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Abstract
High doses of bleomycin administered to patients with lymphomas and other tumors lead to

significant lung toxicity in general, and to apoptosis of epithelial cells, in particular. Apopto-

sis of alveolar epithelium is an important step in the pathogenesis of bleomycin-induced pul-

monary fibrosis. The Fas-FasL pathway is one of the main apoptotic pathways involved.

Telomerase is a ribonucleoprotein RNA-dependent DNA polymerase complex consisting of

an RNA template and a catalytic protein, telomerase reverse transcriptase (TERT). Telome-

rase also possess extra-telomeric roles, including modulation of transcription of anti-

apoptotic genes, differentiation signals, and more. We hypothesized that telomerase over-

expression affects Fas-induced epithelial cell apoptosis by an extra-telomeric role such as

regulation of anti-apoptotic genes, specifically FLICE-like inhibitory protein (FLIP). Telome-

rase in mouse (MLE) and human (A549) lung epithelial cell lines was upregulated by tran-

sient transfection using cDNA hTERT expression vector. Telomerase activity was detected

using a real-time PCR-based system. Bleomycin, and bleomycin-induced Fas-mediated ap-

optosis following treatment with anti-Fas activating mAb or control IgG, were assessed by

Annexin V staining, FACS analysis, and confocal microscopy; caspase cleavage byWest-

ern blot; FLIP or Fas molecule detection by Western blot and flow cytometry. hTERT trans-

fection of lung epithelial cells resulted in a 100% increase in their telomerase activity. Fas-

induced lung epithelial cell apoptosis was significantly reduced in hTERT-transfected cells

compared to controls in all experiments. Lung epithelial cells with increased telomerase ac-

tivity had higher levels of FLIP expression but membrane Fas expression was unchanged.

Upregulation of hTERT+ in human lung epithelial cells and subsequent downregulation of

FLIP by shFLIP-RNA annulled hTERT-mediated resistance to apoptosis. Telomerase-
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mediated FLIP overexpression may be a novel mechanism to confer protection from apo-

ptosis in bleomycin-exposed human lung epithelial cells.

Introduction
High doses of bleomycin administered in the 1980s–1990s to patients with lymphomas and
other tumors were associated with significant lung toxicity in general and apoptosis of epitheli-
al cells in particular in 2–40% of patients, with up to 83% mortality in patients who developed
lung fibrosis secondary to chemotherapy [1]. Lung toxicity has been greatly reduced in more
recent reports, albeit at the cost of a reduction in cumulative dose by 75% or more, from levels
>100 mg/sqm to a practical limit of approximately 25 mg/sqm today. This ceiling on cumula-
tive dose limits the effectiveness of an important chemotherapeutic agent.

Intratracheal administration of bleomycin in mice has been widely used as an animal model
mimicking side effects from treatment in lymphoma patients to study the mechanisms of lung
injury, including the cycle of inflammation, and repair, and lung fibrosis [2, 3]. The pathogene-
sis of idiopathic pulmonary fibrosis (IPF) is typically characterized by abnormalities of alveolar
structure accompanied by myofibroblast accumulation and collagen deposition in the extracel-
lular matrix, with resulting lung scarring and inhibition of gas exchange [4]. Lung injury fol-
lowing bleomycin administration is manifested by epithelial cell apoptosis (programmed cell
death) and evolution of fibrosis. Altered function of the Fas-FasL pathway of apoptosis in lung
fibroblasts and epithelial cells has been shown to be involved in the fibrotic process [5–7]. We
have shown that following bleomycin treatment of murine lung epithelial (MLE)-cells in vitro
[8–10], and following in vivo treatment of C57BL/6 mice [8], both primary epithelial cells and
those from a cell line become more sensitive to Fas-induced apoptosis exerted either by Fas-ag-
onists or by activated myofibroblasts [8].

Fas (CD95/APO-1) is a 45-kDa type I transmembrane protein belonging to the tumor ne-
crosis factor superfamily of receptors. Apoptosis is initiated when Fas receptor cross-links with
FasL or agonistic anti-Fas antibodies [11–13]. However, Fas surface expression does not always
correlate with Fas/FasL-induced cell death and apoptosis. Fas transduces lung myofibroblast
proliferation and differentiation signals [7], and differences in sensitivity to Fas-induced apo-
ptosis are mediated, at least in part, by FLICE-Like inhibitory protein (FLIP) expression [7] or
downregulation of Fas receptor expression [14].

