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(Bacl(ground: The protein kinase mTOR can negatively regulate transcription factors and stress transcriptional
Results: mTOR and its associated phosphatase PP2A suppress the constitutive nuclear import of STAT1 and apoptosis via

Conclusion: mTOR controls STAT1 activity and apoptosis by regulating STAT1 nuclear import.
Impact: mTOR and karyopherin a1 constitute a molecular link between mitogen or nutrient sensing and apoptosis.
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Under conditions of reduced mitogen or nutritional substrate
levels, the serine/threonine kinase target of rapamycin can aug-
ment the nuclear content of distinct transcription factors and
promote the induction of stress response genes. In its latent (i.e.,
unphosphorylated) form, the transcription factor STAT1 regu-
lates a subset of genes involved in immune modulation and apo-
ptosis. Based on previous work indicating a functional relation-
ship between mammalian target of rapamycin (mTOR) and the
nuclear content of latent STAT1, we investigated the mecha-
nism by which mTOR controls STAT1 nuclear import. By fluo-
rescence confocal microscopy, inactivation of mTOR with rapa-
mycin promoted the nuclear translocation of unphosphorylated
STAT1, but not that of a STAT1 mutant incapable of binding its
nuclear import adaptor karyopherin-a1 (KPNA1). By immuno-
precipitation, KPNA1 was physically associated with mTOR and
STAT1ina complex that translocated to the nucleus in response
to rapamycin. Although mTOR is not a kinase for KPNA1, the
mTOR-associated phosphatase protein phosphatase 2A cata-
lytic interacted directly with KPNA1 and regulated nuclear
import of the mTOR-KPNA1 complex. KPNA1, or its interac-
tion with STAT1, was required for the nuclear import of latent
STATI, transcriptional induction of the STATI gene, and
caspase-3 activation under conditions of reduced mTOR activ-
ity (i.e. rapamycin, glucose starvation, serum withdrawal).
Therefore, at low mitogen or nutrient levels, n”TOR and protein
phosphatase 2A catalytically control the constitutive nuclear
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import of latent STAT1 by KPNA1, which are key modulators of
STATI expression and apoptosis.

Mammalian target of rapamycin (mTOR)? is a highly con-
served serine-threonine kinase that senses intracellular nutri-
ent levels and mitogenic signals and directly modifies anabolic
effector proteins. mTOR nucleates two distinct macromolecu-
lar protein complexes. mTOR complex 1 (mTORC1) phos-
phorylates signaling intermediates (e.g. p70 S6 kinase and
elF4E-binding protein 1) that permit protein synthesis, cell
growth, and cell proliferation. mTORCI contains the adaptor
protein raptor and is potently inhibited by rapamycin (1-3).
mTORC?2 contains rictor, is resistant to the acute effects of rapa-
mycin and controls cytokinesis and cell survival (4). Cell stress
conditions that reduce mTORC1 activity, such as nutrient starva-
tion, can initiate catabolic responses designed to recycle energy
substrates (e.g autophagy) or reduce energy-consuming processes
(e.g oxidative phosphorylation and ribosomal biogenesis) (5).

In yeast, regulation of gene transcription by TORCI is an
important component of the cellular response to physical or
nutrient stress (6). For instance, in a mechanism that requires
the TOR-associated phosphatase subunits Tap42 and Pphl,
reduced TOR activity led to increased nuclear content of the
stress response transcription factors GIn3 or Msn2/4. Nuclear
import of Gln3 required the karyopherin Srp1 (7). The mam-
malian homologues of Tap42 and Pph1 are a4 and PP2Ac; that
for Srpl is karyopherin-al (KPNA1; also known as importin-
a5). In mammalian cells, the karyopherin-« family contains at
least six distinct isoforms; each acts as an adaptor for the impor-
tin-B-mediated nuclear import of a different subset of cargo
proteins (8, 9). For mammalian stress response proteins (e.g.

2The abbreviations used are: mTOR, mammalian target of rapamycin;
mTORC, mTOR complex; STAT1, signal transducer and activator of tran-
scription-1; PP2Ac, protein phosphatase 2A catalytic subunit; KPNAT,
karyopherin-a1; MEF, mouse embryonic fibroblast; ECFP, enhanced cyan
fluorescent protein.
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FoxO3A, NF-kB, and STAT1), nuclear transport in part regu-
lates the transcription of their target genes (10-12).

We recently reported a functional and physical association
between mTOR and the transcription factor STAT1 (11). In
cells exposed to IFNs, phosphorylation of STAT1 at Tyr-701
permits its homodimerization, translocation to the nucleus,
and binding to regulatory regions of interferon-sensitive genes.
Phosphorylation of Ser-727 promotes STAT1 transcriptional
activity and confers recognition by the nuclear export appara-
tus (13). However, recent studies indicate that, even in the
absence of interferons, “latent” (i.e. unphosphorylated) STAT1
is required for the constitutive expression of apoptosis, cell
cyclearrest, and immunomodulatory genes (e.g. caspase-3, p27)
(14, 15). Our own studies revealed that inhibition of mTOR
kinase activity or depletion of a4 or PP2Ac increased the con-
stitutive nuclear content of latent STAT1 (11). This was asso-
ciated with enhanced or prolonged expression of STAT1 and
other STAT1-dependent genes in cells exposed to IFN-vy. The
control of STAT1 nuclear trafficking by mTOR suggested a
novel mechanism by which metabolic signals might be coupled
to specific stress transcriptional programs.

