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Telomerase in pulmonary fibrosis
A link to alveolar cell apoptosis and differentiation
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Introduction

Telomerase is a specialized reverse transcriptase that synthesizes TTAGGG 
telomere DNA at the ends of eukaryotic chromosomes, compensating for 
telomere erosion that normally occurs with each cell division and contribut-
ing to the stability, function and replication of chromosomes1,2. It has two 
essential components: a catalytic one, telomerase reverse transcriptase 
(h-TERT) and an RNA component (hTR)3. Telomerase has been shown to 
be crucial for extended life span, cell proliferation and differentiation and 

SUMMARY. Introduction: Telomerase is crucial for extended life 
span and differentiation and is linked to immortality. Therefore, 
its role may be crucial in the pathogenesis of pulmonary fibrosis. 
Our objective was to implicate telomerase in the pathogenesis of 
idiopathic fibrotic lung disease. Patients and Methods: Assessment 
of telomerase activity and expression was carried out using TRAP 
detection kit and qRT-PCR. Experimental procedure was enhanced 
by a series of immunostainings and fluorescence in situ hybridization 
analysis in tissue microarrays constructed with tissue samples from 
patients with idiopathic pulmonary fibrosis (IPF) and cryptogenic 
organizing pneumonia (COP). Results: We demonstrated significant 
downregulation of telomerase expression and activity in patients 
with fibrotic lung disease compared to controls. Immunolocaliza-
tion studies coupled by FISH analysis revealed the presence of two 
subpopulations of type II AECs based on their telomerase expression 
levels: telomerase positive type II AECs, mainly overlying areas of 
active fibrosis and telomerase negative type II AECs, mainly local-
ized in areas of established fibrosis. Conclusions: Downregulation 
of telomerase expression and activity in IPF may indicate a causal 
relationship between low telomerase expression and disease patho-
genesis. The duality phenomenon in telomerase expression suggests 
that telomerase may regulate the fate of AECs towards either an 
apoptotic or a mesenchymal phenotype contributing directly to 
fibrosis. Pneumon 2010, 23(3):224-239. 
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has been linked to immortality4. Studies have provided 
us with abundant evidence that expression or induction 
of telomerase activity is not restricted to immortalized 
cancerous or transformed cells and it is also associated 
with tissue injury5. Despite this compelling evidence for 
the inducibility of telomerase activity in noncancerous 
cells6,7 and its association with injured8 and inflamed 
tissues9, its role in noncancerous pathologic processes, 
characterized by increased proliferation or survival of 
cells, remains unclear. Idiopathic pulmonary fibrosis (IPF) 
is one such process, which is characterized by increased 
alveolar cell apoptosis, clusters of highly proliferative 
and immortal fibroblasts called fibroblastic foci (FF) 
comprising the histopathologic pattern of usual inter-
stitial pneumonia (UIP)10. Recent evidence supports the 
concept that active fibrosis of IPF mirrors the abnormal 
wound repair in response to multiple sites of ongoing 
alveolar epithelial injury whereas parallels between IPF 
and cancer biology have also been drawn10-12. While irre-
versible fibrosis is the hallmark of the disease other types 
of pulmonary fibrosis such as cryptogenic organizing 
pneumonia (COP) characterized by distinct fibromyxoid 
lesions called Masson bodies (MB) that are susceptible to 
even complete reversal present with excellent prognosis 
and clinical course13,14.

Experimental findings have demonstrated that telom-
erase activity was selectively induced in fibroblasts isolated 
from bleomycin (BLM) -injured rat lungs presumably be-
fore their differentiation to myofibroblasts15-17. The latter 
observation was further supported by the evidence that 
the loss of telomerase activity is closely associated with 
myofibroblast differentiation and possibly functions as 
trigger for this procedure18,19. Furthermore a dismal effect 
of low telomerase activity in bleomycin-induced alveolar 
cell apoptosis has been recently reported20 while a causal 
effect-relationship between telomerase deficiency in 
murine lung fibroblasts and BLM-induced PF has also been 
demonstrated21. However, human and mouse telomerases 
are reported to differ in both their functional properties 
and their regulation whereas bleomycin-animal model 
is not fully representative of IPF15.

Hence a human study is sorely needed. Recently pub-
lished genetic association studies in patients with familial 
IPF22,23 described a primary role for mutant telomerase 
components in the pathogenesis of IPF suggesting that 
the presence of short telomeres in alveolar epithelial cells 
(AECs) may lead to cell apoptosis and trigger the fibrogenic 
process through epithelial-mesenchymal interactions. 
Although, familial IPF is clinically indistinguishable from 

sporadic IPF except earlier age of onset (55 years vs. 67 
years)24, however there are no reports in the literature 
assessing telomerase activity, expression and localiza-
tion in lung samples from patients with various forms of 
pulmonary fibrosis. To address this issue, we constructed 
tissue microarrays (TMAs) and demonstrated downregula-
tion of telomerase in representative tissue samples from 
patients with sporadic IPF and COP compared to control 
subjects indicating a causal relationship between low te-
lomerase activity and expression and pulmonary fibrosis. 
Most intriguingly, immunolocalization studies revealed 
for the first time the presence of two subpopulations 
of type II AECs based on their telomerase expression 
levels: telomerase positive type II AECs, mainly overly-
ing areas of active fibrosis and exhibiting high levels of 
differentiation markers and telomerase negative type II 
AECs mainly localized in areas of established fibrosis and 
characterized by increased levels of apoptotic activity. 
Some of our results reported here have previously been 
reported in the form of abstracts25,26.

