT1, but not
those of endogenous STAT1. In cells exposed to IFN-�, rapa-
mycin-induced changes in nuclear to cytoplasmic STAT1 ratio
were difficult to quantify by fluorescence microscopy due to
saturation of the nuclear signal (data not shown). Together,
results from biochemical and imaging experiments indicate
that the increased association between inactivated mTOR and
STAT1 (Fig. 1, D and E) is accompanied by enhanced STAT1
nuclear content.
PP2Ac Mediates the Effect of Rapamycin on STAT1 Nuclear

Content—Inmammalian cells, mTOR and �4 associated with
PP2Ac (21). To determine whether rapamycin effects on

STAT1 nuclear content requires
PP2Ac activity, we co-expressed
its constitutively-active (Y307F)
or dominant-negative (L199A)
form with CFP-STAT1 (Fig. 4A).
Expression of the constitutively
activeformblockedtherapamycin-
dependent increase in nuclear
CFP-STAT1 levels. Expression of
dominant-negative PP2Ac caused
a 2-fold increase in basal CFP-
STAT1 levels. In contrast to
untransfected (Fig. 3A) or empty
vector-transfected cells (Figs. 3B,
4A, and 4B), rapamycin failed to
further augment nuclear STAT1
levels in cells expressing domi-
nant-negative PP2Ac. These
results demonstrate that PP2Ac
activity mediates the effects of
mTOR inactivation on STAT1
nuclear trafficking.
Because rapamycin also en-

hanced the association between
STAT1 and PKC� (Fig. 1D), we
used PCA to test whether mTOR
can regulate the nuclear levels
of STAT1 complexes. Wild-type
recombinant STAT1 and PKC�,
each linked to a complementary
fragment of YFP, were expressed
in A549 cells (Fig. 4B and supple-
mental Fig. S2). After 48 h, physi-
cal association between STAT1
and PKC� resulted in the detec-
tion of YFP fluorescence in the
cytoplasm. Consistent with meas-
urements of endogenous or CFP-
tagged STAT1 (Fig. 3), incubation
of cells with rapamycin alone for
1 h led to a 2.5-fold increase in
STAT1�PKC� nuclear content.
Serum deprivation alone did not

alter the nuclear content of the STAT1�PKC� heterodimer.
STAT1�PKC� translocation to the nucleus elicited by rapa-
mycin was similar to that induced by IFN-�, and slightly
attenuated by the presence of serum. YFP fluorescence was
not detected in cells co-transfected with empty vector con-
trols (data not shown).
Taken together, complementary biochemical and imaging

studies demonstrate that STAT1 nuclear levels are regulated
by mTOR in PP2A-dependent fashion. Rapamycin can
increase the nuclear content of unphosphorylated STAT1 in
the absence of IFN-�, or enhance the nuclear content of
activated STAT1 in cells exposed to IFN-�. We next deter-
mined whether inactivation of mTOR, or the depletion of
�4/PP2Ac phosphatase subunits, leads to enhanced induc-
tion of STAT1-dependent genes.

FIGURE 3. Rapamycin induces STAT1 translocation to the nucleus. A, untransfected A549 cells, or B, those
expressing recombinant CFP-STAT1 alone, were incubated without or with serum in the absence or presence
of rapamycin, 50 ng/ml, for 0 (Ctrl) or 1 h. Endogenous STAT1 (red) and CFP-STAT1 (cyan blue) were detected by
indirect immunofluorescence, and direct fluorescence, confocal microscopy, respectively. Slides were
mounted with solution containing the nuclear marker 4�,6-diamidino-2-phenylindole (DAPI, navy blue). Sum-
marized data (mean nuclear to cytoplasmic pixel density ratio � S.E., n � 3–5 cells per experiment) are shown
below the images, and are representative of three independent experiments. *, p � 0.05 versus control.
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Inactivation of mTOR Enhances the Induction of Early IFN-
�-stimulated Genes—Interferon regulatory factor-1 (IRF-1) is
an early STAT1-dependent IFN response gene, the product of
which, in a feed-forward positive feedback loop, directly acti-
vates the STAT1 gene promoter (10). Newly synthesized
STAT1 and IRF-1 then contribute to the induction of other late
IFN-�-stimulated genes (22). Because rapamycin enhanced
nuclear STAT1 protein levels (Figs. 2–4), we reasoned that
inactivation of mTORwould augment IRF-1 expression in cells
exposed to IFN-�. A549 cells were serum-deprived in the
absence or presence of rapamycin before incubation with
IFN-� for up to 18 h. Cells exposed to rapamycin and IFN-�
exhibited greater induction of IRF-1 mRNA (Fig. 5A, left panel;
13- versus 3-fold) and protein (Fig. 5B, lane 8 versus 6) than
those exposed to IFN-� alone (Fig. 5A; 13- versus 3-fold). Sub-
sequent induction of STAT1 mRNA at 6 h, which is primarily
regulated by IRF-1, was also significantly enhanced by rapamy-
cin (Fig. 5A, right panel). Interestingly, the effect of rapamycin
was less pronounced at 6 h, and then resumed at 18 h, suggest-
ing a secondary signaling event due to new protein synthesis or
autocrine signaling. Consistent with increased mRNA levels,
the enhancing effect of rapamycin on IRF-1 protein induction

