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ABSTRACT

Lymphangioleiomyomatosis (LAM), a rare pulmonary disorder,
manifests as an abnormal neoplastic growth of smooth muscle-
like cells within the lungs. Mutational inactivation of tumor sup-
pressor tuberous sclerosis complex 2 (TSC2) in LAM constitu-
tively activates the mammalian target of rapamycin (ImTOR)/p70
S6 kinase 1 (S6K1) signaling pathway and promotes neoplastic
growth of LAM cells. In many cell types, type | interferon B
(IFNB) inhibits proliferation and induces apoptosis through sig-
nal transducers and activators of transcription (STAT)-depen-
dent and STAT-independent signaling pathways, one of which
is the mTOR/S6K1 signaling pathway. Our study shows that
IFNB is expressed in LAM tissues and LAM-derived cell cul-
tures; however, IFNB attenuates LAM-derived cell proliferation
only at high concentrations, 100 and 1000 U/ml (IC5, value for
IFNB is 20 U/ml compared with 1 U/ml for normal human

mesenchymal cells, human bronchus fibroblasts and human
airway smooth muscle cells). Likewise, IFNB only attenuates
proliferation of smooth muscle TSC2-null ELT3 cells. Analysis
of IFNB signaling in LAM cells showed expression of IFNB
receptor « (IFNBRa) and IFNBRp, activation and nuclear trans-
location of STAT1, and phosphorylation of STAT3 and p38
mitogen-activated protein kinase (MAPK), but IFNB had little
effect on S6K1 activity. However, the re-expression of TSC2 or
inhibition of MTOR/S6K1 with rapamycin (sirolimus) augmented
antiproliferative effects of IFNB in LAM and TSC2-null ELT3
cells. Our study demonstrates that IFNB-dependent activation
of STATs and p38 MAPK is not sufficient to fully inhibit prolif-
eration of cells with TSC2 dysfunction and that TSC2-depen-
dent inhibition of MTOR/S6K1 cooperates with IFNB in inhibit-
ing human LAM and TSC2-null ELT3 cell proliferation.

LAM, a rare lung disorder, manifests as abnormal neoplas-
tic proliferation of smooth muscle-like cells within the lung,
which leads to progressive loss of pulmonary function and
death and affects predominantly women of childbearing age
(Johnson, 2006; Taveira-DaSilva et al., 2006; Juvet et al.,
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2007). LAM occurs from loss of heterozygosity or from so-
matic inactivating mutations of the tumor suppressor genes
tuberous sclerosis complex 1 (TSC1) and T'SC2. Loss of tumor
suppressor function of either TSC1 or TSC2, also known as
hamartin and tuberin, respectively, promotes the constitutive
activation of the mammalian target of rapamycin (mTOR)/
p70S6 kinase 1 (S6K1) signaling pathway, leading to abnormal
proliferation of LAM cells (Goncharova et al., 2002b, 2006a;
Kwiatkowski et al., 2002; Krymskaya, 2003, 2008; Krymskaya
and Shipley, 2003; Inoki et al., 2005; Goncharova and Krym-
skaya, 2008). Although some understanding of TSC1/TSC2 reg-
ulatory signaling mechanisms has been gained (Inoki et al.,
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receptor; FITC, fluorescein isothiocyanate; RT-PCR, reverse-transcriptase polymerase chain reaction; TUNEL, terminal deoxynucleotidyl trans-
ferase dUTP nick-end labeling; HASM, human airway smooth muscle; pEGFP, plasmid encoding for enhanced green fluorescent protein; ANOVA,
analysis of variance; S6K1, p70 S6 kinase 1; JAK, Janus tyrosine kinase; RAPA, rapamycin; SB203580, 4-(4-fluorophenyl)-2-(4-methylsulfinyl-

phenyl)-5-(4-pyridyl)-1H-imidazole.
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2005), precise molecular mechanisms of how dysregulation of
TSC1/TSC2 function leads to abnormal neoplastic cell prolifer-
ation in LAM remains unknown.

In cancer, type I interferons (IFNs) « and 3 play important
roles by suppressing cell growth and proliferation and pro-
moting apoptosis (Takaoka and Taniguchi, 2003). The biolog-
ical effects of type I IFNs, however, are cell type-specific;
thus, for many cell types, IFN«a and IFNB inhibit prolifera-
tion and are proapoptotic but promote survival of memory T
cells (Platanias, 2005). Type I IFNB (Karpusas et al., 1998)
signals by binding to cognate receptors, IFNB receptor «
(IFNBRa), and IFNBRR, leading to the activation of the Ja-
nus kinases JAK1 and Tyk2, which promote signal trans-
ducer and activator of transcription 1 (STAT1) and STAT2
activation. Subsequent dimerization and translocation into
the nucleus of JAK/STAT complex regulate the transcription
of target genes, several of which encode proteins that have
tumor suppressor activity (Takaoka and Taniguchi, 2003).
Antiproliferative and proapoptotic effects of IFNB can also be
JAK/STAT-independent and involve different signaling path-
ways, including phosphatidylinositol 3 kinase, mTOR/S6K1,
and Racl/p38 MAPK; activation of these signaling cascades
is tissue- and cell type-specific (Thyrell et al., 2004; Pla-
tanias, 2005; de Weerd et al., 2007). Few investigators have
examined the role of type II IFNy in TSC2-null cell and
tumor growth (Hino et al., 2003; El-Hashemite et al., 2004);
however, whether TSC2 dysfunction modulates growth-in-
hibitory and proapoptotic functions of type I IFNs remains
controversial.

Here, we report that proliferation of rat TSC2-null ELT3
cells and human LAM cells is attenuated by type I IFN
through cell cycle arrest in Gy/G; phase and induction of
apoptosis. Inhibition of mTOR/S6K1 signaling pathway by
re-expression of TSC2 or mTOR inhibitor rapamycin (siroli-
mus) (Hartford and Ratain, 2007) enhances IFNB-dependent
cell cycle Go/G; phase blockade and promotes proapoptotic
activity that augments the inhibition of TSC2-null and LAM
cell growth. These data show that IFNB augments TSC2-
dependent inhibition of cell proliferation and suggest that
combination of IFNB with rapamycin may offer potential
therapeutic advantages for the treatment of LAM disease.