In the current study, we hypothesized that mTOR regulates
KPNA1, a STAT1 karyopherin and mammalian homologue of
Srpl. We demonstrate that KPNA1 interacts with mTORC1 in
a complex that includes STAT1 and the mTOR-associated
phosphatase PP2Ac. KPNA1 was required for the enhancing
effect of rapamycin or nutritional stress on constitutive STAT1
nuclear import, the constitutive expression of latent STATI,
and levels of cleaved caspase-3. Our results indicate that mTOR
controls an apoptosis transcriptional program via control of its
nuclear import.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—Human epithelial adenocar-
cinoma (A549) and HEK 293T cells were cultured as previously
described (16, 17). COS7 and mouse embryonic fibroblast
(MEF) cells were cultured in DMEM supplemented with 10%
fetal bovine serum, penicillin (100 units/ml), and streptomycin
(100 pg/ml). MEFs were derived from mice with heterozygous
(control) or homozygous genomic deletions of the KPNA1 gene
(18) and verified by genotyping. STAT1-deficient (U3A) cells,
U3A cells constitutively expressing recombinant STAT1 (U3A-
R), and their wild-type parental control (2fTGH) were obtained
from Dr. G. Stark (Cleveland Clinic) and propagated as previ-
ously described (17, 19). The cells were incubated without or
with glucose (DMEM without glucose; Invitrogen), FBS, or
rapamycin (EMD; 50 ng/ml), for the indicated times. For the
heterologous expression of recombinant proteins, subconflu-
ent A549 or COS7 cells were incubated with serum-free
medium and mammalian expression vectors, 0.5-1.0 ug of
plasmid DNA/9.6 cm? of culture surface area and incubated
with Lipofectamine 2000 or LTX (Invitrogen) as previously
described (11). HEK 293T were transfected using calcium phos-
phate/DNA precipitates for 24 h in complete medium and incu-
bated with Dulbecco’s modified Eagle’s medium containing
10% bovine serum albumin for 24 h prior to stimulation. For the
siRNA-mediated depletion of KPNA1, A549 cells were trans-
fected with 10 nm siRNA duplexes (siGENOME; Dharmacon)
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directed against KPNA1 using Dharmafect I, according the
manufacturer’s protocol. A nontargeting siRNA (siCONTROL)
was used as a negative control. After 72 h, experimental protocols
were initiated as indicated, and lysates were prepared for detection
of protein or mRNA.

Construction of KPNA1 Bacterial and Mammalian Expres-
sion Plasmids—The cDNA encoding wild-type KPNA1 (Gene
identification number 3836) was obtained in a Gateway
pDONR 221 entry vector (ultimate ORF clone IOH3595; Invit-
rogen) and verified by automated sequencing. For bacterial
expression of GST-KPNA1, the KPNA1 cDNA was transferred
to Gateway destination vector pDEST15 by recombination,
before transformation of Escherichia coli BL21 cells, and induc-
tion of protein synthesis with 2% arabinose as per the manufac-
turer’s protocol (Invitrogen). Purification of GST-KPNA1
from crude bacterial lysates was performed by immobiliza-
tion on glutathione-Sepharose (GE Healthcare), before
recovery in elution buffer (50 mm Tris-HCI, pH 8, 40 mm
glutathione), and verification by Coomassie Blue staining
and Western blot analysis. For mammalian expression, the
wild-type KPNA1 cDNA was transferred to the gateway destina-
tion vectors pcDNA3.1/nV5/ECFP-DEST or pcDNA3.1/VF2/
DEST as described (11).

Preparation of Cell Lysates for Detection of Proteins or Protein
Complexes—Endogenous or recombinant proteins in whole
cell or fractionated lysates were detected by immunoprecipita-
tion or Western blot analysis using the antibodies listed in sup-
plemental Table S1. Whole cell lysates were generated after
washing cells once with cold PBS and incubating for 15 min on
ice in lysis buffer (20 mm Tris, pH 8.0, 0.3% CHAPS, 1 mMm
EDTA, 10 mMm B-glycerophosphate, aprotinin, 10 ug/ml, leu-
peptin, 10 pug/ml, 1 mm PMSF, 50 mm NaF, 100 um sodium
orthovanadate). After freezing and thawing, the cells were
homogenized and centrifuged at 1000 X g for 5 min. Superna-
tants were then centrifuged (16,000 X g for 30 min) to generate
particulate-free lysates. For immunoprecipitation experiments,
the proteins from whole cell lysates were incubated with con-
trol IgG, anti-STAT1, mTOR, HA, PP2Ac, or V5 antibody (each
5 ug) overnight at 4 °C before the addition of 20 ul of protein
G-Sepharose for 1 h. The pellets were washed three times with
PBS containing 0.3% CHAPS before solubilization of bound
proteins in SDS sample buffer for 5 min at 95 °C, separation by
SDS-PAGE, and detection of bound proteins by Western blot
analysis. The cloning of HA-PP2Ac was described previously
(11). Proteins from nuclear lysates were immunoprecipitated
with 2 pg of IgG, anti-V5, or PP2Ac antibodies. Protein G pel-
lets were washed three times with 1 M LiCl in PBS, three times
with 0.3% CHAPS in PBS, and once with PBS, before solubili-
zation and Western blot analysis.

Preparation of Nuclear Lysates—A549 cell nuclear lysates
were prepared as described previously (20). Briefly, cell pellets
were resuspended in nuclear lysis buffer 1 (20 mm Tris, pH 7.5,
10 mm KCl, 1 mMm DTT, aprotinin, 1 ug/ml, leupeptin, 1 ug/ml,
0.5 mm PMSF, 100 uM sodium orthovanadate) before homog-
enization (Dounce, Pestle B) and centrifugation (1100 X g for 3
min). The supernatants were then centrifuged (16,000 X g for
30 min) and used as cytosolic fractions, whereas pelleted nuclei
were resuspended in 2 volumes of nuclear lysis buffer 2 (20 mm
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Tris, pH 7.5, 500 mm KCl, 1 mm DTT, aprotinin, 1 ug/ml, leu-
peptin, 1 ug/ml, 0.5 mm PMSF, 100 uM sodium orthovanadate)
before freezing, thawing, and centrifugation for 30 min at
16,000 X g. HEK 293T cells were incubated with nuclear lysis
buffer (10 mm HEPES, pH 7.9, 10 mm NaCl, 3 mm MgCl,, 1 mm
DTT, 1 mm PMSEF, aprotinin, 1 pug/ml, leupeptin, 1 pug/ml, 100
uM sodium orthovanadate), and nuclei were extracted by
homogenization (Dounce Pestle B, 8 strokes), pelleted by cen-
trifugation (800 X g for 3 min at 4 °C), and washed twice with
nuclear lysis buffer. Supernatants were centrifuged at
100,000 X g for 1 h at 4 °C to generate the cytosolic (superna-
tant) and membrane (pellet) fractions. The pellets were washed
twice with nuclear lysis buffer before sonication (three or four
short bursts on medium setting). Proteins from the nuclear,
cytosolic, and membrane fractions were separated by SDS-
PAGE, and the indicated proteins were detected by Western
blot analysis.