Materials and Methods

Subjects
In total, 45 newly diagnosed patients with idiopathic 

interstitial pneumonias (IIPs) of two different histopatho-
logic patterns including 25 patients with IPF/UIP and 
20 with COP were recruited in our study. The diagnosis 
was based on the consensus statement of the ATS/ERS 
(2002)13. Paraffin-embedded surgical lung specimens 
(open lung biopsy or by video assisted thoracoscopic 
surgery-VATS) from two different fibrotic regions of each 
individual were sampled. All patients were fully informed 
and signed an informed consent form where they agreed 
to the anonymous usage of their lung and blood samples 
for research purposes. All information from the patients’ 
record was handled with the appropriate care to ensure 
that medical confidentiality was observed. Approval by 
the local ethical committee was also obtained (Protocol 
number: 1669). Twenty control paraffin blocks obtained 
from the normal part of lungs removed for benign lesions 
were collected from the archives of the Department of 
Pathology of three different institutions (Table 1).

Quantitative Real-Time reverse transcriptase-chain 
reaction (qRT-PCR)

h-TERT mRNA expression in 20 IPF and 10 control 
whole lung samples was measured using a quantitative 
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Table 1. Demographic and spirometric characteristics of 
patients with idiopathic pulmonary fibrosis/usual interstitial 
pneumonia (IPF/UIP) and cryptogenic organizing pneumonia 
(COP) and control subjects. Values are expressed as mean ± SD, 
and age as median (range).

Characteristics IPF/UIP COP/OP
Control 
subjects

Number 25 20 20
Sex: Male/Female 19/6 12/8 10/10
Age: median (yr) 66 (43-72) 50 (38-62) 39 (26-60)
Smokers/non smokers 20/5 6/14 13/7
FVC: % predicted 71 ± 3 ** 78 ± 4 ** 104 ± 12
TLC: % predicted 54 ± 4 ** 72 ± 3 ** 101 ± 11
KCO % predicted 53 ± 5 ** 68 ± 5 ** 90 ± 6

Abbreviations: COP/OP: Cryptogenic organizing pneumonia/
organizing pneumonia, FVC: Forced Vital Capacity, IPF/UIP: 
Idiopathic pulmonary fibrosis/Usual interstitial pneumonia, Kco: 
Carbon monoxide transfer coefficient, TLC: Total Lung Capacity, 
*p<0.05, **p<0.001.

real-time RT-PCR assay with SYBR-Green I QPCR Master 
Mix. Primer sequences were as follows: for h-TERT; for: 
5’- TGA CAC CTC ACC TCA CCC AC-3’ and hTERT REV: 
5’- CAC TGT CTT CCG CAA GTT CAC -3’ and for 18S rRNA; 
5’-TGC GAA TGG CTC ATT AAA TCA GTT 3’ and 18S rRNA 
REV: 5’-CCG TCG GCA TGT ATT AGC TCT AG 3’ (see online 
supplement for details).

Telomerase Activity
Telomerase activity was assayed in a total of 15 lung 

samples (8 IPF and 7 control) using a telomeric repeat 
amplification protocol (TRAP) assay in accordance with 
the manufacturer’s protocol (TeloTAGGG Telomerase PCR 
ELISA plus detection kit; Roche Molecular Biochemicals, 
Mannheim, Germany)27. Briefly, 10 μg of tissue extract 
was suspended in 30 μl of reaction mixture (containing 
biotinylated telomerase substrate, optimized anchor 
primer, nucleotides, Taq polymerase, and a 216-bp inter-
nal standard DNA). The resulting mixture was subjected 
to polymerase chain reaction (PCR). Telomerase activity 
was quantified by measuring the absorbance of the PCR 
products at 450 nm. The level of telomerase activity in a 
given sample was determined by comparing the signal 
from the sample to the signal obtained using a known 
amount of control template. Based on the negative 
controls, samples with absorbance less than 0.2 were 
considered negative. Details on this methodology can 
be found in an online supplement.

Tissue microarray (TMA) construction
A total of 65 tissue samples consisting of 25 IPF, 20 

COP and 20 control lung specimens derived from the 
normal part of lungs removed for benign lesions were 
used for TMA construction. Three representative areas of 
1.5 mm in diameter each were identified and punched-out 
from each paraffin block by using a precision instrument 
(TMA-100, Chemicon, USA) and re-embedded into a new 
paraffin block as previously described28. Ultimately we 
constructed two TMA blocks comprising of 100 tissue 
elements each. Details on this methodology can be found 
in an online supplement.

Immunohistochemistry analysis
Immunohistochemistry for h-TERT antigen was car-

ried out on using the anti-h-TERT mouse monoclonal 
antibody (clone 44F12-Novocastra Laboratories Ltd, 
Newcastle United Kingdom). To further analyze the cel-
lular localization of telomerase expression in type I and 
II AECs and vis-ΰ-vis myofibroblast phenotype, double 
immunohistochemistry analysis for h-TERT and SP-A or 
a-smooth muscle actin (a-SMA), respectively, was under-
taken. To assess differentiation of AECs in IPF and COP 
lung TMAs were immunostained with specific antibodies 
against N-cadherin (rabbit polyclonal antibody, GeneTex, 
GTX12221). Details on these methodologies can be found 
in an online supplement.