Materials and Methods

Cell Culture. LAM cells were dissociated from LAM nodules from
the lung of patients with LAM who have undergone lung transplant
according to the protocol approved by the University of Pennsylvania
Institutional Review Board and provided by the National Heart,
Lung, and Blood Institute LAM Registry (Goncharova et al., 2002b,
2006a; Krymskaya, 2008). In brief, cells were dissociated by enzy-
matic digestion in M199 medium containing 0.2 mM CaCl,, 2 mg/ml
collagenase D (Roche, Indianapolis, IN), 1 mg/ml trypsin inhibitor
(Sigma Chemical Co., St. Louis, MO), and 3 mg/ml elastase (Worth-
ington, Lakewood, NdJ). The cell suspension was filtered and then
washed with equal volumes of cold DF8 medium, consisting of equal
amounts of Ham’s F-12 and Dulbecco’s modified Eagle’s medium
supplemented with 1.6 X 10~ M ferrous sulfate, 1.2 X 10~° U/ml
vasopressin, 1.0 X 1072 M triiodothyronine, 0.025 mg/ml insulin,
1.0 X 1078 M cholesterol, 2.0 X 107 M hydrocortisone, 10 pg/ml
transferrin, and 10% fetal bovine serum. The cells were cultured in
DF8 medium and were passaged twice per week. LAM cells from
each patient were characterized on a basis of smooth muscle (SM)
a-actin expression, S6K1 activity, ribosomal protein S6 phosphory-
lation, and DNA synthesis. All LAM cells used in this study had
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constitutively activated S6K1, hyperphosphorylated ribosomal pro-
tein S6, and a high degree of proliferative activity in the absence of
any stimuli, as well as a filamentous expression pattern of smooth
muscle a-actin (Goncharova et al., 2006a). As we reported in a study
published previously, LAM cells from two LAM patients carry TSC2
gene mutations and have no immunoreactivity to HMB45 (Goncha-
rova et al., 2002b). LAM cells in subculture during the 3rd through
12th cell passages were used. Human bronchus fibroblasts (HBF's)
were dissociated from the bronchus of the same patients with LAM
according to the protocol used for LAM cell dissociation (Goncharova
et al., 2002b, 2006a). Human airway smooth muscle (HASM) cells
were dissociated from human trachea, which was obtained from
human lung transplant donors, and have been described previously
(Goncharova et al., 2002b). TSC2-null ELT3 cells were derived from
the Eker rat uterine leiomyoma and maintained as described previ-
ously (Goncharova et al., 2002b). Prior experiments cells were se-
rum-deprived for 48 h. All experiments were performed with a min-
imum of three different LAM, HBFs, and HASM cell lines.

DNA Synthesis Analysis

[®*H]Thymidine Incorporation Assay. DNA synthesis was mea-
sured using [*Hlthymidine incorporation assay (Goncharova et al.,
2006Db). In brief, near-confluent cells that were serum-deprived for
48 h were incubated with different concentrations of IFN or diluent
in the presence or absence of 200 nM rapamycin and/or 10 ng/ml
PDGF. After 18 h of incubation, cells were labeled with 3 pCi/ml
[methyl-*H]thymidine (60 Ci/mmol; GE Healthcare, Chalfont St.
Giles, Buckinghamshire, UK) for 24 h. The cells were then scraped
and lysed, and DNA was precipitated with 10% trichloroacetic acid.
The precipitants were aspirated on glass filters and extensively
washed and dried, and [*H]thymidine incorporation was counted.

5-Bromo-2’-deoxyuridine Incorporation Assay. Nontrans-
fected cells or cells transfected with plasmids expressing GFP-con-
jugated TSC2 or control GFP were maintained for 48 h in serum-free
medium, and then 5-bromo-2'-deoxyuridine (BrdU) incorporation
was assessed (Goncharova et al., 2002a, 2006b). In brief, cells were
treated with rapamycin and IFNB separately or in combination or
with diluent in the presence or absence 10 ng/ml PDGF for 18 h, and
then 10 uM BrdU was added. Twenty-four hours later, cells were
fixed with 3.7% paraformaldehyde (Polysciences, Warrington, PA)
and then permeabilized with 0.1% Triton X-100 followed by immu-
nocytochemical analysis with 2 ug/ml murine anti-BrdU antibody
(BD Biosciences, San Jose, CA) and then with 10 ug/ml Texas Red-
conjugated anti-mouse antibody (Jackson ImmunoResearch Labora-
tories, West Grove, PA) to detect BrdU-positive cells. To identify
transfected cells, cells were incubated with anti-GFP rabbit serum
and then with Alexa Fluor 594 goat anti-rabbit IgG conjugate (In-
vitrogen, Carlsbad, CA). Cells were then incubated with 1 pg/ml
4,6-diamidino-2-phenylindole to detect the total number of nuclei.
The cells were examined using Nikon Eclipse E400 microscope (Ni-
kon, Tokyo, Japan) at 200X magnification with the appropriate
fluorescent filters. The mitotic index of nontransfected cells was
defined as the percentage of BrdU-positive cells per field/total num-
ber of cells per field. The mitotic index of transfected cells was
calculated as the percentage of BrdU- and GFP-positive cells per
field/GFP-positive cells per field. A total of 200 cells were counted per
each condition in each experiment.

Transient Transfection

Plasmids were prepared using EndoFree Plasmid Maxi Kit (QIA-
GEN Inc., Valencia, CA). Transient transfection was performed us-
ing the Effectene transfection reagent (QIAGEN) according to the
manufacturer’s protocol. In brief, cells were incubated with pEGFP
or pEGFP-TSC2 for 6 h and then washed with PBS, incubated in
complete medium, and then maintained for 24 h in serum-free media
before DNA synthesis assays. Transient transfection of pEGFP-
TSC2 plasmid was verified by immunoblot assay using anti-tuberin
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(C20) antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA)
(Goncharova et al., 2002b, 2004, 2006a).