Telomerase is a ribonucleoprotein RNA-dependent DNA polymerase complex that consists
of an RNA template and a catalytic protein, telomerase reverse transcriptase (TERT) [15]. Its
main function is to maintain telomere length, resulting in attenuation of cell apoptosis and lon-
ger cell survival [16, 17]. However, emerging evidence suggests that telomerase has additional
extra-telomeric roles in mediating cell survival, including anti-apoptotic functions in the pres-
ence of various cytotoxic stresses. There is evidence that telomerase, and the TERT unit in par-
ticular, might play a role in transcription [18–20], myofibroblast differentiation [21], and even
protection against TRAIL-induced apoptosis [22], all independent of telomere length.

Telomere length is not the only mechanism that restricts the immortalization of many cell
types. We have previously demonstrated in bleomycin-treated mouse lungs that, even when
telomere length remains constant, telomerase is detected at levels that are inversely correlated
with the level of lung epithelial cell apoptosis, and inhibition of telomerase with TMPYP4 in-
creases cell death and apoptosis during evolution of lung fibrosis [23]. Moreover, treatment
with a small molecule that mediates telomerase activation suppressed the development of
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bleomycin-induced fibrosis and accumulation of senescent cells in the lungs [24]. Ectopic ex-
pression of the human reverse transcriptase catalytic domain (hTERT) is sufficient to reconsti-
tute telomerase enzyme activity in human [25–27] as well as mouse cells [28]. We
hypothesized that hTERT overexpression in mouse and human lung epithelial cells would also
involve extra-telomeric roles such as upregulation of survival gene expression, specifically
FLIP, with subsequent attenuation of bleomycin- and bleomycin sensitized Fas-
induced apoptosis.

Materials & Methods

Cell Line and Culture
The human lung alveolar epithelial cell line A549 was obtained from the American Type Cul-
ture Collection (ATCC CCL 185). Cells were cultured in Dulbecco's modified Eagle's medium
(DMEM, Sigma Aldrich, St. Louis, MO, USA) supplemented with 10% heat-inactivated fetal
bovine serum (Sigma Aldrich), 2 mM l-glutamine and penicillin-streptomycin (50 units/ml)
(Gibco, Life Technologies/ThermoFisher Scientific, Waltham, MA, USA). The murine type II,
simian vacuolating virus 40 transformed mouse lung epithelial cell line (ATCC, MLE-15) was
maintained in HITES (Ham’s F12, insulin, transferin, b-estradiol and sodium selenite) medium
(Biological Industries, Beit HaEmek, Israel) supplemented with 2% fetal bovine serum (Biologi-
cal Industries).

Reagents
Fluorescein isothiocyanate (FITC)-conjugated Annexin V (BD Pharmingen, San Diego, CA,
USA), bleomycin (ASTAMedica, Frankfurt amMain, Germany), Dulbecco/Vogt modified Ea-
gle’s minimal essential medium (DMEM, Sigma Aldrich), DNase (Sigma Aldrich), 4% para
formaldehyde (Sigma Aldrich), and saponin buffer (Sigma Aldrich).

Exposure of Lung Epithelial Cells to Bleomycin
MLE and A549 cells suspended in HITES (Biological Industries #06-1095-15) and F-12K
(ATCC #30–2004) medium, respectively, were incubated with or without 0.1 unit-mL-1 of
bleomycin. This bleomycin dose was selected based on previous kinetic studies in our laborato-
ry, which have shown that at 24–72 h it induces significant, but not overwhelming, apoptosis
[8–10]. After incubation, trypsin (Biological Industries) was added for adherent cell removal
and the mixture was centrifuged (2536g, 10 min). The pellet was resuspended for further evalu-
ation and Fas-induced apoptosis. Viable cells were counted using trypan blue (Sigma Aldrich).