In Vitro Phosphorylation Assay—HEK 293T cells were trans-
fected with Myc-tagged Raptor and either wild-type or kinase
inactive mTOR as previously described (21). mTORCI1 was
immunoprecipitated using anti-Myc antibodies, and beads
were washed three times in CHAPS lysis buffer followed by
three washes in CHAPS buffer supplemented with 150 mm
NaCl. The assays were performed for 30 min at 30 °C with bac-
terially purified recombinant GST-eIF4E-binding protein 1
(21) or GST-KPNA1 (each 2 pg/assay), and 100 um ATP with
10 uCi of [y-*?P]ATP in mTOR kinase buffer (25 mm HEPES,
pH 7.4, 50 mm NaCl, 50 mm B-glycerophosphate, 10 mm
MnCl,). All of the samples were subjected to SDS-PAGE, and
incorporation of radioactive phosphate (**P) was quantified
using a Fuji PhosphorImager with ImageQuant software. In
separate experiments, recombinant V5-CFP-KPNA1 heterolo-
gously expressed in HEK 293T cells was immunoprecipitated
using anti-V5 antibody before washing and incubation with
mTOR kinase buffer without or with 100 um ATP or 50 nMm
okadaic acid for 60 min at 30 °C. After separation by SDS-
PAGE, phospho-KPNA1 was detected using an anti-serine/
threonine antibody by Western blot analysis.

Real Time PCR—RNA was extracted (Illustra RNAspin kit;
GE Healthcare), and cDNA was generated by reverse transcrip-
tion from 2 ug of RNA (Superscript II, Invitrogen). Sybr green-
based real time PCR was performed using 1 pul of cDNA and
Power Sybr green universal PCR master mix (ABI). Primers are
listed in supplemental Table S2. PCRs were carried out for 45
cycles (ABI 7500 real time PCR system). The results are
expressed as fold induction in mRNA levels as calculated by the
AAC method (22).

Fluorescence Imaging of STAT1—For detection of endoge-
nous STAT1, A549, COS7, or mouse embryonic fibroblast cells
were fixed with 4% paraformaldehyde for 15 min at room tem-
perature before permeabilization with 0.2% Triton X-100 and
incubation with mouse aSTAT1 antibody (Santa Cruz), and
then Alexa Fluor 568 was conjugated to anti-mouse antibody
(Invitrogen). Construction of the plasmid for mammalian
expression of recombinant ECFP-tagged STAT1 (pcDNA3.1/
nV5/ECFP-DEST-STAT1) was previously described (11). We
used the vector pPDONOR221 containing wild-type STAT1 asa
template to change serine 727 to alanine (S727A), tyrosine 701
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to phenylalanine (Y701F), and leucine 407 to alanine (L407A)
by site-directed mutagenesis (Stratagene) using the oligonu-
cleotide primers listed in supplemental Table S3. The mutated
STAT1 cDNAs were transferred from pDONR 221 to
pcDNA3.1/nV5/ECFP-DEST by recombination (11). After het-
erologous expression in A549 or COS7 cells, fluorescence was
detected by multi-track image acquisition (ECFP: excitation,
458 nm, and emission, 475 nm; Alexa Fluor 568: excitation, 578
nm, and emission, 603 nm; DAPI: excitation, 405 nm, and emis-
sion, 475 nm) using a Plan-Neofluar 40X/1.3X oil differential
interference contrast objective and Zeiss LSM 510 MET A scan-
ning confocal microscope. The images were acquired at room
temperature using the integrated Zeiss AxioCam HR digital
sensor and LSM 510 software. Fluorescence intensity was
assessed by measuring pixel density with Image] software (ver-
sion 1.38x; National Institutes of Health), and the images were
displayed using Zeiss LSM image browser (version 4.2.0.121;
Carl Zeiss Microlmaging). The results are expressed as the ratio
of nuclear to cytoplasmic pixel density.

Protein Fragment Complementation Assay—Gateway desti-
nation plasmid vectors for protein fragment complementation
assays and the cloning of Gateway entry vector pPDONR221-
PP2Ac wild type and dominant negative (i.e. L199P) are
described previously (11). pDONR221-KPNA1 was obtained
from Invitrogen (Ultimate ORF Clone IOH3595). cDNAs
encoding wild-type PP2Ac, dominant negative PP2Ac, or
wild-type KPNA1l were transferred by recombination to
pcDNA3.1-based protein fragment complementation assay
mammalian expression vectors 3’ to each of the complemen-
tary fragments of venus yellow fluorescence protein (VF1 and
VF2). Vector plasmids, each 1 ug/9.6 cm? of dish surface area,
were co-transfected in a 1:1 ratio (VF1-KPNA1:VF2-PP2Ac) by
liposomal transfection (Lipofectamine LTX reagent; Invitro-
gen). For each biological replicate, the cells were counted, and
fluorescence was measured (excitation, 512 nm, and emission,
529 nm) using a SpectraMax M2 fluorometer (Molecular
Devices). The data are expressed as fluorescence units/cell.