Immunoblot Analysis

Serum-deprived cells were treated with 100 U/ml IFNB, 200 nM
rapamycin (RAPA) alone or in combination, or diluent in the pres-
ence or absence of 10 ng/ml PDGF for 30 min followed by immunoblot
analysis with anti-phospho-STAT1 (Tyr701), anti-STAT1, anti-phos-
pho STAT3 (Tyr705), anti-STAT3, anti-phospho S6, anti-total S6,
anti-phospho p38, and anti-p38 antibodies (Cell Signaling Technol-
ogy Inc., Danvers, MA) (Goncharova et al., 2002a).

Immunohistochemical Analysis

LAM and normal lung tissue sections were immunostained with
primary anti-IFNB (Santa Cruz Biotechnology) or anti-smooth mus-
cle a-actin clone 1A4 FITC conjugate (Sigma Chemical) and second-
ary Alexa Fluor 594 chicken anti-mouse IgG conjugate (Molecular
Probes) antibodies (Goncharova et al., 2002b). Negative controls
included replacement of the primary antibody with isotype-matched
IgG.

Immunocytochemical Analysis

LAM cells and HBF's serum-deprived for 24 h were treated with
100 U/ml IFNR for 30 min, fixed with 3.7% paraformaldehyde (Poly-
sciences) for 15 min, incubated with 0.1% Triton X-100 (Sigma
Chemical) for 30 min at room temperature, and then blocked as
described previously (Goncharova et al., 2002b, 2004). Cells were
incubated with primary anti-STAT1/anti-phospho-S6 or anti-GFP
antibodies (Cell Signaling Technology) and then with secondary Al-
exa Fluor 594 or Alexa Fluor 488 goat anti-rabbit IgG conjugate
(Molecular Probes) antibodies for 1 h at 37°C. Cells were visualized
using a Nikon Eclipse E400 microscope under appropriate filters.

Analysis of IFNB Receptor Expression

Cell surface expression of IFNB receptor subunits was detected
using flow cytometry analysis (Krymskaya et al., 2001). In brief, cells
were resuspended in EDTA solution followed by immunocytochemi-
cal analysis using primary anti-IFNBRa and anti-IFNBR antibod-
ies (Santa Cruz Biotechnology) and FITC-conjugated secondary
antibodies (Jackson ImmunoResearch Laboratories). Fluorescence
intensity was analyzed using a BD Biosciences FACScan. Normal
IgG was used as isotype controls.

Analysis of Cell Cycle Checkpoint Status

Cell cycle checkpoint status was examined using flow cytometry
analysis (Krymskaya et al., 2001). In brief, cells were serum-de-
prived for 48 h, treated with 200 nM rapamycin, 100 U/ml IFNg, 200
nM rapamycin plus 100 U/ml IFNB, or diluent for 18 h, and then 10
uM BrdU was added. After 24 h of incubation, cells were resus-
pended in 0.05% trypsin/EDTA, labeled with anti-BrdU FITC-conju-
gated antibody, and propidium iodine followed by flow cytometry
analysis using a BD Biosciences FACScan.

RT-PCR Analysis

Total RNA was extracted from serum-deprived LAM cells, HBF's,
and HASM cells using an RNeasy mini kit (Qiagen) according to the
manufacturer’s protocol. RT-PCR reactions were performed using
IFNB and glyceraldehyde-3-phosphate dehydrogenase primers for
semiquantitative analysis, as described previously (Amrani et al.,
2003). Primers for human IFNB and GAPDH detection were identi-
cal with those reported previously (Talon et al., 2000; Tliba et al.,
2003). Polymerase chain reaction products were separated on 1%
agarose gels and stained with ethidium bromide.

Apoptosis Analysis

Analysis of apoptosis was performed using In Situ Cell Death
Detection Kit based on TUNEL technology (Roche, Nutley, NdJ) ac-

cording to the manufacturer’s protocol. In brief, cells serum-deprived
for 24 h were incubated with 200 nM rapamycin, 100 U/ml IFNg,
separately or in combination, or diluent in the presence or absence of
10 ng/ml PDGF for 18 h. Cells were then fixed with 3.7% parafor-
maldehyde (Polysciences) for 15 min and treated with 0.1% Triton
X-100 (Sigma Chemical) for 30 min at room temperature followed by
1-h incubation with TUNEL reaction mixture at 37°C. After incuba-
tion, cells were mounted in Vectashield mounting medium with
4,6-diamidino-2-phenylindole to detect cell nuclei (Vector Laborato-
ries, Burlingame, CA) and then visualized on the Nikon Eclipse E400
microscope under appropriate filters. A total of 200 cells were
counted per each condition in each experiment.

Data Analysis

Data points from individual assays represent the mean values =+
S.E. Statistically significant differences among groups were assessed
with the analysis of variance (ANOVA) (Bonferroni-Dunn), with
values of p < 0.05 sufficient to reject the null hypothesis for all
analyses. All experiments were designed with matched control con-
ditions within each experiment to enable statistical comparison as
paired samples.

Results

IFNB Is Expressed in LAM Lung Tissues and LAM
Cell Cultures. Because autocrine IFN is involved in sup-
pressing tumor development and growth (Takaoka and Tan-
iguchi, 2003), we examined whether IFNf is expressed in
LAM lungs. We performed the immunohistochemical analy-
sis of IFNB expression in LAM lung specimens from eight
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Fig. 1. A, expression of IFNB in LAM lungs. Tissue specimens from LAM
lung (top) and normal lung (bottom), were immunostained with anti-SM
a-actin FITC-conjugated antibody (green) and anti-IFNB antibody (red).
Images were taken on a Nikon Eclipse E400 microscope under 200X
magnification. White arrows indicate LAM nodules. V indicates blood
vessel. Tissue samples from eight different patients were analyzed. B,
IFNB mRNA expression in LAM cell cultures. Total mRNA (2 ug), ex-
tracted from serum-deprived LAM cells from the lung of two different
patients, HBFs, and HASM cells, was subjected to RT-PCR analysis with
the primers for IFNB and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as a control. Polymerase chain reaction products were sepa-
rated on a 1% gel and stained with ethidium bromide. Image is repre-
sentative from two different experiments yielded similar results.




patients with LAM. As seen in Fig. 1A, many of the smooth
muscle a-actin-positive LAM cells (green) stained positive for
IFNB (red). However, our data demonstrated that not all SM
a-actin-positive cells in LAM lungs were IFNB-positive. IFN3
expression in LAM tissue sections was detected in four (50%)
of the eight analyzed patients with LAM. It is interesting
that smooth muscle cells from blood vessel wall expressed
IFNB in both LAM and normal lungs (Fig. 1A). RT-PCR
analysis of IFNB mRNA levels also demonstrated IFNf
mRNA expression in serum-deprived LAM cell cultures on
the levels comparable with control HBFs and HASM cells
(Fig. 1B). These data show that IFNB was expressed in both
smooth muscle-positive cells in LAM lung tissue sections and
LAM cell cultures.