Apoptotic Gene Array of Bleomycin-Treated Mouse Lung Epithelial
(MLE) Cells
Total cellular RNA was extracted from mouse lung epithelial cells using the Tri-Reagent Kit
and instructions (Molecular Research, Inc., Cincinnati OH, USA). A mouse apoptosis pathway
gene array kit (GEArray, SABiosciences/QIAGEN, Frederick, MD, USA) was used to deter-
mine the expression levels of multiple genes involved in epithelial cell apoptosis. Briefly, 1μg
RNA was used as a template to generate Biotin-16-dUTP-labeled cDNA probes, according to
the manufacturer’s instructions. cDNA probes were denatured and hybridized at 60°C with the
SuperArray membrane, which was washed and exposed to a chemoluminescent substrate. To
analyze the SuperArray membrane, we scanned the X-ray film and imported it into Adobe
Photoshop (Adobe Systems, Inc., San Jose CA, USA) as a “TIFF” file. The image file was in-
verted. A pool of four cDNA spots for each gene was digitized using ScanAlyze software
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(shareware, available at http://rana.lbl.gov/EisenSoftware.htm), and normalized by subtraction
of the background average intensity value of three spots containing plasmid DNA (PUC18).
The average of two RPL13A spots was used as a positive control and set as the baseline value
with which the signal intensity of other spots was compared. Using these normalized data, sig-
nal intensities were compared using the GEarray analyzer program (available at http://www.
superarray.com).

GeneArray Analysis
Specific cDNA fragments of 96 apoptosis-related genes were hybridized with cDNA probes
synthesized from two total RNA samples corresponding to untreated (control) mouse lung epi-
thelial cells and epithelial cells treated with 0.06mU of bleomycin (BLEO). Relative expression
levels of the various genes were estimated by total RNA samples (1 μg). Lung epithelial cell
RNA, with- and without bleomycin treatment, was subjected to gene SuperArray analysis. Rel-
ative expression levels of genes relevant to apoptosis were estimated by comparing signal inten-
sities of four spots of cDNA for each relevant gene with the intensity of four spots of RPLA
housekeeping gene, and then quantified by densitometry after background subtraction. The de-
gree of gene expression after bleomycin-and saline-control treatment, as indicated by fold
changes, was calculated by raw densitometry values by comparing signal intensity to RPLA
13A and then quantified by densitometry after background subtraction and determined as OD.
Differentially expressed genes were identified by volcano analysis using a threshold of>2-fold
changes in expression. P<0.05 was considered statistically significant.

hTERT-Telomerase Transfection into Lung Epithelial Cell Lines
MLE and A549 cells were transfected to produce high levels of telomerase and telomerase ac-
tivity as we previously detailed [29]. 0.5×106 cells were incubated with a mixture of 4 mg/ml li-
posome (Dreamfect, OZ Biosciences, Marseille, France) and 1 μg/ml plasmids containing
TERT cDNA for 1 hr (kindly provided by Prof. Varda Rotter, Weizmann Research Institute),
washed, cultured with adequate medium, incubated and analyzed at 24 hr.

Telomerase Activity
Telomerase activity was detected using the TRAPeze Telomerase detection kit (Intergen, Bur-
lington MA, USA). The PCR-based TRAP (Telomeric Repeat Amplification Protocol) method
was used, according to the kit manual and as detailed by us previously [23]. Briefly, PCR ampli-
fication was performed, and the samples were loaded and run in SDS PAGE gel. The intensity
of the fluorescent signal emitted by the PCR products was determined by densitometry using a
tabletop scanner (Multi-Analyst PC Version 1.1; Bio-Rad Laboratories, Hercules, CA, USA).
Data were analyzed with the Fluor-S-MultiImager (Bio-Rad Laboratories). Each cDNA was
amplified in triplicate, corrected to the level of GAPDHmRNA, and the median value used.
Amplification was repeated with a smaller quantity of substrate if the densitometer signal was
beyond the predetermined linear range.