RESULTS

A STATI Mutant (L407A) That Does Not Bind KPNA1 Cannot
Undergo Nuclear Import in Cells Exposed to Rapamycin—
To determine whether inactivation of mTOR initiates the
import of STAT1 to the nucleus, we expressed the STAT1
L407A mutant, which cannot bind the STAT1 karyopherin
KPNAL1 or translocate to the nucleus in response to IFN-+y (23).
To simulate unphosphorylated (latent) STAT1, we expressed
the STAT1 Y701F mutant, which cannot dimerize or translo-
cate to the nucleus in response to interferons (24). In A549 or
COS7 cells, the L407A mutant failed to undergo nuclear trans-
location in response to rapamycin (Fig. 1, left panel), suggesting
a role for KPNA1 in mediating the effect of mTOR on nuclear
import. Consistent with previous studies (25), nuclear import
of the L407A or Y701F mutant was blocked in cells exposed to
IEN-v (Fig. 1, left and middle panels); however, in cells exposed
to rapamycin, nuclear import of the Y701F mutant was
retained. Thus, rapamycin induces STAT1 nuclear import
independent of Tyr-701 phosphorylation or IFN-vy receptor
ligation. Phosphorylation at Ser-727 permits STAT1 nuclear
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FIGURE 1. A KPNA1 binding mutation in STAT1 blocks rapamycin-induced STAT1 nuclear import. A549 or COS7 cells expressing the recombinant
ECFP-STAT1 trafficking mutants L407A, Y701F, or S727A were incubated without or with 50 ng/ml rapamycin (Rap) or 100 units/ml IFN-y for 0 or 1 h.
ECFP-STAT1 (cyan) was detected by direct fluorescence confocal microscopy. The slides were mounted with solution containing the nuclear marker DAPI (navy
blue). Summarized data (mean nuclear to cytoplasmic pixel density ratio = S.E., n = 3-5 cells/experiment) are shown below the images and are representative
of three independent experiments. *, p < 0.05 versus control by Student’s t test; ns, not statistically significant.

export (11); however, the enhancing effect of rapamycin was
unaltered by expression of the STAT1 S727A mutant. Our data
suggest that mTOR regulates constitutive nuclear import of
unphosphorylated STAT1 via the importin KPNA1.

STATI and KPNAI Interact with mTORCI—To demon-
strate a physical association between mTOR and KPNAI,
mTOR-containing complexes were immunoprecipitated in
HEK 293T cells exposed to rapamycin for 0, 30, or 60 min (Fig.
2A). Rapamycin led to a time-dependent increase in the associ-
ation between mTOR and KPNA1 or STATI1. Two distinct
bands were detected by anti-KPNA1 antibody, and both were
associated with mTOR. Consistent with previous studies, the
higher molecular weight band was absent in KPNA1-depleted
or knock-out cells (supplemental Fig. S14; see Figs. 44 and 7B)
(26). Rapamycin did not affect levels of mTOR, STATI, or
KPNAL1 in whole cell lysates but potently blocked the phos-
phorylation of p70 S6 kinase at Thr-389, a marker of mTORC1
activity (1, 2). As shown previously, short term exposure to
rapamycin failed to inhibit the phosphorylation of Akt at Ser-
473, a marker of mTORC2 activity (27, 28). STAT1 immuno-
precipitates contained raptor, but not rictor, consistent with its
regulation by mTORCI1 and its sensitivity to rapamycin (sup-
plemental Fig. S2). Full-length recombinant KPNA1 was not a
direct substrate for mTORCI1 kinase activity by in vitro kinase
assays (Fig. 2B). These results indicate that endogenous
mTORCI, STAT1, and KPNA1 can associate in a macromolec-
ular complex, the recovery of which is enhanced by rapamycin.
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Like STAT1 (11), KPNA1 does not appear to be a direct sub-
strate for the kinase activity of mTOR, suggesting that
mTORCI might regulate the constitutive nuclear trafficking of
KPNA1 and STAT1 via its associated phosphatase PP2Ac. In
agreement, co-immunoprecipitation experiments revealed that
mTOR, raptor, PP2Ac, and STAT1 were detected in V5-tagged
KPNA1 immunoprecipitates (Fig. 2C).

PP2Ac Physically and Functionally Associates with KPNAI
and mTORCI in Intact Cells—In HEK 293T whole cell lysates,
heterologously expressed HA-tagged PP2Ac associated with
mTOR, KPNA1, and STAT]1 (Fig. 2D); the association between
HA-PP2Ac and KPNA1 was not significantly altered by rapa-
mycin (Fig. 2, C and D). Because the physical association
between PP2Ac and KPNA1 in whole cell lysates appeared
weak, we sought additional evidence for a functional interac-
tion. In agreement with immunoprecipitation results, we
detected a direct interaction between recombinant PP2Ac and
KPNAL1 in intact cells by protein fragment complementation
assay (Fig. 2E). The interaction was attenuated upon co-expres-
sion of a phosphatase-dead mutant (L199P) of PP2Ac. The
complementary forms of recombinant KPNA1 and PP2Ac were
expressed at similar levels (Fig. 2E, right panel). By in vitro
kinase assay, okadaic acid increased the phosphorylation of
V5-CFP-KPNAL1 in V5 immunoprecipitates (Fig. 2F). Consis-
tent with an associated serine-threonine kinase activity, the
addition of exogenous ATP increased phospho-KPNA1 levels.
ATP-dependent increases in phospho-KPNA1 levels were fur-
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FIGURE 2. Physical associations between mTOR, its associated phospha-
tase PP2Ac, and KPNA1 in intact cells. A, HEK 293T cells were exposed to 50
ng/ml rapamycin (Rap) for 0, 30, or 60 min before preparation of whole cell
lysates and immunoprecipitation with a-mTOR antibody (/P: mTOR) or normal
IgG. Immunoprecipitated proteins or those in whole cell lysates (WCL) were
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ther increased by the PP2Ac inhibitor okadaic acid. The
enhancing effect of okadaic acid on KPNA1 phosphorylation is
consistent with the observed direct interaction between
KPNA1 and PP2Ac (Fig. 2E).