was pronounced 2 h after exposure
to IFN-� (Fig. 5B). Incubation of
cells with rapamycin alone (i.e. in
the absence of IFN-�) did not appre-
ciably increase IRF-1mRNA or pro-
tein levels (Fig. 5, A and B).
To further demonstrate an inhib-

itory role for mTOR, �4, or PP2Ac
during the induction of IFN-�-stim-
ulated genes, we transfected cells
with pooled siRNA duplexes to
maximize targetmRNA and protein
depletion while limiting potential
off-target effects. In agreement,
pooled siRNA targeting �4 or
PP2Ac reduced mRNA levels more
effectively than each of two individ-
ual siRNA duplexes (supplemental
Fig. S3, A and B). Moreover, neither
pooled nor single siRNA duplexes
significantly depleted the levels of
other mRNAs encoding proteins in
the mTOR pathways (supplemental
Fig. S3, C and D). siRNA-mediated
depletion of mTOR reproduced the
effect of rapamycin on IRF-1 levels
(Fig. 5C, lanes 4 versus 2). Phospho-
rylation of S6K at Thr-389 in
mTOR-depleted cells was reduced
(lanes 3 and 4), confirming inhibi-
tion of mTOR activity.
We next determined whether the

enhancing effect ofmTORblockade
on IRF-1 or STAT1 expression
requires �4 or PP2Ac (Fig. 5, D–F).
Like rapamycin (Fig. 5, D and E,

lanes 4 versus 2), siRNA-mediated depletion of �4 (Fig. 5D,
lanes 6 versus 2) or PP2Ac (Fig. 5E, lanes 6 versus 2) increased
IRF-1 protein levels in cells exposed to IFN-�. Rapamycin failed
to further increase IRF-1 protein induction in �4- or PP2Ac-
deficient cells (lanes 8 versus 6). Phosphorylation of S6K at the
PP2Ac/mTOR-sensitive T389 residue (23) was increased upon
depletion of PP2Ac, indicating a reduction in PP2Ac activity
(Fig. 5E, lanes 5 versus 1). Depletion of �4 also increased phos-
phorylation of S6K, indicating that, as previously shown (24,
25), �4 can be a positive regulator of PP2Ac activity (Fig. 5D,
lane 5 versus 1). IRF-1 induction was enhanced whether phos-
phorylation of S6K was reduced (mTOR depletion (Fig. 5C))
or augmented (PP2Ac depletion (Fig. 5E)), suggesting that
phosphorylation of S6K is not involved in mTOR regulation
of STAT1. Depletion of mTOR, �4, or PP2Ac using each of
two single siRNA duplexes reproduced the effects of pooled
siRNAs on IRF-1 induction (supplemental Fig. S4). Consist-
ent with elevated IRF-1 levels, depletion of �4 or PP2Ac
enhanced STAT1 mRNA induction by 2- and 3-fold, respec-
tively (Fig. 5F). Rapamycin failed to potentiate STAT1
mRNA induction in �4- or PP2Ac-deficient cells. These data
demonstrate a requirement for �4 and PP2Ac in the enhanc-