Fas Activation
Myofibroblast Fas activation was performed as we have previously detailed [9] using purified
NA/LE DX2 mouse anti-human or Jo2 rabbit anti-mouse CD95 antibody (BD Pharmigen,
Franklin Lakes, NJ, USA).
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In Vitro Detection of Apoptotic Cells by Annexin V Affinity Labeling
FITC-conjugated Annexin V (1 μg) and 5 μg/ml propidium iodide (PI) were added to 0.5×106

adherent MLE and A549 cells in the culture flasks, which were then incubated (30 min), and
analyzed by flow cytometry (FACStar, Becton Dickinson, Mountain View CA, USA), as de-
scribed [8–10].

Lentiviral Production and Epithelial cell Infection
Lentiviral-based vectors for RNA interference-mediated gene silencing consisted of an U6 pro-
moter for expression of short hairpin RNAs (shRNAs) under the control of SV40 promoter for
monitoring transduction efficiency. The oligonucleotide used to produce V3LHS_346941
Dharmacon plasmid-based CFLAR (c-FLIP) shRNA was 5'- TTGTCTTCAGGTCTATTCT-
3' cloned into the SV vector using AgeI and BamHI restriction sites. Lentiviral particles were
produced in 293T (human embryonic kidney cells), co-transfected by the calcium phosphate
method with the above plasmid plus plasmid coding for the envelope and packaging systems
(VSV-G and D8.9, respectively). Endogenous protein knock-down of FLIP protein expression
was assessed by Western blot.

Fas and FLIP Expression Assayed by Flow Cytometry
As we detailed previously [7], cell surface expression of Fas, and intracellular FLIP was assessed
by indirect immuno-fluorescence and analyzed by flow cytometry. Briefly, 0.5×106 cells were
washed with FACS medium (3% FCS in PBSX1) for Fas staining, and with permeabelazing sa-
ponin medium for FLIP staining, and incubated on ice for 45 min with anti-Fas or anti FLIP
conjugated mAb (1μg/100 μl FACS or saponin buffer). After 30 min, the cells were washed and
analyzed by flow cytometry using a FACStar.

Western Blot
As we have detailed [29]. Lung epithelial cell protein was blotted (in similar amounts), incubat-
ed with anti-FLIP (Stressgen Biotechnology, Victoria BC, Canada) or anti-caspase 8/caspase-3
antibodies (1:1000) (Cell Signaling Technology, Danvers MA, USA), re-incubated for 1 h in
the appropriate horseradish peroxidase-conjugated (HRP) antiserum (1:2,500 dilution, Jackson
Laboratories, Bar Harbor, ME, USA), and analyzed with the ECL detection system (Bio-Rad,
Haifa, Israel).

Statistical Analysis
Analysis of variance was performed with the Kruskal-Wallis test for nonparametric data.
When Kruskal-Wallis tests of comparability were statistically significant, Mann-Whitney com-
parisons with Holms sequential Bonferroni-corrected p values were performed. In order to de-
termine whether relative telomerase activity was consistently greater or less than baseline, the
data were dichotomized. One-sample Chi-squared test was performed, comparing the observed
distribution with an expected random distribution. p< 0.05 was considered significant.

Theory
Telomerase-TERT influences FLIP expression, which in turn modulates cell apoptosis. We hy-
pothesized that by upregulating epithelial cell telomerase and FLIP expression, it may be possi-
ble to protect epithelial cells against bleomycin- and Fas-induced apoptosis, and thus attenuate
lung injury and fibrosis in general, and in cancer patients treated with bleomycin, in particular.
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Results

Apoptotic Gene Expression in Mouse Lung Epithelial (MLE) Cells after
Bleomycin Treatment
We have previously shown that bleomycin sensitizes MLE cells to Fas-induced apoptosis [8–
10], possibly enabling their cell death by FasL+ myofibroblasts [8]. In this study we further ana-
lyzed the molecular mechanisms of these phenomena by assessing apoptotic primary lung epi-
thelial cell gene expression after bleomycin treatment of mouse lung epithelial (MLE) cells,
using pathway-specific array analysis. Four housekeeping genes and 96 genes among those in-
volved in epithelial cell apoptosis were compared in cells that were treated, or not, with bleo-
mycin for 72 h as described in Materials and Methods. We found (Fig 1, table and inserts) that
bleomycin upregulates genes that are known to appear after cell exposure to oxidative stress
and DNA damage such as GADD45, mdm-2, and bcl-2; genes involved in the intrinsic apopto-
tic pathway such as caspase-9; genes involved in the extrinsic pathway from the TNF receptor
(TNFr) family; and associated molecules such as TRAIL, TRAFs, TNFsf, and FADD. However,
many genes that regulate apoptosis and confer survival, such as ATM, which is known to regu-
late telomere length, as well as FLIP/casper, IAPs, survivin, and bcl-w, were downregulated.
We have chosen to focus on the survival gene that encodes the FLIP molecule and assess effects
of its ectopic upregulation in mouse and human epithelial cell lines.