The PP2Ac, KPNA1, and mTORCI Complex Is Enriched in
Nuclear Extracts—The amounts of mTOR, KPNA1, and
STAT]1 recovered with HA-PP2Ac immunoprecipitated from
whole cell lysates were small; in fact, they could not be detected
using commercially available immunoprecipitating antibodies
against endogenous PP2Ac (data not shown). In contrast to
whole cell lysates, immunoprecipitation of endogenous PP2Ac
from nuclear lysates revealed a robust association with
mTORCI1 and KPNA1 (Fig. 34). Rapamycin increased the total
and immunoprecipitated levels of nuclear mMTORC1, PP2Ac, or
STATI, suggesting that these proteins likely traffic to the
nucleus together in a complex (Fig. 3A, top and bottom panels).
Similarly, mTOR, raptor, PP2Ac, and STAT1 were recovered
from V5-KPNA1 immunoprecipitates from nuclear lysates
(Fig. 3B). Rapamycin or the PP2Ac inhibitor okadaic acid
enhanced the recovery of mTORC1, PP2Ac, and KPNAI.
These data indicate that KPNA1 nuclear cargo includes
mTORCI, PP2Ac, and STAT1, and their nuclear import is sen-
sitive to mTORC1 or PP2Ac inhibition.

KPNA1 Is Required for Rapamycin-induced STAT1 Nuclear
Import—The physical and functional interaction between
PP2Ac, KPNA1, mTORC], and STAT1 suggested that KPNA1
might be required for the increased STAT1 nuclear content
observed in cells exposed to rapamycin. Nuclear proteins were
isolated from A549 cells transfected with control or anti-
KPNA1 siRNA and exposed to vehicle or rapamycin. Rapamy-
cin failed to increase STAT1 nuclear import in KPNA1-de-
pleted cells (Fig. 44). The siRNAs depleted KPNA1 with no

detected by Western blot analysis. The arrow indicates KPNAT1, and the aster-
isk indicates a protein other than KPNA1 that is detected by the anti-KPNA1
antibody. B, HEK 293T cells were transfected with Myc-tagged raptor and
either a control vector, wild-type (wt), or kinase inactive (kd) mTOR. After lysis,
proteins were immunoprecipitated with a-Myc antibody. mTORC1-contain-
ing immunoprecipitates were washed and incubated with [y-*P]JATP and
either recombinant GST-tagged elF4E-binding protein 1 or KPNA1 in an in
vitro kinase reaction. The products were separated by SDS-PAGE before stain-
ing with Coomassie Blue or autoradiography. The data in the lower panel
show the fold changes in band density (lanes 1-6) versus control = 1 (lane 1).
C, HEK 293T cells expressing V5-ECFP-KPNA1 were incubated without or with
50 ng/ml rapamycin (Rap) for 30 min before preparation of whole cell lysates.
After immunoprecipitation (IP) with a-V5 antibody, the indicated KPNA1-in-
teracting proteins were detected by Western blot. D, HEK 293T cells express-
ing HA-PP2Ac were incubated without or with 50 ng/ml rapamycin for 30 min
before preparation of whole cell lysates. After immunoprecipitation with
anti-HA antibody, the indicated PP2Ac-interacting proteins were detected by
Western blot. £, COS7 cells were co-transfected with plasmids for heterolo-
gous expression of venus yellow fluorescence protein fragments VF1 or VF2
(empty vector, EV) or fragments linked to wild-type (WT) or dominant nega-
tive (DN) PP2Ac or wild-type KPNA1. Direct protein-protein interactions were
signaled by increased fluorescence detection upon reconstitution of full-
length YFP (excitation, 485 nm; emission, 535 nm; cutoff, 530 nm). Summa-
rized data are the mean fluorescence units/cell = S.E.in triplicate samples and
representative of three individual experiments. ¥, p < 0.05 versus empty vec-
tor control (lane 1); t, p < 0.05 versus lane 5 by Student’s t test. Levels of
endogenous or recombinant PP2Ac or KPNA1 were detected by Western blot
analysis (right panel). F, V5-CFP-KPNA1 heterologously expressed in HEK 293T
cells was immunoprecipitated as in C before incubation without or with 100
uMm ATP, 50 nm okadaic acid (OA), or both for 1 h at 30 °C. V5 or normal IgG
(control) immunoprecipitates were separated by SDS-PAGE before detection
of V5-CFP-KPNA1 or phosphoserine/phosphothreonine (p S/T) by Western
blot analysis. The images are representative of three individual experiments.
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FIGURE 3.mTORC1 interacts with endogenous nuclear PP2Ac, KPNA1 and
STAT1 in mTORC1- and PP2Ac-dependent fashion. A, HEK 293T cells were
exposed to 50 ng/ml rapamycin (Rap) for 0 or 30 min before preparation of
nuclear (Nuc), cytosolic (Cyt), or membrane (Mem) homogenates. The nuclear
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apparent off target effects (supplemental Fig. S1C). STAT1
mRNA levels were reduced in cells depleted of KPNA1, consist-
ent with regulation of constitutive STAT1 mRNA levels by
latent STAT1 nuclear content (supplemental Fig. S1C) (29). To
show that KPNA1 mediates the effect of rapamycin on STAT1
nuclear import independent of STAT1 mRNA levels, we used
STAT1-deficient fibroblasts (U3A cells) stably transfected with
a lentiviral expression vector for STAT1. Rapamycin increased
nuclearlevels of STAT1 in U3A-R cells transfected with control
siRNA or shRNA, but not in those transfected with anti-
KPNA1 siRNA or shRNA (supplemental Fig. S4, A and B).
STAT]1 protein levels were unchanged in the cytoplasmic frac-
tions of U3A-R cells depleted of KPNA1; STAT1 mRNA levels
were also unaffected by RNAi-mediated KPNA1 depletion
(supplemental Fig. S4, C and D).

In separate experiments, we showed the requirement for
KPNAL1 in the rapamycin-induced nuclear translocation of
latent STAT1 by immunofluorescence microscopy using MEFs
with genetically deleted KPNAI (KPNA1~'7). We used
heterozygous (KPNA1*/7) cells for controls, which permit
KPNA1-dependent import and contain the same integrated
cassette as their —/— counterparts. Exposure of KPNA1-ex-
pressing cells to rapamycin led to the nuclear import of STAT1
(Fig. 4B) (11); this effect of rapamycin was abolished in KPNA1
knock-out cells. In contrast to rapamycin, IFN-y-induced
STAT1 nuclear translocation remained intact, suggesting an
alternative mechanism for inducible, but not constitutive,
STAT1 nuclear import. The results represent two separately
derived clones of KPNA1"/~ and KPNA1~'~ MEFs. In control
experiments, KPNA1 mRNA and protein levels were beyond
the limits of detection by real time PCR or Western blot analysis
when compared with control cells (supplemental Fig. S1, A and
B). These data indicate that the effect of mTOR blockade on
STAT1I nuclear import is via KPNAL.