Determination of apoptosis
Apoptosis was assessed by immunohistochemistry 

analysis using specific antibody against DNA fragmen-
tation factor of (DFF)29 (Novocastra Laboratories Ltd, 
Newcastle United Kingdom) (see online supplement for 
details).

Fluorescence in situ hybridization (FISH) for telomerase 
messenger RNA expression

Detection of telomerase messenger RNA (mRNA) 
expression was undertaken using FISH. This was carried 
out using specific hTR probe which hybridizes to regions 
within the 451 base hTR component (DakoCytomation, 
Y1441). Levels of mRNA expression were automatically 
assessed by using the high-resolution DUET, BioView 
scanning system for FISH, morphology and immunocy-
tochemistry applications. Interpretation of telomerase 
mRNA signal results was based on Zymed’s Evaluation 
Chart for FISH. According to this guide, two mRNA copies 
per nucleus demonstrate normal telomerase gene pattern, 
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whereas 6–10 or small clusters characterize a low-level 
gene amplification. Finally, high gene amplification level 
is characterized by the presence of more than 10 mRNA 
copies or large clusters of them per nucleus in more 
than 50% of the examined cells (see online supplement 
for details).

Evaluation of results by Computerized Image Analysis
In order to evaluate the immunohistochemistry results 

not in a qualitative way but in a more accurate and reliable 
way, we performed computerized image analysis by using 
a semi-automated system (Matrox II Card Frame Grabber, 
Camera Microwave Systems, Μicroscope Olympus BX-
50) allowing us to assess staining intensity in a 256 level
scale - 0 (black)-255(white). Staining intensity values were 
then converted to reverse percentages {reverse staining 
intensity= (1-staining intensity/256) ×100 } (see online 
supplement for details).

Statistical analysis

Statistical analysis was carried out using SPSS 13.0 
software. Results are expressed as mean ± SD, or median 
(range), unless otherwise indicated. The unpaired t-test 
was used to compare the staining intensity of different 
immunostained factors between different forms of pul-
monary fibrosis and between patients and controls. The 
paired t-test was used to compare staining intensity in 
epithelial cells, fibroblasts and myofibroblasts in IPF/UIP, 
COP and control samples. A p-value of <0.05 was consid-
ered as statistically significant.

Results

Decreased telomerase expression and activity in 
fibrotic lungs compared to control samples

Because no information is available as to the expression 
of telomerase in human pulmonary fibrosis we assessed 
telomerase expression in mRNA and protein level using 
qRT-PCR, FISH and immunohistochemistry analysis in 
IPF, COP patients and control lung samples, respectively. 
Experimental procedure was further extended by assess-
ing telomerase activity in IPF and control frozen lung 
samples, using a PCR ELISA detection kit. To expedite and 
standardize experimental procedures we constructed 
two TMA blocks consisting of 100 tissue cores each from 
25 IPF, 20 COP and 20 control lung samples. TMA blocks 
were immunostained with anti-h-TERT antibody and 

analyzed quantitatively by computerized image analy-
sis as described above. As expected, qRT-PCR showed 
a significant downregulation of telomerase expression 
in whole lung samples from IPF patients compared to 
controls (p<0.0001) indicating an association of low tel-
omerase activity with pulmonary fibrosis (Figure 1A). In 
accordance with this, assessment of telomerase activity 
revealed almost undetectable enzymatic activity in lung 
extracts derived from IPF patients compared to control 
lung samples. Moreover, immunohistochemical studies 
coupled with semi-quantitative image analysis showed 
strong positive staining in the alveolar epithelium of 

Figure 1. Decreased telomerase expression and activity 
in IPF compared to control lung samples. Real time qRT-
PCR demonstrated statistically significant downregulation of 
telomerase expression in whole lung samples from IPF patients 
compared to control subjects (*** p<0.0001). In line with this, 
mean telomerase activity percentage, as assessed by TRAP as-
say, was found to be downregulated in IPF compared to control 
lung samples (*p<0.05).
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control lung compared to the fibrotic lungs of two dif-
ferent histopathologic patterns, IPF (p<0.001) and COP 
(p<0.001) (Figure 2).