FIGURE 4. mTOR and PP2Ac activity regulate STAT1 nuclear content. A, A549 cells co-expressing CFP-STAT1
and PP2Ac isoforms (Y307F, constitutively active; L199P, dominant-negative) were incubated without or with
serum in the absence or presence of rapamycin, 50 ng/ml, for 0 (Ctrl) or 1 h, before detection of CFP-STAT1 (cyan
blue) by confocal fluorescence microscopy. B, STAT1 and PKC�, each linked to complementary fragments of
YFP were expressed in A549 cells. Physical interaction of the recombinant proteins leads to reconstitution of
active YFP permitting detection by fluorescence microscopy. A549 cells expressing STAT1 and PKC� PCA
constructs were incubated without or with serum in the absence or presence of rapamycin, 50 ng/ml, or IFN-�,
100 units/ml, for 1 h. Summarized data (mean nuclear to cytoplasmic pixel density ratio � S.E., n � 3–5 cells per
experiment) are shown below representative images of CFP-STAT1 (cyan blue) or STAT1�PKC� heterodimers
(yellow) and nuclei (navy blue), and represent four independent experiments. *, p � 0.05 versus control.
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ing effect of rapamycin on IRF-1 and STAT1 induction. The
effect of rapamycin on STAT1 expression is sustained, and
follows the de novo synthesis of IRF-1.
Inhibition of mTOR Enhances the Induction of Late IFN-�-

stimulated Genes—Given the sustained increase in STAT1
and IRF-1 levels upon inactivation of mTOR or its associated
phosphatases, we hypothesized that mTOR, PP2Ac, and �4
also control the induction of late IFN-�-stimulated STAT1-

dependent genes. We further pro-
posed that this effect of mTOR
should be independent of riboso-
mal biogenesis, which in yeast is
Tap42 (�4)-independent. The
human inducible nitric oxide syn-
thase (hiNOS), Fas (CD95), and
caspase-1 genes encode pro-in-
flammatory and pro-apoptotic
proteins that play essential roles in
the innate immune response and
the control of cell death. All three
are induced by IFN-� in STAT1-
and IRF-1-dependent fashion (22,
26, 27). Consistent with its
enhancing effect on IRF-1 and
STAT1 (Fig. 5), rapamycin aug-
mented subsequent hiNOS, Fas,
and caspase-1 mRNA levels by
25–38% at 18 h after exposure to
IFN-� (Fig. 6A). There was no sig-
nificant effect of rapamycin on late
IFN-�-stimulated gene expression
at 6 or 12 h. Although this is con-
sistent with a requirement for de
novo IRF-1 and STAT1 synthesis, a
STAT1-independent effect of
rapamycin, or an autocrine mech-
anism, could not be ruled out.
Unlike STAT1-dependent genes,

inhibition of mTOR did not aug-
ment levels of precursor ribosomal
RNA (i.e. 45 S rRNA). In contrast,
and as observed in previous studies
(28), serum deprivation without or
with rapamycin blocked the synthe-
sis of 45 S rRNA; this response was
not significantly altered by IFN-�
(Fig. 6B). The inhibitory effect of
rapamycin on 45 S rRNA levels was
preserved in STAT1-deficient
human U3A cells (Fig. 6C), whereas
Fas, hiNOS, or caspase-1 mRNA
was undetectable (data not shown).
As was the case for STAT1 and
IRF-1, depletion of �4 or PP2Ac sig-
nificantly increased hiNOS and
caspase-1 mRNA levels in cells
exposed to IFN-� (Fig. 6D). Deple-
tion of �4 or PP2Ac blocked the

enhancing effect of rapamycin, indicating that both are
required for the effect of mTOR on caspase-1 or hiNOSmRNA
levels.
To confirm that the effect of rapamycin reflected a

requirement for mTOR activity, we used molecular mTOR
inhibitors and measured caspase-1 induction. siRNA-medi-
ated depletion of mTOR (Fig. 7, A and B), as well as the
expression of kinase-dead recombinant mTOR (Fig. 7C), sig-