Glucose or Serum Deprivation Increases STATI Nuclear Con-
tent in mTOR and KPNA1-dependent Fashion—To determine
whether physiological modulators of mTOR activity affect
STAT1 nuclear import, we exposed A549 cells to nutritional
stress. Incubation with glucose-free medium for 1 or 2 h
increased STAT1 nuclear content (Fig. 54). Following starva-
tion for 1 h, repletion of glucose for 2 h partly restored base-
line STAT1 nuclear content; rapamycin reversed this effect,
indicating a requirement for mTORCI1 in the suppression of
STAT]1 nuclear content by glucose repletion (Fig. 5B). Glu-
cose or serum withdrawal reduced the phosphorylation of
p70 S6 kinase, an mTORCI effector, in A549 cells (supple-
mental Fig. S3). In KPNA1"/~ MEFs, glucose or serum with-

proteins were immunoprecipitated with a-PP2Ac or normal IgG, and associ-
ated proteins were detected by Western blot. Theimages in A are composites
from sections of the same gel. Levels of the organelle markers acetylated
histone H3 (acHH3, nucleus), calnexin (cytoplasmic membrane), or enolase
(cytosol) in each subcellular fraction, as well as the indicated mTORC1-asso-
ciated proteins, are shown below. B, HEK 293T cells expressing V5-ECFP-
KPNA1 were exposed to vehicle or 50 nm okadaic acid before the addition of
vehicle or 50 ng/ml rapamycin for 30 min, preparation of nuclear lysates, and
immunoprecipitation with a-V5 antibody or normal IgG. Mean band density
or mean fold change (untreated control = 1) in band density is indicated
below each gelimage (standard error of <5% of the mean for three individual
experiments). *, p < 0.05 versus untreated control by Student’s t test.
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FIGURE 4. KPNAT1 is required for the enhancing effect of rapamycin on
STAT1 nuclear content. A, A549 cells were transfected with control (Ctrl)
siRNAs or those targeting KPNA1 for 72 h before incubation for 1 h with fresh
medium without or with 50 ng/ml rapamycin (Rap) preparation of nuclear
(Nuc) or whole cell (WCL) lysates and detection of the indicated proteins by
Western blot. The arrow indicates KPNA1, and the asterisk indicates another
non-KPNAT1 reactive band. Gels are representative of four individual experi-
ments. Nuclear STAT1 protein levels are quantified as fold change in band
density relative to control = 1 (means = S.E). ¥, p < 0.05 versus control-
transfected cells without rapamycin). B, control or KPNA1-deficient (—/—)
MEFs were incubated without or with 50 ng/ml rapamycin or IFN-v, 100 units/
ml, for 0 (— Rap) or 1 h (+ Rap). Endogenous STAT1 (red) was detected by
indirectimmunofluorescence confocal microscopy. The slides were mounted
with solution containing the nuclear marker DAPI (navy blue). Shown to the
right of representative images are summarized data (mean nuclear to cyto-
plasmic pixel density ratio + S.E., n = 3-5 cells/experiment) representative of
fiveindependent experiments. *, p < 0.05 versus control; ns, not significant by
Student's t test.

drawal increased STATI1 nuclear levels; this effect was
absent in KPNA1-deficient cells (Fig. 5, C and D). Therefore,
physiological inhibitors of mTORCI1 activity increase
STAT1 nuclear content in a mMTORC1- and KPNA1-depen-
dent fashion.

KPNA1 Is Required for Enhancing Effect of Serum Starvation
on Counstitutive STAT1 Gene Expression—STATI is a STAT1-
dependent gene (30), and its induction can be enhanced by
augmented levels of unphosphorylated, or latent, STAT1 (29).
In control MEFs, serum starvation increased STAT1 mRNA
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FIGURE 5. Glucose or serum levels regulate STAT1 nuclear transport in
mTOR- and KPNA1-dependent fashion. A549 cells were incubated with
glucose-containing or glucose-free medium for 1 or 3 h (A) or glucose-free
medium (B) for 1 h (— Glu 1 h) or glucose-free medium for 1 h followed by
glucose repletion for 2 h (— Glu 1 h — + Glu 2 h) in the absence or presence
of 50 ng/ml rapamycin. STAT1 (green) was detected by indirect immunofluo-
rescence confocal microscopy. Shown below the representative images are
summarized data (mean nuclear to cytoplasmic pixel density ratio = S.E.,.n =
3-5 cells/experiment) representative of three independent experiments. In
separate experiments, control (Ctrl) or KPNA1-deficient MEFs were exposed
to complete, glucose-free (C) or serum-free medium (D) for 1 h before detec-
tion of STAT1 by indirect immunofluorescence confocal microscopy. Shown
are summarized data (mean nuclear to cytoplasmic pixel density ratio = S.E.,
n = 3-5 cells/experiment) representative of three to five independent exper-
iments. *, p < 0.05 versus control; T, p < 0.05 versus — Glu 1 h; ns, not signifi-
cant versus control by Student’s t test.

levels and protein levels in the absence of cytokine inducers of
STAT1 phosphorylation at Tyr-701 (Fig. 6). The starvation-
induced increase in STAT1 mRNA and protein levels was abol-
ished in KPNA1 knock-out MEFs. Consistent with inhibition of
mTORCI, phosphorylation of S6 at Ser-235/236 was blocked in
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FIGURE 6. Growth factor withdrawal increases STAT1 mRNA levels in
KPNA1-dependent fashion. A, control or KPNA1-deficient MEFs were
exposed to serum-free medium for 0, 12, or 18 h before detection of STAT1
mRNA by real time PCR. The data are shown as the mean fold changes versus
control = 1 = S.E. as determined by the AAC; method. B, control (Ctrl) or
KPNA1-deficient MEFs were exposed to serum-free medium for 0 or 18 h
before detection of STAT1 protein levels by Western blot. The arrow indicates
KPNAT1, and the asterisk indicates a protein other than KPNA1 that is detected
by the anti-KPNA1 antibody. Shown below are the means of STAT1 normal-
ized to B-actin band densities (= S.E., n = 3). The data represent experiments
on two separately derived cultures for each cell type. *, p < 0.05 versus con-
trol; 1, not significant versus KPNA1~/~ control by Student’s t test.