Effect of IFNS on TSC2-Null and LAM Cell Prolifer-
ation. Next, we examined whether IFNB modulate TSC2-
null and LAM cell proliferation. We used three primary LAM
cell cultures dissociated from the LAM nodules from the lung
of three different patients with LAM and control HBF's from
bronchus of the same patients as described previously (Gon-
charova et al., 2006a). Cells were treated with different con-
centrations of IFN or diluent in the presence or absence of
10 ng/ml PDGF for 18 h and then subjected to DNA synthesis
analysis assessed by [*H]thymidine incorporation. As seen in
Fig. 2, IFNB inhibited both basal (Fig. 2A) and PDGF-in-
duced (Fig. 2B) LAM cell proliferation in a concentration-
dependent manner. It is noteworthy that basal LAM cell
DNA synthesis is considerably greater compared with that of
HBFs (Goncharova et al., 2002b, 2006a). These data are
consistent with the in vivo aberrant growth of LAM cells
(Johnson, 2006; Taveira-DaSilva et al., 2006; Juvet et al.,
2007; Goncharova and Krymskaya, 2008). It is interesting
that IFNB induced the greatest inhibition of DNA synthesis
in HBF cells compared with that seen in LAM cells: the ICj,,
value for IFNB was markedly higher for LAM cells compared
with the IC,, value for HBFs, 20 versus 1 U/ml, respectively.
Furthermore, the maximal inhibition IFNB in LAM was
54.5 = 9.1 compared with 92.2 + 7.2 in HBF. Likewise, IFN3
significantly but not completely inhibited both basal and
PDGF-induced proliferation of TSC2-null ELT3 cells with
IC;, value of ~20 U/ml (Fig. 2C). These data demonstrate
that proliferation of both LAM and TSC2-null ELT3 cells is
inhibited by IFNp far less than that inhibited in HBF.

IFNB Receptor Expression and IFNp-Dependent
STAT Activation. To examine whether decreased sensitiv-
ity of LAM cells to growth-inhibitory effects of IFNB were
associated with alterations in IFN receptor expression, we
performed flow cytometry analysis with anti-IFNS receptor a
(IFNBRa) and anti-IFNBRB antibodies. As seen in Fig. 3A,
both « and B subunits of IFNB receptor are expressed in LAM
cells. Quantitative analysis of flow cytometry experiments
shows that there is no significant difference between IFNBR«
and IFNBRp expression in LAM, HASM cells, and HBF's (Fig.
3A, bottom), demonstrating that the levels of receptor expres-
sion were comparable in LAM cells, HASM cells, and HBFs.

Because binding of IFN B with its specific receptors activate
JAK/STAT signaling pathways (Platanias, 2005), we exam-
ined whether IFN stimulate STAT activation in LAM cells.
We found that IFNB stimulates STAT1 phosphorylation at
Tyr701 (Fig. 3B) and STAT1 nuclear translocation compara-
ble with those in control HBFs (Fig. 3C). To examine the
effect of IFNB on STATS3 phosphorylation, serum-deprived
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LAM cells were stimulated with IFNB or diluent for 30, 60,
120, or 180 min followed by immunoblot analysis with phos-
phospecific antibody recognizing STAT3 phosphorylated at
Tyr705. As seen in Fig. 3D, basal levels of Tyr705 STAT3
phosphorylation were detected in serum-deprived LAM cells;
PDGF stimulation increased Tyr705 STATS3 phosphorylation
at 30 min of incubation. The incubation with 100 U/ml IFN
for 30 and 60 min increased Tyr705 STAT3 phosphorylation
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Fig. 2. A and B, effect of IFNB on LAM cell proliferation. Serum-deprived
LAM cells and HBFs were treated with 10, 100, 1000 U/ml human IFN3
or diluent for 18 h in the absence (A) or presence (B) of 10 ng/ml PDGF
followed by [*Hlthymidine incorporation assay. A, #, p < 0.05 for LAM
cells treated with 100 U/ml IFNB versus diluent-treated LAM cells; #x*,
p < 0.01 for LAM cells treated with 1000 U/ml IFN versus diluent-
treated LAM cells; ##*, p < 0.01 for HBFs treated with 1000 U/ml IFN3
versus diluent-treated HBFs. B, #, p < 0.01 for LAM cells treated with
100 U/ml IFNB + PDGF versus LAM cells treated with PDGF; #x, p <
0.001 for LAM cells treated with 1000 U/ml IFNB + PDGF versus PDGF-
treated LAM cells; ##%, p < 0.001 for HBFs treated with IFNB + PDGF
versus PDGF-treated HBFs by ANOVA (Bonferroni-Dunn). C, effect of
IFNB on TSC2-null ELT3 cell proliferation. Serum-deprived rat ELT3
cells were treated with 10, 100, and 1000 U/ml rat IFN or diluent for
18 h in the absence or presence of 10 ng/ml PDGF followed by BrdU
incorporation assay. Data represent means *= S.E. from three indepen-
dent experiments. *, p < 0.01 for 100 and 1000 U/ml IFNp versus control;
#%, p < 0.01 for PDGF + 100 U/ml IFNB and PDGF + 1000 U/ml IFNg
versus PDGF by ANOVA (Bonferroni-Dunn).
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in both serum-deprived and PDGF-treated LAM cells (Fig. STAT signaling pathways in LAM cells on the levels compa-
3D) and control HBFs (Data not shown). These data demon- rable with control HBF's.
strate that IFNB activates classic receptor-associated JAK/ Because recent studies show that p38 MAPK is phosphor-
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Fig. 3. A, expression of IFN receptors in LAM cells. Serum-deprived LAM, HBFs, and HASM cells were subjected to flow cytometry analysis with
antibodies specifically recognizing IFNSR«a and IFNBRB. Normal IgG was used as an isotype control. Top, images are representative of three separate
experiments. Bottom, quantitative analysis of experiments. Data are means * S.E. from three independent experiments. IFNB receptor expression
levels in HASM cells were taken as 100%. B, effect of IFNB on STAT1 and p38 phosphorylation in LAM cells. Serum-deprived LAM cells were treated
with 100 U/ml IFNB or diluent for 30 min in the presence or absence of 10 ng/ml PDGF; cell lysates then were subjected to immunoblot analysis with
anti-phospho-STAT1 (Tyr701), anti-Stat1, anti-phospho p38, and anti-p38 antibodies. Images are representative of three independent experiments.
C, IFNB induces STAT1 nuclear translocation in LAM cells. Serum-deprived LAM cells and HBF's were treated with 100 U/ml IFNB or diluent for 30
min, and then immunostaining with anti-STAT1 antibodies was performed. Images representative of two separate experiments were taken at Nikon
Eclipse 2000 microscope under 200X magnification. Data represent a percentage of cells with STAT1 nuclear localization per total number of cells.
Data represent means = S.E. from two independent experiments. D, effect of IFNB on STAT3 and ribosomal protein S6 phosphorylation. LAM cells
were serum-deprived for 24 h and then incubated with 100 U/ml IFN or diluent for 30, 60, 120, or 180 min followed by immunoblot analysis with
anti-phospho-STAT3 (Tyr705), anti-STAT3, anti-phospho S6, and anti-S6 antibodies. Images are representative of two independent experiments.
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Fig. 4. A, TSC2 inhibits ribosomal protein S6 phosphorylation in LAM
and ELT3 cells. Cells were transfected with plasmids expressing GFP-
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ylated in some cell types in response to treatment with IFNB
and may be involved in IFN-induced biological responses
(Platanias, 2003), we examined whether p38 MAPK activity
is involved in IFNB-dependent LAM cell growth. We found
that IFNB induces p38 phosphorylation in both serum-de-
prived and PDGF-stimulated cells (Fig. 3B). Next we exam-
ined whether IFNB-dependent p38 phosphorylation is in-
volved in modulating growth-inhibitory effects of IFNB by
using p38 inhibitor SB203580. Cells were treated with either
10 uM SB203580 or 100 U/ml IFNB alone or in combination
in the presence or absence of 10 ng/ml PDGF, and then DNA
synthesis analysis was performed as described under Mate-
rials and Methods. We found that SB203580 had little effect
on DNA synthesis of either diluent- or IFNB-treated LAM
cells (Data not shown), suggesting that it is very unlikely
that p38 MAPK may be involved in modulating LAM cell
proliferation.