Telomerase is present in AECs surrounding areas of 
active fibrosis in IPF lung

To further analyze the cellular localization of tel-

Figure 2. Decreased telomerase expression in fibrotic lungs compared to normal lung samples. Immunohistochemistry for 
h-TERT revealed positive nuclear staining (black arrows) in control lung (A) compared to isotype negative control (B), IPF (C, D) and 
COP lung (E, F). In IPF lung telomerase was mainly localized within areas of active fibrosis and in the alveolar epithelium surrounding 
them (D) whereas in COP lung positive staining was present within areas of alveolar filling (F). Semi-quantitative computerized im-
munohistochemical analysis (G) demonstrated significant differences in telomerase expression between fibrotic lungs and control 
samples (**p<0.001). Original magnifications: A-F: ×40.
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omerase expression we performed dual immunostain-
ing analyses and demonstrated absence of telomerase 
expression in type II AECs [telomerase negative (tel-) 
AECs] mainly overlying areas of established fibrosis and 
architectural distortion in IPF lung (p<0.001). In addition 
in COP lung the majority of type II AECs surrounding areas 
of organizing pneumonia showed minimal telomerase 
expression (Figure 3). Surprisingly, we identified clus-
ters of type II AECs surrounding areas of active fibrosis 
mainly in IPF (p<0.001) and to a lesser extent in COP 
lung (p<0.02) which exhibited high telomerase staining 
[telomerase positive- (tel+) AECs], suggesting that these 
cells may represent a subpopulation of type II AECs that 
are resistant to apoptosis and cell damage and exhibit 
high proliferative and differentiative activity (Figure 4). In 
line with this, FISH analysis showed high amplification of 
telomerase expression not only within normal epithelium 
but also in areas of epithelium immediately adjacent to 
fibroblastic-like cells within the IPF lung in 19 of 25 cases 
whereas low amplification was seen in alveolar cells in 
15 of 20 COP patients (Figure 5).

Increased telomerase expression in fibroblasts/
myofibroblasts in IPF compared to COP lung

To identify potential differences in the telomerase 
expression profiles exhibited by fibroblastic-like cells 
in patients with two different histopathologic patterns 
of pulmonary fibrosis we performed double immuno-
histochemistry analysis and demonstrated enhanced 
telomerase staining in fibroblastic/myofibroblastic foci 
within the IPF lung compared to Masson bodies that 
characterize the pattern of COP (Figure 6) (p<0.001). Fur-
thermore, telomerase was also visualized within nuclei 
of pulmonary vascular cells that expressed aSMA in the 
IPF lung compared to COP subjects. Immunohistochem-
istry data was further extended by FISH analysis which 
revealed areas of high telomerase amplification within 
the fibrotic interstitium in IPF lung (17 of 25 cases) (Figure 
5C) compared to COP patients where we detected low 
amplification of telomerase RNA component (18 of 20 
cases) (Figure 5D). These findings may provide us with 
useful insights regarding differences between IPF and 
COP patients in disease progressiveness and treatment 
responsiveness and explain the resolution of lesions in COP 
lung in response to corticosteroids and the maintenance 
of fibroblastic foci despite of treatment.

Expression pattern of apoptosis and differentiation 
overlaps that seen for telomerase within fibrotic lungs

To confirm whether telomerase expression profile is 
followed by a similar apoptotic pattern the expression 
pattern of caspase-activated DNA fragmentation factor 
(DFF or caspase activated DNase-CAD) was determined. 
Enhanced apoptosis was clearly observed in the alveolar 
epithelium in IPF (p<0.001) and COP patients (p<0.02) 
compared to control subjects. In addition, as previously 
observed with telomerase negative AECs, we noticed 
strong positive staining in AECs surrounding areas of es-
tablished fibrosis and architectural distortion (honeycomb 
cysts) suggesting that these cells where more likely to 
undergo apoptosis due to lack of telomerase expression. 
Finally increased apoptosis was also visualized within the 
fibrotic interstitium in COP lung compared to fibroblastic 
foci in IPF patients where apoptosis was minimal, fur-
ther implicating telomerase in the “apoptotic paradox” 
characterizing IPF: apoptosis susceptibility in epithelial 
cells and apoptosis resistance of fibroblastic-like cells 
(Figure 7A-D). Since experimental data support a role of 
telomerase in cell differentiation we assessed whether the 
pattern of N-cadherin staining, a marker of mesenchymal 
differentiation, in the hyperplastic epithelium in IPF and 
COP lung overlaps that seen with telomerase. Intriguingly, 
N-cadherin was mainly localized in AECs (p<0.01) of mor-
phologically altered phenotype immediately adjacent 
to fibroblastic foci suggesting that telomerase positive 
type II AECs need telomerase activity not only to resist to 
apoptosis but also to undergo a type of metaplasia, the 
epithelial – mesenchymal transition (Figure 7E-H).