serum-starved cells. Despite a reduction in STAT1 mRNA lev-
els in KPNA1~/~ cells (supplemental Fig. S1A4), STAT1 protein
levels were slightly increased (Fig. 6B), indicating that the
effects of KPNA1 deficiency on STAT1 bioactivity (Figs. 5-7)
were not due to a global reduction in STAT1 mRNA or protein
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FIGURE 7. Inhibition of mTOR increases the levels of cleaved caspase-3 in
STAT1- and KPNA1-dependent fashion. A, A549 cells were incubated with-
out or with LPS/IFN-B (5 g/ml/250 units/ml) in the absence or presence of 50
ng/ml rapamycin (Rap) or 20 um staurosporine for 24 h before generation of
whole cell lysates and detection of the indicated proteins by Western blot
analysis. Band densitometry for cleaved caspase-3 is shown for each lane
(lower panel). B, A549 cell were transfected with scrambled control (Scr) or
anti-KPNA1 (KPNAT) siRNA 48 h before the addition of vehicle or rapamycinin
the absence or presence of LPS/IFN-B for 24 h and Western blot analysis.
C, untransfected 2fTGH or U3A cells were exposed to vehicle or 50 ng/ml
rapamycin for 24 h before Western blot analysis. D, U3A cells were transfected
with mammalian expression plasmids for wild-type (WT) STAT1 or that con-
taining the Y701F or L407A mutations 24 h before the addition of vehicle or
50 ng/ml rapamycin for 24 h and Western blot analysis. For B and C, mean
band densitometry (= S.E.) for cleaved caspase-3 is shown in the lower panels
and represents three or four individual experiments. *, p < 0.05 versus control;
1, p < 0.05 versus LPS/IFN-P alone; ns, not significant by Student’s t test.

Rap - +

levels. Together, our results indicate that mitogen and nutrient
levels regulate the nuclear import activity of KPNAI, the
nuclear import of latent STAT1, and the constitutive expres-
sion of STAT1 via mTORCI.
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Inactivation of mTOR Enhances Cleaved Caspase-3 Levels in
STATI- and KPNAI-dependent Fashion—To determine
whether the enhancement of STAT1 bioactivity by rapamycin
translates into a biological effect, we measured cleaved
caspase-3 levels in A549 cells exposed to bacterial LPS and
IEN-B, two important mediators of STAT1-dependent innate
immune responses (31), for 24 h. Rapamycin increased cleaved
caspase-3 levels in cells exposed to LPS/IFN-B (Fig. 7A). Incu-
bation with LPS/IEN-B and rapamycin achieved a level of
cleaved caspase-3 similar to that observed in cells exposed to
staurosporine, a potent inducer of apoptosis. Depletion of
KPNA1 by RNAi blocked the augmentation of LPS/IFN-f-in-
duced cleavage of caspase-3 (Fig. 7B).

In contrast to A549 cells, rapamycin alone increased cleaved
caspase-3 levels in a human fibrosarcoma (2fTGH) cell line; in
the STAT1-deficient counterpart (U3A cells), rapamycin failed
to increase cleaved caspase-3 levels (Fig. 7C). Expression of
wild-type STAT1 or STAT1 Y701F restored rapamycin-in-
duced caspase-3 cleavage in U3A cells, indicating that the effect
of rapamycin is via unphosphorylated STAT1 (Fig. 7D). In con-
trast, rapamycin did not increase cleaved caspase-3 levels in
U3A cells expressing the STAT1 L407A mutant, which cannot
bind KPNA1. Because U3A cells are STAT1-deficient, rapamy-
cin affects recombinant STAT1 directly via KPNA1 and not by
reducing endogenous STAT1 mRNA levels. Taken together,
the results support a requirement for KPNA1 and STAT1 in the
increased caspase-3 cleavage observed under conditions of
reduced mTOR activity.

DISCUSSION

Here, we demonstrate a requirement for the a-importin
KPNA1 in the control of constitutive STAT1 nuclear import by
mTORCI, a sensor of cellular metabolism and mitogen levels.
mTOR associated with raptor, KPNA1, PP2Ac,and STAT1ina
complex that was enriched in nuclear extracts under conditions
of reduced mTOR or PP2Ac activity. Consistent with a physio-
logical role for mTOR in the regulation of constitutive STAT1
nuclear import, nutritional deprivation or mitogen withdrawal
increased STAT1 nuclear import in KPNA1-dependent fash-
ion. The enhancing effect of mitogen withdrawal on STAT1
nuclear trafficking was followed by increased STAT1 mRNA
and protein levels, and both required KPNA1. In addition, both
STAT], its interaction with KPNA1, and KPNA1 were required
for rapamycin-induced or enhanced cleavage of caspase-3, a
marker of apoptosis. Our results indicate that mTORCI can
sense low cellular nutrient levels or mitogen withdrawal and
subsequently associate with KPNA1 and STAT1 in a PP2Ac-
regulated mechanism that promotes the nuclear import of
latent STAT1 and its bioactivity. The constitutive levels of
latent STAT1 regulate STATI mRNA levels, as well as anti-
microbial, immune surveillance, and apoptotic responses (24,
29, 32).