FIGURE 5. Inhibition of mTOR, or depletion of �4/PP2Ac, augments STAT1 and IRF-1 expression in
response to IFN-�. A549 cells were incubated with serum-free medium in the absence or presence of rapa-
mycin, 50 ng/ml, for 1 h before addition of IFN-�, 100 units/ml, for 0.5, 6, or 18 h before detection of IRF-1 or
STAT1 mRNA (A) or 0.5, 1, or 2 h before detection of IRF-1 protein (B). In panels C–E, cells were transfected with
control or siRNA targeting mTOR, �4, or PP2Ac� for 72 h before serum withdrawal for 1 h in the absence or
presence of rapamycin, incubation without or with IFN-� for 2 h, and detection of the indicated proteins by
Western blot. Average integrated band density for IRF-1 � S.E. (*, p � 0.05 rapamycin with IFN-� versus IFN-�)
is shown below each Western blot. F, similarly siRNA-transfected cells were exposed to IFN-� in the absence or
presence of rapamycin for 18 h before detection of STAT1 mRNA levels by real-time PCR. Changes in mRNA
levels are expressed as -fold change relative to control mRNA levels � 1 (��Ct method, means of triplicate
samples � S.E.), and are representative of three experiments (*, p � 0.05 versus IFN-� alone in control-trans-
fected cells). Gels in panels B–E represent data from 3– 4 independent experiments.
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nificantly enhanced the induction of caspase-1 mRNA and
protein levels at 18 h. As expected, phosphorylation of S6K
or Akt was reduced in unstimulated mTOR-deficient cells
(Fig. 7, B and C, lane 5 versus 1). In contrast to the 2-h time
point (Fig. 5C), phosphorylation of S6K or Akt in IFN-�-
stimulated cells was intact, perhaps due to preserved endog-
enous mTOR activity, or the contribution of other signaling
pathways. As was the case for IRF-1 (Fig. 5), caspase-1 levels
were enhanced by rapamycin regardless of Akt or S6K phos-
phorylation state (Fig. 7, B andC, lane 6 versus lanes 4 and 8).
Depletion of mTOR or expression of kinase-dead mTOR
(Fig. 7, A–C) blocked the enhancing effect of rapamycin on
caspase-1 induction, indicating that the effect of rapamycin
occurred via mTOR.
To determine whether caspase-1 induction by IFN-� is reg-

ulated by growth factors, and whethermTOR is required, A549
cells were incubated without or with serum in the absence or
presence of rapamycin. The induction of caspase-1 protein lev-
els by IFN-� was enhanced by rapamycin (Fig. 7D, lane 6 versus
2). Incubation of cells with serum suppressed the induction of
caspase-1 by IFN-� (lane 4 versus 2), and this effect was
reversed by the addition of rapamycin (lane 8 versus 4), indicat-
ing a role for mTOR in dampening IFN-�-stimulated gene and
protein induction by growth factors.

DISCUSSION

In this study, we identified a novel mechanism by which
mTOR controls the transcription factor STAT1. mTOR and
the phosphatase subunits �4 and PP2Ac associate with STAT1
in a dynamic protein complex. Inactivation of mTOR favors its
association with STAT1 and promotes both constitutive and
IFN-�-induced STAT1nuclear content. Inactivation ofmTOR,
�4, or PP2Ac enhances the expression of STAT1-dependent
genes and proteins involved in inflammation and apoptosis.
The effect of mTOR on STAT1 does not correlate with the
phosphorylation status of other known mTOR cell growth
effectors (e.g. S6K and Akt) (Figs. 5–7). The regulation of
STAT1 by mTOR and �4 is reminiscent of TOR/Tap42-de-
pendent control ofMsn2 in yeast (5) and suggests an evolution-
arily conserved mechanism by which mTOR controls cellular
stress responses.
We show that inactivation of mTOR amplifies the induction

of early (i.e. IRF-1) and late (i.e. hiNOS, caspase-1, and Fas)
IFN-�-stimulated genes. Others have shown that early induc-
tion of IRF-1 requires rapid translocation of activated STAT1 to
the nucleus (29). Newly synthesized IRF-1 permits additional
synthesis of STAT1 (10). The increased IRF-1 and STAT1 con-
tribute to the induction of late IFN-�-stimulated genes, which