Discussion

To the best of our knowledge this is the first study in 
the literature investigating telomerase expression and 
activity in patients with idiopathic fibrotic lung disease 
and suggesting a causal relationship between low telom-
erase expression and pulmonary fibrosis as it happens 
with the phenotype in dyskeratosis congenita30,31, a rare 
syndrome characterized by mutations in the telomerase 
complex and pulmonary fibrosis resembling IPF. Our study 
design was as follows: We used real time qRT-PCR and 
showed downregulation of telomerase expression in IPF 
lung compared to control samples. The latter was further 
supported by TRAP assay findings which revealed almost 
undetectable telomerase activity in IPF compared to con-
trol lung samples. In addition, we constructed two TMA 
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Figure 3. Telomerase was absent in the alveolar epithelium surrounding areas of established fibrosis in IPF lung. Dual 
immunostaining analysis for h-TERT and SP-A revealed absence of telomerase (white nuclei) from type II AECs (red cytoplasm) in 
areas of chaotic reepithelization and established fibrosis in IPF lung (A, B) whereas positive nuclear staining (arrows) was present 
in areas of alveolar epithelium that appeared histologically normal within the IPF lung (C, D). In addition in COP lung the majority 
of type II AECs surrounding areas of organizing pneumonia showed minimal telomerase expression (black arrows) (E, F). Original 
magnifications: A and E: ×20, B-D and F: ×40.
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Figure 4. Telomerase co-localized with type II AECs overlying areas of active fibrosis within fibrotic lungs. Dual immunohis-
tochemistry coupled with semi-quantitative image analysis revealed co-localization of telomerase (black nuclei) with type II AECs 
(red cytoplasm) immediately adjacent to areas of active fibrosis mainly in IPF lung (fibroblastic foci) (A, C and E) and to a lesser 
extent in COP lung (Masson bodies) (B, D and F) (**p<0.001). Original magnifications: A-F: ×40.
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Figure 5. High amplification of telomerase mRNA expression in AECs overlying fibroblastic foci in IPF lung. FISH analysis revealed 
increased telomerase expression (mRNA copies indicated as green intracellular dots) in the alveolar epithelium of normal lung 
(A, B) compared to the fibrotic lung (C-F). Localization analyses revealed clusters of AECs immediately adjacent to areas of active 
fibrosis overexpressing telomerase mRNA mainly in IPF (D) and to a lesser extent in COP lung (E, F). Telomerase mRNA was also 
present in fibroblasts within the IPF lung (D) whereas low amplification was noticed within Masson bodies in COP lung (E). Original 
magnification: A, C and E: ×40, B, D and F: ×60.
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Figure 6. Telomerase co-localizes with a-smooth muscle actin (a-SMA) in fibroblastic foci in IPF lung. Dual immunostaining 
computerized image analysis for h-TERT and a-SMA revealed telomerase co-localization (black nuclei) within areas of active fibrosis 
(red cytoplasm) (arrows) in IPF (A) compared to COP lung (B). Telomerase was also present in pulmonary vascular smooth muscle 
cells that expressed aSMA in IPF (C) compared to COP lung (D). Original magnifications: A-D: ×40.
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Figure 7. Expression pattern of apoptosis and differentiation overlaps that seen for telomerase within fibrotic lungs. 
Increased apoptosis as assessed by positive DFF immunostaining was observed in the hyperplastic alveolar and bronchiolar epi-
thelium within the IPF lung (A) whereas in COP lung DFF was also visualized in areas of organizing pneumonia and Masson bodies 
(B). Moreover, intense staining for N-cadherin was present and most prominent in areas of abnormal reepithelization and bron-
cholization (arrows) surrounding fibroblastic foci in the IPF lung (E), while in COP lung N-cadherin was in the epithelium overlying 
areas of alveolar filling and organizing pneumonia (F), areas that stained intensely for telomerase. No staining for DFF (**p<0.001) 
and N-cadherin (**p<0.001), as assessed by computerized image analysis was visualized within intact, normal alveolar structures 
(C, G). Original magnifications A-C and E: x20, F and G: ×40.
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blocks comprising of 100 representative tissue samples 
from patients with IPF and COP and control subjects. Im-
munostaining studies coupled with computerized image 
analysis revealed decreased telomerase expression in IPF 
and COP lung samples compared to controls. We then 
chose to analyze the cellular localization of telomerase 
expression both by dual immunohistochemistry and FISH 
which absence of telomerase in type II AECs surrounding 
areas of established fibrosis and architectural distortion 
within the IPF lung. Interestingly, we found strong nuclear 
staining not only within areas of active fibrosis but also in 
regenerative type II AECs immediately adjacent to them, 
as well as in pulmonary vascular cells, mainly in IPF lung 
and to a lesser extent in COP samples. Most intriguingly, 
regional heterogeneity in telomerase expression, in both 
fibrotic lungs, resulted in similar expression patterns of 
apoptotic and differentiation markers, as assessed by 
immunolocalization analyses.

In IPF/UIP, areas of accumulated fibroblasts and my-
ofibroblasts mainly distributed in subepithelial areas of 
the intersititium represent the pathogenetic hallmark 
of fibrogenesis and have been used as part of the his-
topathologic criteria for the diagnosis of UIP10. The pre-
sumed persistence as assessed by prolonged survival and 
increased proliferation, of these cells can potentially be 
the basis for progressive fibrosis instead of resolution. 
While IPF clinical course seems to be unfavorable other 
members of the same disease group such as COP present 
with excellent prognosis and treatment responsive-
ness19. Several studies have attributed these differences 
to distinct pathogenetic characteristics reflected by 
regional differences in apoptotic32-34 and angiogenic 
profiles35-37. Moreover, while the alveolar epithelium has 
been thought as a passive bystander in the process of 
pulmonary fibrosis, the past few years the notion that 
repeated epithelial injury induces regenerative AECs to 
transition to a mesenchymal phenotype (epithelial-mes-
enchymal transition-EMT) ,thus contributing directly to 
fibrogenesis, has dragged much of attention38-40.