It is interesting that we did not detect a significant effect of
IFNB on ribosomal protein S6 phosphorylation in both se-
rum-deprived and PDGF-stimulated LAM cells at 30, 60,
120, and 180 min of treatment (Fig. 3D). However, because
S6 in LAM cells is hyperphosphorylated without any stimuli,
more studies are needed to establish whether there is a
cross-talk between IFNB-dependent signaling and mTOR/
S6K1 signaling pathways or whether these pathways act in
parallel.

Inhibition of mMTOR/S6K1 Signaling Pathway by Re-
Expression of TSC2 or Rapamycin Enhances IFNB-De-
pendent Inhibition of TSC2-Null and LAM Cell Prolif-
eration. We demonstrated that TSC2 functions as a
negative regulator of mMTOR/S6K1 signaling pathway (Gon-
charova et al., 2002b, 2006a). As seen in Fig. 4A, TSC2-
dependent inhibition of ribosomal protein S6 hyperphospho-
rylation was confirmed by immunocytochemical analysis of
GFP-TSC2- transfected cells with anti-phospho-S6 and anti-
GFP antibodies. Quantitative analysis shows the percentage
of phospho-S6-positive cells transfected with plasmids ex-
pressing GFP-TSC2 or control GFP per total number of
transfected cells. Transfected cells were detected using anti-
GFP antibody (Fig. 4A, top). Our data indicate that TSC2

conjugated TSC2 (GFP-TSC2) or control GFP, then cells were serum-
deprived for 24 h followed by immunocytochemical analysis with anti-
phospho-S6 (P-S6) antibody. Anti-GFP antibody was used to detect trans-
fected cells. Images taken by a Nikon Eclipse 2000 microscope under
300X magnification are representative of three independent experi-
ments. Arrows indicate transfected cells. Slight green signal in nontrans-
fected cells is due to autofluorescence. Data demonstrate the percentage
of phospho-S6-positive GFP- or GFP-TSC2-transfected cells per total
number of transfected cells. Data represent means * S.E. from three
independent experiments (top). GFP-TSC2 and GFP expression was con-
firmed by immunoblot analysis with anti-GFP antibody (bottom). B and
C, IFNB augments the inhibitory effect of TSC2 on LAM (B) and TSC2-
null ELT3 (C) cell proliferation. LAM (B) and ELT3 (C) cells, transfected
with plasmids expressing GFP-conjugated TSC2 (GFP-TSC2) or control
GFP, were treated with 100 U/ml IFNB, human (B) or rat (C), respec-
tively, or diluent in the presence or absence of 10 ng/ml PDGF for 18 h,
and then BrdU incorporation assay was performed. Data represent a
percentage of GFP- and BrdU-positive cells per total number of GFP-
positive cells. Data represent means * S.E. from three independent
experiments. B, *, p < 0.01 for IFN versus diluent or for IFNg + PDGF
versus PDGF; ##, p < 0.001 for GFP-TSC2-transfected cells versus GFP-
transfected cells; ##*, p < 0.01 for GFP-TSC2 + IFNp versus GFP-TSC2
and GFP + IFNB. C, #, p < 0.001 for IFN versus diluent or for IFNB +
PDGF versus PDGF; ##, p < 0.001 for GFP-TSC2 transfected cells versus
GFP-transfected cells; ###, p < 0.01 for GFP-TSC2 + IFNp versus GFP-
TSC2 and GFP + IFNB by ANOVA (Bonferroni-Dunn).
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markedly reduced the percentage of phospho-S6-positive
cells compared with cells transfected with control GFP in
both LAM and ELTS3 cells (Fig. 4A, top). Because abnormal
proliferation of LAM and TSC2-null ELT3 cells is promoted
by constitutive activation of mTOR/S6K1 signaling pathway
caused by loss of TSC2 function and inhibited by TSC2 re-
expression (Goncharova et al., 2002b, 2006a), we next exam-
ined whether TSC2 modulates IFNB-dependent LAM cell
proliferation. LAM and ELT3 cells were transfected with
plasmids expressing GFP-conjugated TSC2 (GFP-TSC2) or
control GFP, treated with 100 U/ml IFN or diluent in the
presence or absence of 10 ng/ml PDGF for 18 h, and DNA
synthesis was measured using BrdU incorporation assay
(Goncharova et al., 2002b, 2006a). GFP-TSC2 and GFP ex-
pression was confirmed by immunoblot analysis with anti-
GFP antibody (Fig. 4A, bottom). DNA synthesis analysis in
LAM cells demonstrated that IFNB only partially reduced
the proliferation of GFP-transfected cells. It is noteworthy
that IFNB further inhibited basal and PDGF-induced BrdU
incorporation in cells transfected with TSC2 compared with
diluent-treated TSC2-transfected cells (Fig. 4B). To confirm
our finding, we examined whether re-expression of TSC2
modulates the effects of IFNB on the TSC2-null ELT3 cell
proliferation. Likewise, IFNB attenuated the proliferation of
GFP-transfected ELT3 cells, and proliferation of ELT3 cells
transfected with GFP-TSC2 and treated with IFN of cells
was inhibited significantly (Fig. 4C). These data demonstrate
that IFNB augments TSC2-dependent inhibition of human
LAM and rat TSC2-null ELT3 cell proliferation.