Decreased Bleomycin-Induced Apoptosis in hTERT-Transfected
Mouse-Lung Epithelial (MLE) Cells
Forced in vitro telomerase downregulation in MLE cells was previously shown by us to be asso-
ciated with higher levels of bleomycin-induced apoptosis [23]. In this study we aimed to assess
whether telomerase can directly protect bleomycin-treated lung epithelial cells from apoptosis.
To this end, MLE cells were transfected with hTERT cDNA expression vector and control
cDNA, and were further exposed to bleomycin or control saline for 24 h. Cells were collected
and resuspended. Viable cells were counted using trypan blue in order to exclude necrotic cells.
A similar number of viable bleomycin-treated and untreated cells were taken for evaluation of
telomerase activity as we previously detailed [23]. Telomerase activity, assessed by the PCR-
based TRAP method, was increased in hTERT cDNA-transfected cells (hTERT+) compared
with control (hTERTctrl) cells in four independent experiments (Fig 2A) with significant results
(�p<0.02). By specific upregulation of telomerase in this study we directly show the role of telo-
merase in protecting MLE cells from bleomycin-induced apoptosis (Fig 2). As assessed by flow
cytometry analysis of Annexin V binding, we initially show that the spontaneous apoptosis of
MLE cells is not changed following upregulation of hTERT (Fig 2B), hTERTctrl (17%) vs.
hTERT+ (15%) in saline treatment. However, MLE cells transfected with hTERT demonstrated
a 1.5 fold decrease in bleomycin-induced apoptosis, from 34% to 22%. This experiment was in-
dependently repeated three times and the results, which are presented graphically (Fig 2C),
were statistically significant (�p<0.05).

Decreased Fas-Induced Apoptosis in hTERT+-Transfected MLE Cells
We further determined whether the upregulation of telomerase (hTERT+) can protect bleomy-
cin-treated MLE cells from sensitization to Fas-induced apoptosis (Fig 3). Apoptosis of
hTERT+ vs. hTERTctrl in MLE cells was detected in three different assays, each repeated twice,
using flow cytometry of Annexin V binding by FACS (Fig 3A) or by confocal microscopy (Fig
3B) following exposure of bleomycin-treated MLE cells to Jo2 anti-Fas mAb vs. control IgG
(10μg/48h). Apoptosis was detected in only 4.5% of hTERT+ MLE cells; however, 45% of
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Fig 1. Apoptotic gene expression in MLE cells after bleomycin treatment. (A) Specific cDNA fragments
of 96 apoptosis-related genes were hybridized with cDNA probes synthesized from two total RNA samples
corresponding to untreated (Control) mouse lung epithelial cells and epithelial cells treated with 0.06mU of
bleomycin for 72h (BLEO). (B) Relative expression levels of genes relevant to apoptosis. Among other
survival genes, FLIP was shown to be downregulated after exposure to bleomycin. The degree of gene
expression after bleomycin-and saline-control treatment, as indicated by fold changes, was calculated by raw
densitometry values by comparing signal intensity to RPLA 13A and then quantified by densitometry after
background subtraction and determined as OD.

doi:10.1371/journal.pone.0126730.g001
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Fig 2. Decreased bleomycin-induced apoptosis in hTERT transfected MLE cells. (A) PCR-based
telomerase activity in Mouse-Lung Epithelial (MLE) cells transfected with hTERT+ or control hTERT
(hTERTctrl) expression vectors. hTERT+ and hTERTctrl MLE cells were exposed to bleomycin (0.06mU) or
control saline. (B) Flow cytometry analysis demonstrating decreased Annexin V staining in bleomycin-treated
hTERT+ compared to hTERTctrl cells. (C) Bar diagram representing the fold ratio (bleomycin/saline) of MLE
cell apoptosis in hTERT+ vs. hTERTctrl MLE cells (n = 4, *p<0.05).