Recent studies focusing on telomerase expression in 
fibroblasts derived from experimental models of pulmo-
nary fibrosis revealed a role of telomerase activity in cell 
differentiation. In particular, Phan et al. suggested that 
induction of telomerase activity in rat lung fibroblasts 
may be due to mediators of their proliferation while its 
loss by inhibitory molecules triggers their differentia-
tion to myofibroblasts15,21-23. In addition, Fridlender et al. 
implicated low telomerase activity in robust apoptosis 
of AECs isolated from mice lungs after treatment with 

bleomycin further suggesting that the transient eleva-
tion of telomerase activity in lung epithelial cells in vivo 
may represent an active defense mechanism against 
immediately adjacent fibroblastic/myofibroblastic foci 
that may promote AECs apoptosis as part of the fibrotic 
process24. Finally and more recently, a causal-effect rela-
tionship between low telomerase activity and pulmonary 
fibrosis was reported by Liu et al. who demonstrated in 
TERT-deficient mice reduced lung fibrosis accompanied 
by decreased fibroblast proliferation and increased ap-
optosis. Conversely, restoration of telomerase activity in 
BLM-injured lungs was associated with increased survival 
of lung fibroblasts favouring the development of lung 
fibrosis21. However, human and mouse telomerases are 
reported to differ in both their functional properties 
and their regulation and additionally bleomycin-animal 
model is not fully representative of IPF due to its self-
limiting nature, rapidity of its development and the close 
association with inflammation that accompanies the lung 
injury. In addition, at the disease level the net effects of 
telomerase activity versus inhibition on the development 
and progression of human pulmonary fibrosis are so far 
largely unknown23.

Therefore, we investigated for the first time in the 
literature, telomerase expression and activity in tissue 
samples from patients with two different forms of fibrotic 
lung disorders, IPF and COP. We used the pioneering 
technology of tissue microarrays, which allowed us the 
simultaneous analysis of up to 200 tissue blocks in a single 
experiment under highly standardized conditions, mean-
ing all tissue specimens were analyzed in an identical, 
unbiased fashion, with minimal tissue damage, less cost 
and precise positioning of arrayed samples which facili-
tates manual interpretation of the staining28 and serves 
as an ideal basis for automated analysis of specific cell 
lines. Data interpretation revealed reduced telomerase 
expression and activity in IPF compared to control lung 
samples suggesting a causal relationship between low 
telomerase expression and human pulmonary fibrosis. 
Results from qRT-PCR and TRAP assay were extended by 
immunohistochemical studies coupled with semi-quan-
titative image analysis which evaluated signal staining 
intensity in an unbiased fashion and in a 256-level scale 
(conventional microscopes identify signal differences in 
a 30-level scale)41,42 and showed strong positive staining 
in normal epithelium compared to the fibrotic one. Most 
intriguingly, immunolocalization studies coupled by 
FISH analysis further supporting seminal observations43, 
demonstrated two distinct subpopulations of type II AECs 
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based on their telomerase expression levels; morphologi-
cally altered telomerase positive cells overlying clusters of 
active fibrosis and exhibiting increased levels of differen-
tiation markers such as N-cadherin mainly within the IPF 
lung and to a lesser extent in COP lung and telomerase 
negative cells visualized in areas of architectural distor-
tion in IPF lung and immediately adjacent to areas of 
organizing pneumonia in COP tissue samples. The latter 
cells seem to exhibit increased apoptotic activity as can 
be supported by similar expression patterns between 
telomerase and DNA fragmentation factor. Moreover, 
increased telomerase expression was also observed in 
areas of alveolar epithelium that appeared histologically 
normal within the IPF lung.

The duality phenomenon in telomerase expression 
in regenerative type II AECs provides us with useful 
pathogenetic insights regarding the role of telomerase in 
pulmonary fibrosis. It is therefore tempting to speculate 
that changes in telomerase activity may regulate the fate 
of AECs towards either an apoptotic or a mesenchymal 
phenotype, thus contributing directly to fibrosis (Figure 
8). Recent evidence by two independent studies22,23 as-
sociate mutant telomerase components with familial 
IPF suggesting that short dysfunctional telomeres may 
lead to alveolar cell apoptosis and generation of multiple 
fibrotic lesions. They also report that under multiple at-
tacks bronchoalveolar epithelium responds with constant 
regeneration and this process relies on local progenitor 
cells that exhibit low survival rates due to short telomeres 
resulting from low telomerase activity. Our findings are 
consistent with this hypothesis. Telomerase negative 
progenitor cells are more likely to undergo apoptosis as 
assessed by increased expression of DNA fragmentation 
factor, thus contributing to the abnormal reepithelization 
characterizing disease pathogenesis. In line with this, the 
presence of increased telomerase staining in flattened, 
attenuated type II AECs (Figures 7B and 7E) expressing 
markers of cell differentiation may suggest a need for 
telomerase activity to promote EMT38,44,45.