Because TSC2 modulates cell proliferation through inhibi-
tion of mMTOR/S6K1 signaling pathway, we examined whether
mTOR inhibitor rapamycin will affect antiproliferative activity
of IFNB. Examination of concentration-dependent effects of
rapamycin demonstrated (Goncharova et al., 2002b) that the
constitutive activity of S6K1 was abrogated and LAM cell pro-
liferation was maximally inhibited by rapamycin at a concen-
tration of 200 nm (Fig. 5A). In the current study, cells were
treated with different concentrations of IFNB with or without
200 nM rapamycin in the presence or absence of PDGF for 18 h
followed by [*H]thymidine-incorporation assay. As seen in Fig.
5, A and B, rapamycin, as demonstrated previously (Goncha-
rova et al., 2002b, 2006a), inhibited LAM cell proliferation; it
is important to note that rapamycin markedly enhanced the
inhibitory effect of IFNB on basal (Fig. 5B, top) and PDGF-
induced (Fig. 5B, bottom) LAM cell proliferation in a concen-
tration-dependent manner. Similar results were obtained us-
ing TSC2-null ELT3 cells: rapamycin alone inhibited cell
proliferation in the concentration-dependent manner (Fig.
5C), and the combination of IFNB with rapamycin further
suppressed ELT3 cell proliferation compared with the effects
of IFNB and rapamycin alone (Fig. 5D). However, rapamycin,
which inhibits S6 phosphorylation (Goncharova et al., 2002b,
2006a), has little effect on IFNB-induced STAT1 phosphory-
lation (data not shown). Together, these data demonstrate
that combination of rapamycin and IFNB provide greater
inhibition of LAM cell proliferation, potentially in the addi-
tive manner, than each agent alone.

IFNB and Rapamycin Induce Cell Cycle Arrest in
Gy/G, Phase. Because rapamycin augments the growth-in-
hibitory effect of IFNB on LAM cell proliferation, we deter-
mined whether these agents modulate LAM cell cycle pro-
gression. We found that abnormal LAM cell proliferation is

associated with alterations in cell cycle progression. The per-
centage of LAM cells was markedly increased in S-phase and
reduced in Gy/G, phase compared with control cells: 21.96 *
2.04% of serum-deprived LAM cells were accumulated in the
S-phase compared with 1.75 = 0.19% of HASM cells and
5.3 = 0.78% of HBF's; in addition, the percentage of LAM cells
in G,/G; phase was 78 * 0.64%, which is significantly lower
then 94.12 * 0.66% for HASM cells and 83.69 = 0.31% for
HBFs (Fig. 6, A and B). Both IFNB and rapamycin signifi-
cantly decreased the quantity of LAM cells in S-phase (Fig.
6C, top). The combination of IFNB and rapamycin further
reduced the percentage of LAM cells in S-phase compared
with each agent alone and enriched G,/G; phase (Fig. 6C,
bottom). Similar results were obtained for PDGF-stimulated
LAM cells (Fig. 6D). These data suggest that the combination
of IFNB and rapamycin may inhibit the proliferation of se-
rum-deprived and PDGF-stimulated LAM cells as a result of
cell cycle arrest in G,/G; phase.

Rapamycin Augments IFN-Dependent Apoptosis in
LAM Cells. Because it is shown that IFN promotes apopto-
sis in some cell types (Stark et al.,, 1998), we examined
whether IFN alone or in combination with rapamycin pro-
motes LAM cell apoptosis. As shown in Fig. 7, IFNB and
rapamycin alone slightly induced apoptosis in serum-de-
prived LAM cells. The combination of rapamycin and IFNS
markedly increased apoptosis compared with each agent
added separately (Fig. 7). These data suggest that the com-
bination of IFNB and rapamycin may inhibit LAM cell
growth through the induction of apoptosis.

Discussion

The elucidation of cellular and molecular mechanisms of
cell growth modulated by loss of function of tumor suppressor
TSC2 is critically important not only for better understand-
ing of the pathobiology of a disease such LAM but also for
identifying new therapeutic targets to treat LAM. In this
study, we have demonstrated that TSC2-null ELT3 cells and
primary cultures of human LAM cells, in contrast with other
mesenchymal-derived cells such as HASM cells and HBFs,
have reduced sensitivity to growth-inhibitory effects of IFNp.
Inhibition of mTOR/S6K1 signaling pathway by re-expres-
sion of TSC2 or by treatment with rapamycin augments
IFNB-induced inhibition of cell proliferation. Cotreatment of
cells with IFNB and rapamycin promotes cell cycle arrest in
Go/G; phase, induces apoptosis, and inhibits cell prolifera-
tion with greater efficiency than each agent alone. These
data demonstrate that TSC2 dysfunction and the constitu-
tive activation of the mTOR/S6K1 in LAM cells attenuates
the growth-inhibitory effects of IFNB in LAM and TSC2-null
ELT3 cells.