doi:10.1371/journal.pone.0126730.g002
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Fig 3. Decreased Fas-induced apoptosis in hTERT+ vs. hTERTctrl transfected MLE cells.MLE cells
were transfected with hTERT or control expression vector, and exposed to Fas or control IgG mAb (10 μg/ml,
24h). (A) Histogram plot and (B) confocal microscopy of Annexin V staining (blue) and PI (red) in hTERT+ vs.
hTERTctrl cells showing decreased Annexin V staining in hTERT+ when compared to hTERTctrl transfected
cells (MLE). Inserted numbers represent the percentage of Annexin V-stained cells (blue) among total cells in
the field (red) with standard deviation (SD). 10–15 fields were counted. (C) Western blots of caspase-8
cleavage into p42 and p18 subunits. Cleaved/uncleaved-caspase-8 optical density (OD) ratios are
presented, showing decreased caspase 8 cleavage in hTERT+ when compared to the hTERTctrl-transfected
MLE cell line. Representative results of two different experiments with similar results.

doi:10.1371/journal.pone.0126730.g003
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hTERTctrl MLE cells were apoptotic. Apoptosis was then further assessed using Western blot of
caspase-8 cleavage, which showed that hTERT+ MLE cells significantly decreased the cleavage
of caspase 8 to the p42 and p18 subunits in comparison with hTERTctrl MLE cells. The stan-
dard deviation (SD) is presented (Fig 3C).

Levels of Fas-Death Receptor are Similar in hTERT+ and Control-
Transfected MLE Cells
We have shown previously that protection from telomere loss is not the mechanism by which
telomerase protects MLE cells from apoptosis [23]; therefore, we initially assessed possible
changes in Fas-death expression as an alternative mechanism known to disturb apoptosis [30].
We found that neither the level of Fas expression, shown by FACS histogram-plot, nor the per-
centage of cells expressing Fas, shown by dot-plot, changed following transfection and overex-
pression of telomerase (Fig 4A, hTERT+ vs. hTERTctrl, respectively). These results were
confirmed in four other independent experiments, represented graphically; showing that there
was no significant difference between groups (n = 4) (Fig 4B).

FLIP is Upregulated in hTERT+-Transfected Mouse Lung MLE Cells
We showed previously that FLIP is upregulated in MLE cells and fibroblasts, and that FLIP
upregulation diverts Fas-induced lung myofibroblast apoptosis towards proliferation [7]. In
this study we assessed whether telomerase-TERT overexpression is associated with upregula-
tion of FLIP levels. FACS flow cytometry analysis revealed that following hTERT+ vs. control-
cDNA transfection, FLIP molecule expression on MLE cells increased from 17% to 35% (Fig
5A, hTERT+ vs. hTERTctrl, respectively). These results were further confirmed by Western blot
(Fig 5B).

hTERT+-Transfected Human Lung Epithelial (A549) Cells Upregulate
FLIP Levels and Acquire Resistance to Fas-induced Apoptosis
We then confirmed results of the TERT effect on Fas and FLIP expression, and on human lung
epithelial cell susceptibility to Fas-induced apoptosis. hTERT was introduced into an A549
lung epithelial cell line in three independent transient transfections. Western blot analysis re-
vealed that, following hTERT+ vs. control-cDNA transfection, FLIP molecule expression was
doubled from an OD of 0.4 in hTERTctrl to 0.75 in hTERT+ (Fig 6A). Fas levels on A549 cells
following hTERT+ transfection were unchanged (not shown). hTERT-transfected A549 cells
were then subjected to bleomycin and treated with agonist human anti-Fas DX2 mAb (10μM,
48h). Apoptosis of hTERTctrl vs. hTERT+ in A549 cells, following exposure to DX2 anti-Fas
mAb was detected by two different assays performed twice. Flow cytometry analysis of
Annexin V binding demonstrates that only half (27%) the fraction of hTERT+; compared to
55% of hTERTctrl A549 cells were apoptosized (Fig 6B). These results were further confirmed
by the decrease in the cleaved/uncleaved caspase-3 OD-ratio from 0.45, to only 0.09, as de-
tected by Western blot, in hTERT+, compared to hTERTctrl A549 cells, respectively (Fig 6C).