In addition, telomerase presence within clusters of 
highly proliferative fibroblastic-like cells in IPF compared 
to COP samples indicates a mechanism through which 
IPF fibroblasts of altered phenotype exert their resistance 
to apoptosis and may potentially explain the resolution 
of lesions in COP lung in response to corticosteroids and 
the maintenance of FF resulting in dismal prognosis de-
spite of treatment46,47. The unremitting recruitment and 
maintenance of the altered fibroblast phenotype with 
generation and proliferation of immortal fibroblasts cou-

pled with the EMT phenomenon is reminiscent with the 
transformation of cancer cells and metaplasia. Whether 
mutations in telomerase genes are responsible either for 
reduced telomerase expression and shorten telomeres 
resulting in loss of AECs or increased expression leading to 
hyperplasia and transition to a mesenchymal phenotype, 
a form of metaplasia, is so far largely unknown. What is 
already known is that mutated telomerase components 
may lead to genomic instability, as it happens during the 
stepwise progression of normal cells into cancer cells. 
Telomerase activation after onset of genomic instability 
coupled with an injurious pro-fibrotic microenvironment, 
promotes acquisition of transformed cells through a 
process known EMT (Figure 8). Searching for telomerase 
mutations in AECs and fibroblasts isolated from patients 
with different forms of pulmonary fibrosis at different 
disease stages may provide a way forward and help 
clinicians to identify high-risk groups that are unlikely 
to respond to immunosuppressive agents.

In addition, localization of telomerase within pulmo-
nary vascular cells expressing aSMA in IPF lung may explain 
the increase proliferation and remodeling characterizing 
these cells leading ultimately to major vasoconstriction 
and the development of pulmonary hypertension sec-
ondary to end-stage fibrosis, one leading cause of death 
in IPF patients worldwide48. However, future studies are 
required to corroborate this observation.

Despite relative enthusiasm arising from the above 
data, our study exhibits a number of limitations that 
should be addressed with caution. Firstly, based on 
semi-quantitative immunohistochemical analysis it is 
not definitive whether there is a correlation between 
telomerase staining and telomerase expression. However, 
immunohistochemistry data was supported by quantita-
tive FISH analysis and corroborated results from qRT-PCR 
and TRAP assay. Therefore, it is conceivable that strong 
associations using different techniques can be supportive 
of our hypothesis. Secondly, based on our approach it is 
rather unclear whether there is an association between 
loss of telomerase expression and activity and apoptosis 
or induction and differentiation of epithelial cells to mes-
enchymal phenotypes. Nevertheless, our study represents 
the first attempt to correlate telomerase with alveolar cell 
apoptosis, differentiation and increased proliferation of 
immortalized fibroblasts in the pathogenetic model of 
pulmonary fibrosis. Taken together, we can assume that 
novel therapeutic approaches aiming at preventing loss 
of alveolar cells through induction of telomerase activity 
may be proven more beneficial than current anti-fibrotic 
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or immunomodulatory agents49.
In conclusion, we have shown reduced telomerase 

expression in idiopathic fibrotic lung disorders compared 
to control samples implicating low telomerase activity in 
the pathogenesis of pulmonary fibrosis. This downregula-
tion of telomerase expression that was followed by similar 
expression patterns of apoptosis was marked in AECs 
surrounding areas of end-stage lung disease. Surprisingly 

elevated telomerase staining was not only present within 
highly proliferative fibroblastic/myofibroblastic foci where 
detection of apoptosis was minimal but also within areas of 
hyperplastic epithelium surrounding them indicating that 
telomerase may regulate the fate of alveolar cells towards 
either an apoptotic or a differentiative - mesenchymal 
phenotype, thus contributing directly to fibrosis. Finally 
differential telomerase expression profiles in IPF and 

Figure 8. Telomerase mutations, telomerase activation, epithelial-mesenchymal transition, apoptosis and pulmonary 
fibrosis. Schematic representation of the conserved domains of hTERT with missense mutations, as indicated by Tsakiri K et al. (23) 
(*) and Armanios M (22) et al. (**). Mutations of hTERT catalytic subunit may lead to telomerase deficiency and short dysfunctional 
telomeres in type I alveolar epithelial cells (AECs). The latter coupled with repeated injurious stimuli (i.e. cigarette smoke) could 
potentially promote AEC apoptosis triggering the fibrogenic process. Furthermore, mutated telomerase components may lead to 
genomic instability, as it happens during the stepwise progression of normal cells into cancer cells. Apoptosis of type I AECs leads 
to compensatory proliferation of type II AECs. Telomerase activation after onset of genomic instability coupled with an injurious 
pro-fibrotic microenvironment, promotes acquisition of transformed cells through a process known as epithelial – mesenchymal 
transition (EMT). During this process, type II AECs instead of differentiating to type I AECs, undergo a form of metaplasia towards a 
mesenchymal phenotype (N-cadherin+), thus contributing directly to pulmonary fibrosis, as indicated by honeycombing changes 
in high resolution computed tomography (HRCT).
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COP may explain differences in disease progressiveness 
and treatment responsiveness. Future studies in patients 
with different forms of interstitial pneumonias coupled 
with experimental data potentially using telomerase null 
mice may help us to elucidate the role of telomerase in 
IPF and highlight novel therapeutic targets.

Acknowledgements

This work was partly supported by the Society for 
Respiratory Research and Treatment of Eastern Macedonia 
and Thrace (AT, DB) and a European Commission Network 
of Excellence grant QLRT-CT-2001-01407 (V.A.) and a Hel-
lenic Ministry for Development grant GSRTPENED- 136 
(V.A.). AT is a recipient of an annual research grant in 
respiratory medicine provided by GlaxoSmithKline for 
the year 2005-2006. We are also grateful to Vassileios 
Vasdekis (Department of Economics and Business, Ka-
podistrian University of Athens, Greece) for carrying out 
the statistical analysis of our manuscript.