FIGURE 6. Inhibition of mTOR, �4, or PP2A augments the induction of STAT1- and IRF-1-dependent IFN-�-stimulated genes. A549 cells were incubated
with serum-free medium in the absence or presence of rapamycin, 50 ng/ml, before addition of IFN-�, 100 units/ml, for 6, 12, or 18 h. Changes in caspase-1, Fas,
and hiNOS mRNA (*, p � 0.05 rapamycin with IFN-� versus IFN-� alone) (A), or 45 S rRNA levels (*, p � 0.05 versus control) (B) are expressed as -fold increase
relative to control � 1 (��Ct method, means of triplicate samples � S.E.), and represent data from three experiments. C, STAT1-deficient (U3A) or control
(2fTGH) transformed human fibroblasts were exposed to serum-free medium in the absence or presence of rapamycin before addition of IFN-� for 0 or 18 h and
measurement of 45 S rRNA levels (*, p � 0.05 versus control). D, A549 cells were transfected with siRNAs targeting �4 or PP2Ac� for 72 h before serum
deprivation in the absence or presence of rapamycin and incubation with IFN-� for 18 h. Changes in hiNOS or caspase-1 mRNA levels are representative of three
individual experiments. *, p � 0.05 versus IFN-� alone in control-transfected cells.
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are regulated by multiple transcription factors, and by auto-
crine feedback (22). Our data are in agreement with this feed-
forward control mechanism and its regulation by mTOR. That

is, rapamycin enhanced IRF-1 mRNA at 0.5 but not at 6 h.
Similarly, the effect of rapamycin on late IFN-�-stimulated
genes (i.e. 12 and 18 h) followed the new synthesis of IRF-1 and
STAT1. Although we cannot exclude a STAT1-independent
effect of rapamycin on late IFN-�-stimulated genes, the
enhancement of their mRNA and protein levels coincided with
elevated nuclear STAT1 levels (Fig. 2, A and B) and required
mTOR, �4, and PP2Ac (Figs. 6 and 7).
The enhancing effect of mTOR inactivation on STAT1

exhibits several similarities to the TOR/Msn2-mediated “stress
response” in S. cerevisiae (5). Aswas the case for TORandMsn2
(30), we could not detect a role for mTOR in the phosphoryla-
tion of STAT1 (6) (Figs. 2 and 5C, and supplemental Fig. S1).
Furthermore, rapamycin increased the physical association
betweenmTOR and STAT1 (Fig. 1D, rapamycin alone), as well
as STAT1 nuclear content (Figs. 2 (lane 3), 3, and 4), in the
absence if IFN-� (i.e. under conditions where STAT1 was not
phosphorylated at Ser-727 or Tyr-701). Therefore, mTOR reg-
ulates the constitutive trafficking of STAT1 via a rapamycin-
sensitive mechanism that involves an enhanced association
between inactive mTOR and STAT1. As is the case for yeast
TOR/Msn2, the precise molecular target for regulation of
STAT1 nuclear transport by mTOR kinase or PP2Ac phospha-
tase activity is unknown and awaits further phospho-proteomic
characterization of the complex and its components.
In contrast to its stimulation of protein synthesis and cell

growth, mTOR attenuated the induction of STAT1-dependent
genes. Yeast TOR and Tap42 similarly modify stress response
genes by reducing the amount of Msn2 in the nucleus. In con-
trast to Msn2- or STAT1-dependent stress-induced genes,
TOR can also control constitutive levels of nutrient-sensitive
genes (5, 31). In yeast, “nutrient discrimination pathway” genes
are regulated by a different transcription factor (i.e. Gln3) and
its scaffolding protein Ure2. Unlike Msn2 or STAT1, however,
rapamycin blocked the phosphorylation of Ure2 and Gln3 (32).
As was the case for yeast Msn2 or Gln3, mTOR control of
STAT1 was functionally and genetically distinct from its effect
on the synthesis of ribosomal RNA precursors (Fig. 6, B andC).
Our experiments in �4-depleted cells, or those expressing con-
stitutively active or dominant-negative PP2Ac mutants, place
�4 and PP2Ac downstream of mTOR in its control of STAT1,
and STAT1-dependent genes (Figs. 4–7). These results impli-
cate mTOR, its associated phosphatases, and STAT1 in a par-
tially conserved mechanism that regulates the levels of stress-
induced genes.
Enhancement of IFN-�/STAT1 signaling is one of several

mechanisms by which inactivation of mTOR might control
gene transcription inmammalian cells. IncreasedmTOR activ-
ity coincided with inhibition of NF-�B-dependent inflamma-
tory genes (33), and enhanced activity of the transcription fac-
tors p53 and c-Jun (34, 35). Sequestration of mTOR in the
nucleus prevented its ability to stimulate the synthesis of
hypoxia inducible factor-1�protein in the cytoplasm (36).With
respect to direct physical interactions with transcription factor
complexes, TORcan bind and stimulate control elements in the
pre-rRNA gene of S. cerevisiae (37) or those in mammalian
mitochondrial biogenesis genes (38). The current study out-
lines an additional mechanism involving a physical association