Downregulation of FLIP Levels Annuls hTERT-Mediated Resistance to
Fas-Induced Apoptosis in Human Lung Epithelial A549 Cells
We then assessed, by modulation of FLIP expression in hTERT-transfected A549 cells, whether
hTERT-mediated enhanced FLIP expression is significant for the protection against apoptosis.
To this end we further infected hTERT+ and hTERTctrl A549 cells with specific lentiviruses car-
rying shRNA-FLIP, or the scrambled control sequence shRNA-Ctrl, and assessed induction of
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apoptosis following cell exposure to bleomycin and treatment with agonist anti-Fas DX2 mAb
(10μM, 48h). Using Western blot analysis we found that FLIP expression decreases in shFLIP-
infected hTERT+ A549 cells (Fig 7A). Flow cytometry analysis of Annexin V staining (Fig 7B)
andWestern blot of caspase-3 cleavage (Fig 7C) revealed that, when compared to control A549

Fig 4. Fas expression is unchanged in hTERT+-transfected MLE cells. (A) Flow cytometry analysis (histogram and dot plots) showing similar Fas
expression in hTERT+ vs. hTERTctrl MLE cells. (B) Graphic presentation of FACS analysis from three independent experiments (n = 4).

doi:10.1371/journal.pone.0126730.g004
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cells (hTERT+shCtrl+), downregulation of FLIP in hTERT-transfected A549 cells (hTERT+sh-
FLIP+) restored susceptibility to Fas-induced apoptosis. These results suggest that FLIP is relat-
ed to the anti-apoptotic activity of hTERT.

Discussion
Apoptosis of alveolar lung epithelial cells, particularly apoptosis that is mediated by bleomycin
and by bleomycin-sensitized Fas-death pathway, has been implicated as an initial event leading

Fig 5. FLIP is upregulated in hTERT+ vs. hTERTctrl transfected MLE cells. (A) Flow cytometry dot plots of FLIP expression, and (B) Western blot using
anti-FLIP mAb in hTERT+ vs. hTERTctrl (control) transfected cells. OD ratios showing increased FLIP in hTERT+ mouse lung MLE epithelial transfected cells
are presented. Representative results of two different experiments for each assay, with similar results.

doi:10.1371/journal.pone.0126730.g005
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Fig 6. hTERT+-transfected human lung epithelial A549 cells upregulate FLIP levels and acquire
resistance to Fas induced apoptosis. (A) Western blot of FLIP expression using anti-FLIP mAb in
hTERTctrl (control) vs. hTERT+ transfected cells from a human lung epithelial cell line (A549). Optical
densities showing increased FLIP in hTERT+ human lung A549 epithelial transfected cells are presented
(OD). (B) Histogram plots of flow cytometry analysis showing decreased Annexin V staining in hTERT+ (red)
when compared to hTERTctrl (black) transfected cells (A549). (C) Western blot showing decreased caspase 3
cleavage in hTERT+, when compared to the hTERTctrl transfected A549 cell line. Cleaved/uncleaved
caspase 3 OD ratios are presented. Representative results of two different experiments for each assay, with
similar results.

doi:10.1371/journal.pone.0126730.g006
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Fig 7. Downregulation of FLIP levels annuls hTERT-mediated resistance to Fas-induced apoptosis in
human lung epithelial A549 cells. (A) Western blot of FLIP expression using anti-FLIP mAb in an hTERT
+shRNACtrl (sh-scrambled/control) vs. an hTERT+shFLIP-RNA transfected-A549 cell line. OD ratios show
decreased FLIP expression in hTERT+ A549 cells following further transfection with shFLIP when compared
to those that were further transfected with control shRNA. (B) Histogram plot of Annexin V staining and (B)
Western blot of caspase 3 cleavage in hTERT+ human lung epithelial A549 cells after infection with
(hTERTshCtrl) and hFLIP-RNA lentiviral vector (hTERTshFLIP) and subjection to agonist Fas DX2 mAb.
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to pulmonary fibrosis in mice following bleomycin intratracheal instillation [5, 8, 31]. Bleomy-
cin causes apoptosis of lung epithelial cells in vitro, accompanied by accumulation of intracel-
lular reactive oxygen species [8–10] in a dose-response manner via a decrease in telomerase
activity [23], a decrease in intracellular glutathione content [8–10], and an increased expression
of cell surface CD95/Fas with enhanced sensitization to Fas-induced apoptosis [8].