The current study indicates that mTORC1 controls the
nuclear import of STAT1 independent of ligation of the inter-
feron receptor or phosphorylation at its Tyr-701 residue (Fig.
1). Similarly, the expression of STAT1 Y701F in U3A cells
restores rapamycin-induced caspase-3 cleavage, confirming
that the regulation of latent STAT1 by mTOR is biologically
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relevant. The phosphorylation of STAT1 Tyr-701 is required
for its homodimerization and binding to interferon-vy activa-
tion sequence elements in the promoters of anti-microbial
genes. However, emerging evidence indicates an important role
for unphosphorylated, or latent, STAT1 in the control of
immune modulatory or apoptosis genes (15, 32). STAT1 was
required for the constitutive expression of apoptosis genes and
TNF-a-induced cell death in the absence of interferons (14).
STATT1, or its Y701F mutant, constitutively occupied the LMP2
(low molecular mass peptide 2) gene promoter and supported
the transcription of LMP2, a gene involved in immune modu-
lation (24). Stable expression of the STAT1 Y701F mutant pro-
longed the expression of a subset of interferon-sensitive genes
involved in anti-viral responses and immune regulation,
including STAT1 itself (29). Our data provide evidence for the
regulation of latent STAT1 nuclear import by mTOR, a sensor
of cellular metabolism, via the STAT1 karyopherin KPNA1.
Consistent with a functional role for mTOR regulation of
KPNA1 and nuclear trafficking, its inhibition by rapamycin,
glucose deprivation, or mitogen withdrawal increased STAT1
mRNA levels in KPNA1-containing, but not deficient, mam-
malian cells (Figs. 4 —6). Also, depletion of KPNA1 by siRNA or
expression of KPNA1 binding mutant of STAT1 (L407A)
blocked the ability of rapamycin to enhance or induce apoptosis
(Fig. 7).

The KPNA1 nuclear cargo protein STAT1 interacted with
raptor, and not rictor; we therefore focused on mTORC1 as a
nutrient sensor and regulator of the nuclear import protein
KPNAI. The failure of mTORCI1 to phosphorylate recombi-
nant KPNAL1 in vitro suggested its potential regulation by
PP2Ac (Fig. 2B). In agreement, others have shown that
mTORC1 can control the phosphorylation of downstream
effectors (e.g p70 S6 kinase, Erk) via PP2Ac (33-35). In fact, by
immunoprecipitation, mTORC1 physically associated with
KPNAL1 in a complex that included its associated phosphatase
PP2Ac. The physical associations and their modification by
rapamycin appeared weak in whole cell lysates, perhaps
because of low affinity or solubility but more likely as a result of
their localization to subcellular compartments (Fig. 3). None-
theless, several observations support their biological signifi-
cance. We previously showed interactions of similar magnitude
between mTOR, a4, PP2Ac, and STAT], as well as small but
significant changes in response to rapamycin (11). In these
studies, PP2Ac or its mTOR-associated adaptor protein a4 was
required for the basal suppression of STAT1 nuclear content, as
well as for the enhancing effect of rapamycin on the induction
of STAT1-dependent genes. Consistent with its presence in the
complex, KPNA1 interacted directly with PP2Ac (Fig. 2E), and
PP2Ac activity regulated its phosphorylation (Fig. 2F), as well as
its nuclear trafficking (Fig. 3). Moreover, the mTORCI inhibi-
tor rapamycin increased the nuclear import of wild-type
STATI, but not that of a STAT1 L407A mutant that cannot
bind KPNA1 (Fig. 1). In agreement, mTORC1 control of
cleaved caspase-3 levels also required the same physical inter-
action between KPNA1 and STAT]1 (Fig. 7). The current find-
ings are consistent with a functional complex containing
mTORC1, KPNA1, and PP2Ac, as well as its involvement in the
control of STAT1 bioactivity. This mechanism appears to be
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evolutionarily conserved, because the yeast homologues of a4
and PP2Ac (i.e. Tap42, Pph, and Sit4) also mediate TOR-depen-
dent suppression of nuclear import via the a-importin Srp1 (6,
7). The exact kinase(s), and their target residue(s) in KPNA1,
that control the phosphorylation KPNA1, as well as their roles
in the nuclear import process, are the subject of ongoing pro-
teomic studies.

Our results indicate that mMTORC1, KPNA1, and STAT1 can
traffic to the nucleus as a complex. That is, reduced mTORC1
activity was associated with increased recovery of the complex
in nuclear lysates, and this correlated with increased nuclear
levels of each of the individual proteins (Fig. 34). Although
several studies have revealed the nuclear localization of TOR,
little was known regarding the mechanism of its transport or its
nucleus-specific functions (20, 36, 37). Recent studies, however,
indicate that TOR can bind chromatin and regulate the tran-
scription of genes involved in ribosomal biogenesis, protein
synthesis, or mitochondrial function (38, 39). The finding that
mTORCI1 regulates its own karyopherin-mediated nuclear
import may represent a mechanism for the control of multiple
stress response transcription factors and their target genes.

Although mTORCI interacted with KPNA1, a second asso-
ciated protein, which is likely another a-importin (26), was
detected by Western blot analysis. This raises the possibility
that mTOR can associate with and regulate more than one of
the six highly homologous mammalian a-importins (8). In this
fashion, control of constitutive nuclear import by mTOR may
be a mechanism for regulating subsets of proteins related to
specific transcriptional programs involved in cell fate (8).
Moreover, there is apparent redundancy in the system, because
KPNA1 deficiency inhibits rapamycin-induced STAT1 nuclear
import but does not abolish that in cells exposed to IFN-v (Fig.
4B). Identification of the complete set of mTOR-regulated
a-importins, as well as their effects on transcriptomic programs
or cellular function, will reveal a novel level of transcriptional
regulation by nutritional or mitogenic stress. With respect to
innate immunity or cancer, the nuclear transport of transcrip-
tion factors involved in cell death or survival (e.g FoxO3A,
NF-kB, and p53) is likely to represent an important step in the
elaboration of their target transcriptional programs, as well as a
potential therapeutic target (40). This may be especially rele-
vant in diseases of excessive mTOR activity, such as lymphan-
gioleiomyomatosis or tuberous sclerosis complex (41). Our
studies, and those of others, indicate that the nuclear content of
latent STAT1 can be regulated by mTOR, PP2Ac, and KPNA1
and can determine the inducibility of genes involved in innate
immunity, immune modulation, and oncogenesis (11, 16, 29,
32,41, 42).
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