IFNs play a critical role in immune surveillance against
some types of cancer because of their proinflammatory, an-
tiproliferative, and proapoptotic activities (Dunn et al., 2002;
Smyth et al., 2002; Verma et al., 2003; Wilderman et al.,
2005). Recent data demonstrate that type II IFNvy inhibits
animal tumor and cell growth that is associated with loss of
TSC2 (Hino et al., 2003; El-Hashemite et al., 2004; Lee et al.,
2006). Alterations in the IFNy-JAK-STAT pathway were re-
ported in TSC-related and sporadic LAM (El-Hashemite and
Kwiatkowski, 2005), and the correlation was demonstrated
between high-expressing IFNy allele and lower frequency of
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kidney angiomyolipomas in patients with TSC (Dabora et al., that IFNp is expressed in LAM cells at levels similar to those
2002). Together, these findings suggest that IFNy may sup- seen in HASM cells and HBF's. Autocrine secretion of IFNs
press tumor growth associated with the loss of TSC2 func- inhibits HASM cell proliferation (Tliba et al., 2003), and our
tion. However, the effects of IFNB on abnormal proliferation new data show that IFN also inhibits proliferation of HBFs
of LAM and TSC2-deficient cells remain unclear. We found with an IC;, value of ~1 U/ml. In contrast, IFN, attenuated
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Fig. 5. A, rapamycin inhibits S6 phosphorylation and proliferation of LAM and ELT3 cells in a concentration-dependent manner. Top, serum-deprived
for 24 h LAM cells were treated with 2, 20, or 200 nM RAPA or diluent for 30 min followed by immunoblot analysis with anti-phospho-S6 and anti-S6
antibodies. Images are representative of two independent experiments. Middle and bottom, DNA synthesis analysis in LAM (middle) and ELT3
(bottom) cells treated with 2, 20, and 200 nM RAPA or diluent for 18 h. Data are means * S.E. from three independent experiments. Middle, *, p <
0.001 for RAPA versus diluent; bottom, *, p < 0.05 for 2 or 20 nM RAPA versus diluent; #*, p < 0.001 for 200 nM RAPA versus diluent by ANOVA
(Bonferroni-Dunn). B, rapamycin augments inhibitory effect of IFNS on LAM cell proliferation. Serum-deprived cells (top) or cells treated with
10 ng/ml PDGF (bottom) were preincubated with 1, 10, 100, and 1000 U/ml human IFNp or diluent in the presence or absence of 200 nM RAPA for
18 h, and then the [*H]thymidine incorporation assay was performed. Data represent means + S.E. from three independent experiments. Top, *, p <
0.001 for IFN versus diluent; ##, p < 0.01 for 1000 U/ml IFNB + RAPA versus RAPA. Bottom, *, p < 0.001 for IFNB + PDGF versus PDGF; #*, p <
0.001 for PDGF + IFNp versus PDGF + IFNB + RAPA by ANOVA (Bonferroni-Dunn). C, IFNB augments rapamycin-dependent inhibition of
TSC2-null ELT3 cell proliferation. Serum-deprived ELT3 cells were preincubated with 200 nM RAPA and 100 U/ml rat IFNB separately or in
combination or diluent in the presence or absence of 10 ng/ml PDGF for 18 h followed by BrdU incorporation analysis to detect DNA synthesis. Data
represent means * S.E. from three independent experiments. *, p < 0.001 for IFN versus diluent or for IFNS + PDGF versus PDGF; #*, p < 0.01
for IFNB + RAPA versus IFNB or for IFNB + RAPA versus RAPA,; ##*, p < 0.001 for PDGF + IFNB + RAPA versus PDGF + IFNB and PDGF + IFN
+ RAPA versus PDGF + RAPA by ANOVA (Bonferroni-Dunn).
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Fig. 6. A, cell cycle checkpoint status of LAM cells. Serum-deprived for
48 h LAM cells, HBFs, and HASM cells were labeled with anti-BrdU

proliferation of LAM cells with an IC;, value of ~20 U/ml,
which is 20 times higher compared with normal HBFs. Fur-
thermore, despite the concentration of IFNB, IFNB inhibits
LAM and ELT3 cell proliferation to approximately 30%. Our
data, however, indicated no alterations in IFNB receptor
expression and IFNB-dependent stimulation of classic recep-
tor-dependent JAK/STAT1-2 signaling pathway in LAM
cells, which, according to studies, leads to the inhibition of
proliferation in different types of cells (Platanias, 2005).
IFNB may be involved in the activation of STAT3 protein,
which may promote tumor progression as a result of activa-
tion of proangiogenic factors (Platanias, 2003). Abnormal
Tyr705 STAT3 phosphorylation had been detected in LAM
and TSC tissues (El-Hashemite and Kwiatkowski, 2005),
TSC2-null mouse tumors, and mouse embryonic fibroblasts
(El-Hashemite et al., 2004). We also detected increased
Tyr705 STAT3 phosphorylation in serum-deprived LAM cells
compared with HBFs (data not shown). However, IFNg-de-
pendent Tyr705 STATS3 phosphorylation was comparable in
both LAM cells and HBF's, suggesting that STAT3 phosphor-
ylation apparently is not involved in the IFNpB-dependent
modulating LAM cell growth.

Evidence suggests that p38 MAPK signaling pathway may
play an important role in type I IFN-dependent responses
(Platanias, 2003). We found that p38 MAPK is activated by
IFNB in LAM cells. However, we found that pharmacological
inhibition of p38 MAPK had little effect on LAM cell prolif-
eration; this does not exclude that IFNB-dependent p38
MAPK activation may be involved in other IFNB functions.