We have previously demonstrated that telomerase might play a role in the protection of epi-
thelial cells from bleomycin-induced apoptosis during the acute stages of lung fibrosis in mice.
We showed that inhibition of telomerase with TMPYP4, increased epithelial cell death and ap-
optosis [23]. Following bleomycin exposure, MLE cells downregulate TERT [23] as well as
FLIP (Fig 1) levels. In a previous study we have shown that upregulation of FLIP may play an
important role in fibroblast resistance to Fas-induced apoptosis [7]. We further show in the
current study that mouse and human lung epithelial cells with forced overexpression of
hTERT had greater protection from bleomycin- and bleomycin sensitized Fas-induced apopto-
sis. Moreover, when hTERT is ectopically overexpressed, FLIP expression levels are increased
in mouse and human lung epithelial cells. Of note, although this study aims to address the role
of TERT in extratelomeric roles of telomerase, human TERT expression was previously exten-
sively assessed in mouse cells and was found to be effective in activation of mouse telomerase
and telomere elongation [28].

Dudognon at el also demonstrated that TERT can attenuate TRAIL (cell-death receptor)-in-
duced apoptosis, independent of telomere length [22]. This function of telomerase can be me-
diated by its action in the regulation of anti-apoptotic and growth-controlling genes,
independent of telomere functions [19, 32, 33]. FLIP overexpression has been proposed to lead
to lung cell resistance to apoptosis [7], and a decrease in its activity has been related to lung cell
death [7]. FLIP has also been detected by us and others in fibrotic lung primary epithelial cells
at specific stages of extensive lung fibrosis [7, 34, 35]. In parallel, we have found that, at these
stages, telomerase activity is increased in lung epithelial cells of bleomycin-treated mouse lungs
[23]. Therefore, there is a possibility that FLIP could contribute to telomerase-mediated epithe-
lial cell survival. FLIP expression may thus be a means of TERT protection from cell death and
apoptosis. In support of this hypothesis, hTERT deficiency may contribute to epithelial cell ap-
optosis and subsequent lung fibrosis, as previously reported, suggesting that mutations in es-
sential genes coding for the enzyme telomerase are the most commonly identified genetic risk
factors in IPF [36]. Degryse et al have performed a thorough study showing that fibrosis devel-
ops in a similar manner in both TERT-deficient and wild-type mice [37]. Nevertheless, it will
be of interest to specifically assess TERT deficiency in lung epithelial cells in vivo and, in partic-
ular, the benefits of its overexpression as opposed to its deficiency in the injured lung. This rela-
tionship was previously shown in the injured liver of TERT-deficient mice [38]. However,
since telomere maintenance by telomerase is known to affect alveolar epithelial cell integrity
[39], we suggest that telomere maintenance may be one of the protective effects of telomerase
upregulation following bleomycin treatment.

The mechanism by which TERT upregulates FLIP levels is still unknown, and warrants fur-
ther study. It may be possible, as in the case with FasL expression in bone marrow mesenchy-
mal stem cells [32], that TERT expression in lung epithelial cells contributes to
FLIP transcription.

Specific overexpression of telomerase and FLIP in lung primary epithelial cells may mediate
attenuation of their apoptosis and subsequent lung fibrosis. This understanding may pave the

Representative results of two different experiments for each assay, with similar results showing increased
apoptosis in hTERT+ A549 cells transfected with shFLIP-RNA.

doi:10.1371/journal.pone.0126730.g007
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way for design of a new approach for therapeutic intervention with bleomycin in patients with
lymphomas, and control of the debilitating side effects now seen.
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