FIGURE 7. mTOR kinase activity is required for the suppression of
Caspase-1 induction. A549 cells were transfected with control or siRNA tar-
geting mTOR for 72 h before serum withdrawal for 1 h in the absence or
presence of rapamycin, incubation without or with IFN-� for 18 h, and detec-
tion of caspase-1 mRNA levels by real-time PCR (A) or caspase-1 protein levels
by Western blot (B). C, Myc-tagged wild-type (WT) or kinase-dead (KD) mTOR
were expressed in A549 cells, before incubation without or with rapamycin,
50 ng/ml, in serum-free medium for 1 h followed by the addition of IFN-� for
18 h. D, A549 cells were exposed to IFN-� in the absence or presence of rapa-
mycin or serum for 18 h, before preparation of whole cell lysates and detec-
tion of caspase-1 by Western blot analysis. Changes in mRNA levels (A) are
expressed as -fold change relative to control mRNA levels � 1 (��Ct method,
means of triplicate samples � S.E.), and are representative of three experi-
ments (*, p � 0.05 versus IFN-� alone in control-transfected cells). Protein
levels (mean integrated band density for nuclear STAT1 � S.E.) were meas-
ured by densitometry and are shown to the right of each Western blot. Results
from Western blots (B–D) are representative of 3– 4 individual experiments (*,
p � 0.05 versus IFN-� alone).

Regulation of STAT1 by mTOR

SEPTEMBER 4, 2009 • VOLUME 284 • NUMBER 36 JOURNAL OF BIOLOGICAL CHEMISTRY 24351

http://www.jbc.org/cgi/content/full/M109.033530/DC1


between mTOR and STAT1 and its effect on STAT1 nuclear
content and STAT1-dependent gene transcription.
Intact mTOR kinase activity prevented its association with

unphosphorylated STAT1, resulting in reduced constitutive
STAT1 nuclear content. In contrast, other described mecha-
nisms that can limit STAT1 activity target phosphorylated
STAT1. STAT1-specific cytosolic and nuclear phosphatases
and protein inhibitors (e.g. TCPTP and SOCS) can rapidly sup-
press IFN-� signaling effects (39). In addition, the nuclear
import and export of STAT1 in cells exposed to IFNs is highly
regulated (40). The co-repressor protein inhibitor of activated
STAT-1 blocks STAT1 DNA-binding activity and leads to its
sequestration in nuclear bodies (41). Studies in cells exposed to
prolactin demonstrated an effect of �4 on protein inhibitor of
activated STAT-1 and STAT1, suggesting an additional mech-
anism by which mTOR, and its associated phosphatase sub-
units, might control the expression of STAT1-dependent genes
(42).
The role of mTOR in cell growth, proliferation, or death, is a

principal preoccupation in research on clinical proliferative
disorders, such as tuberous sclerosis complex and lymphangio-
leiomyomatosis, which involve germ line or mosaic loss of the
endogenous mTOR suppressor tuberin (43). However, in ani-
mal models and clinical trials, rapamycin, which is intended to
block cell growth and proliferation, only partially inhibits
tumor or disease progression (44, 45), suggesting that alterna-
tive signaling mechanisms might be targeted. In fact, tuberous
sclerosis complex 2-deficient tumors are particularly sensitive
to the growth inhibitory effects of IFN-� and exhibit dysregu-
lated STAT1 signaling (46). Consistentwith these in vivo obser-
vations, we show that, when mTOR activity is reduced, assem-
bly of the mTOR�STAT1 complex can enhance STAT1 nuclear
content and the induction of genes involved in apoptosis inde-
pendently of other knownmTOReffectors, such as S6K, Akt, or
4E-BP1. Targeting the physical association betweenmTORand
STAT1might therefore represent an additional opportunity to
amplify tumor suppressor activity (e.g. IRF-1 and STAT1) and
curb the progression of clinical conditions that exhibit exces-
sive mTOR activity. In addition, the involvement of �4, an
essential mammalian inhibitor of apoptosis (47), is consistent
with a central role for the mTOR�STAT1 complex in the con-
trol of cell growth, proliferation, and death.
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