Our previous studies demonstrated that TSC2 dysfunction
leads to constitutive activation of S6K1, hyperphosphoryla-
tion of ribosomal protein S6, and increased proliferation of
LAM and TSC2-null ELT3 cells. Re-expression of TSC2 or
inhibiting mTOR/S6K1 activity by rapamycin markedly in-
hibited LAM and ELTS3 cell proliferation (Goncharova et al.,
2002b, 2006a). Our finding shows that expression of TSC2 or
treatment with rapamycin augmented inhibitory effects of
IFNB on LAM and ELTS3 cell proliferation. Because rapamy-
cin had little effect on IFNB-dependent STAT1 activation
(data not shown), and IFNB had little effect on mTOR/S6K1
in TSC2-null and LAM cells, it is likely that IFNB-dependent
JAK/STAT1-2 signaling and mTOR/S6K1 signaling path-
ways act in parallel and abrogation of mMTOR/S6K1 activation
by TSC2 or rapamycin enhances IFNB-dependent inhibition
of cell proliferation in an additive manner. However, further
studies are needed to elucidate whether a potential cross-talk
between these two signaling pathways occurs.

FITC-conjugated antibody and propidium iodine, and flow cytometry
analysis then was performed. A, representative DNA histograms from
flow cytometry analysis of LAM and HASM cells in the presence or
absence of PDGF from two separate experiments. B, statistical analysis of
cell cycle checkpoint. Data represent means * S.E. from two independent
experiments. *, p < 0.001 for LAM cells versus HASM cells and HBF's; #x*,
p < 0.05 for LAM cells versus HASM cells and HBFs by ANOVA (Bon-
ferroni-Dunn). C and D, IFNB and rapamycin modulate LAM cell cycle
progression. Serum-deprived cells were preincubated with 100 U/ml hu-
man IFNB, 200 nM RAPA, 100 U/ml IFNB + 200 nM RAPA, or diluent in
the absence (C) or presence (D) 10 ng/ml PDGF for 40 h; then cells were
labeled with anti-BrdU FITC-conjugated antibody and propidium iodine
followed by flow cytometry analysis. Data represent means = S.E. from
three independent experiments. C, #, p < 0.01 for IFNB or RAPA versus
control; **, p < 0.05 for IFNB + RAPA versus IFNB or RAPA; s, p <
0.05 for IFNB + RAPA versus control; D, #, p < 0.01 for PDGF + IFNS or
PDGF + RAPA versus PDGF; #*, p < 0.05 for PDGF + IFNB + RAPA
versus PDGF + IFNB or PDGF + RAPA by ANOVA (Bonferroni-Dunn).



Abnormal TSC2-deficient tumor growth may be associated
with dysregulation of G,/G; to S phase transition (Tapon et
al., 2001). Loss of TSC1 or TSC2 function and constitutive
activation of mTOR/S6K1 signaling pathway, which associ-
ated with LAM pathogenesis (Goncharova et al., 2002b,
2006a; Krymskaya and Shipley, 2003), may result in an
aberrations in G; to S phase traverse (Soucek et al., 1997;
Miloloza et al., 2000; Tapon et al., 2001). Here, we demon-
strate that the percentage of serum-deprived LAM cells is
markedly increased in S-phase and reduced in G,/G; phase
compared with control HASM cells and HBFs. Although
IFNB inhibits cell proliferation as a result of cell cycle arrest
at the G,/S checkpoint, inhibition of mTOR signaling can also
abrogate traverse of the cell cycle from the G, to S phase. Our
findings show that combination of IFNB and rapamycin
markedly reduces the numbers of serum-deprived and
PDGF-stimulated cells in S-phase and provides cell cycle
arrest of LAM cells in the G,/G; phase, which has led to the
inhibition of LAM cell proliferation.

Because rapamycin enhances proapoptotic effects of a
number of agents, the combination of IFN+y and rapamycin
was markedly synergistic in the induction of apoptosis in
TSC2-null mouse embryonic fibroblasts (El-Hashemite et al.,
2004), and re-expression of TSC2 in TSC2-null renal tumor
cells ERC18 increased its susceptibility to okadaic acid-in-
duced apoptosis (Kolb et al., 2005). Inhibition of mTOR/S6K1
by rapamycin inhibits cap-dependent translation of several
antiapoptotic proteins, thus sensitizing some cell type to
apoptosis (Yan et al., 2006). We found that rapamycin aug-
ments IFNB-induced apoptosis in both serum-deprived and
PDGF-stimulated LAM cells, suggesting that IFNB may in-
hibit LAM cell growth as a result of two different mecha-
nisms: cell cycle arrest in the G,/G, phase, and induction of
apoptosis.

In summary, our current findings provide evidence that
LAM cells express IFNB on the levels comparable with
HASM cells and HBF's but have reduced sensitivity to the
growth-inhibitory effects of IFNB compared with normal
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Fig. 7. Rapamycin augments IFNB-dependent apoptosis in LAM cells.
Serum-deprived LAM cells were preincubated with 200 nM RAPA and
100 U/ml IFNR, separately or in combination, in the presence or absence
of 10 mg/ml PDGF followed by apoptosis analysis using In Situ Cell
Death Detection Kit based on TUNEL technology. Data represent
means *+ S.E. from two independent experiments, with three observa-
tions in each experiment. *, p < 0.05 for control versus RAPA or for
control versus IFN; #*, p < 0.01 for IFNS + RAPA versus IFNS or for
IFNB + RAPA versus RAPA; ###, p < 0.05 for PDGF versus PDGF +
RAPA or for PDGF versus PDGF + IFNR; ###x p < 0.01 for PDGF +
IFNB + RAPA versus PDGF + IFNB or for PDGF + IFNB + RAPA
versus PDGF + RAPA by ANOVA (Bonferroni-Dunn).
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cells. IFNB-dependent activation of classic receptor-depen-
dent JAK/STAT signaling pathway is not abrogated in LAM
cells. TSC2-dependent inhibition of constitutively activated
mTOR/S6K1 signaling augments antiproliferative and pro-
apoptotic effects of IFNB. Treatment of LAM cells with rapa-
mycin enhances IFNB-dependent inhibition of LAM cell pro-
liferation, potentially in an additive manner, because of
inhibition of G;-to-S phase transition and induction of apo-
ptosis. These data demonstrate that TSC2 dysfunction and
the constitutive activation of the mTOR/S6K1 in LAM cells
attenuates growth-inhibitory effects of IFNB and suggest
that combined inhibition of mTOR/S6K1 with rapamycin and
IFNB treatment may abrogate abnormal cell growth in LAM.
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