Reference

1. Greider CW. Telomeres, telomerase and senescence. Bioessays 
1990;12:363-369.

2.	 Greider CW, Blackburn EH. A telomeric sequence in the RNA 
of Tetrahymena telomerase required for telomere repeat 
synthesis. Nature 1989;337:331-337.

3.	 Nakamura TM, Morin GB, Chapman KB, et al. Telomerase 
catalytic subunit homologs from fission yeast and human. 
Science 1997;277:955-959.

4.	 Harley CB. Human ageing and telomeres. Ciba Found Symp 
1997;211:129-39.

5.	 Harley CB, Futcher AB, Greider CW. Telomeres shorten during 
ageing of human fibroblasts. Nature 1990;345:458-460.

6. Satoh H, Hiyama K, Takeda M, et al. Telomere shortening in 
peripheral blood cells was related with aging but not with 
white blood cell count. Jpn J Hum Genet 1996;41: 413-417.

7.	 Hiyama K, Hirai Y, Kyoizumi S, et al. Activation of telomerase 
in human lymphocytes and hematopoietic progenitor cells. 
J Immunol 1995;155:3711-3715.

8.	 Funk WD, Wang CK, Shelton DN, et al. Telomerase expression 
restores dermal integrity to in vitro-aged fibroblasts in a 
reconstituted skin model. Exp Cell Res 2000;258:270-278.

9.	 Nakayama J, Tahara H, Tahara E, et al. Telomerase activation 
by hTRT in human normal fibroblasts and hepatocellular 
carcinomas. Nat Genet 1998;18:65-68.

10.	 American Thoracic Society. Idiopathic pulmonary fibrosis: 
diagnosis and treatment. International consensus statement. 
American Thoracic Society (ATS), and the European Respiratory 
Society (ERS). Am J Respir Crit Care Med 2000;161:646-664.

11.	 Demedts M, Thomeer M. New classifications and concepts 

of pathogenesis and management of diffuse interstitial lung 
diseases. Verh K Acad Geneeskd Belg 2003;65:337-350.

12.	 Selman M, King TE, Pardo A. Idiopathic pulmonary fibrosis: 
prevailing and evolving hypotheses about its pathogenesis 
and implications for therapy. Ann Intern Med 2001;134:136-
151.

13.	 American Thoracic Society/European Respiratory Society 
International Multidisciplinary Consensus Classification of the 
Idiopathic Interstitial Pneumonias. This joint statement of the 
American Thoracic Society (ATS), and the European Respiratory 
Society (ERS) was adopted by the ATS board of directors, June 
2001 and by the ERS Executive Committee, June 2001. Am J 
Respir Crit Care Med 2002;165:277-304.

14.	 Lappi-Blanco E, Kaarteenaho-Wiik R, Salo S, et al. Laminin-5 
gamma2 chain in cryptogenic organizing pneumonia and 
idiopathic pulmonary fibrosis. Am J Respir Crit Care Med 
2004;169:27-33.

15.	 Phan SH. Fibroblast phenotypes in pulmonary fibrosis. Am J 
Respir Cell Mol Biol 2003;29(3 Suppl):S87-92.

16. Liu T, Nozaki Y, Phan SH. Regulation of telomerase activity in rat 
lung fibroblasts. Am J Respir Cell Mol Biol 2002;26:534-540.

17. Nozaki Y, Liu T, Hatano K, et al. Induction of telomerase activity 
in fibroblasts from bleomycin-injured lungs. Am J Respir Cell 
Mol Biol 2000;23:p. 460-5.

18.	 Schissel SL, Layne MD. Telomerase, myofibroblasts, and pul-
monary fibrosis: Am J Respir Cell Mol Biol 2006;34:520-522.

19.	 Liu T, Hu B, Chung MJ, et al. Telomerase regulation of myofi-
broblast differentiation. Am J Respir Cell Mol Biol 2006;34:625-
633.

20. Fridlender ZG, Cohen PY, Golan O, et al. Telomerase activity in 
bleomycin-induced epithelial cell apoptosis and lung fibrosis. 
Eur Respir J 2007;30:205-213.

21.	 Liu T, Chung MJ, Ullenbruch M,  et al. Telomerase activity is 
required for bleomycin-induced pulmonary fibrosis in mice. 
J Clin Invest 2007;117:3800-3809.

22.	 Armanios MY, Chen JJ, Cogan JD, et al. Telomerase mutations 
in families with idiopathic pulmonary fibrosis. N Engl J Med 
2007;356:1317-1326.

23. Tsakiri KD, Cronkhite JT, Kuan PJ, et al. Adult-onset pulmonary 
fibrosis caused by mutations in telomerase. Proc Natl Acad Sci 
USA 2007;104:7552-7557.

24.	 Marshall RP, Puddicombe A, Cookson WO, et al. Adult familial 
cryptogenic fibrosing alveolitis in the United Kingdom. Thorax 
2000;55:143-146.

25. Tzouvelekis A, Karameris A, Bouros D, et al. Morphometric study 
of telomerase activity in patients with idiopathic pulmonary 
fibrosis with the use of tissue microarrays. Eur Respir J 2006.

26.	 Tzouvelekis A, Tsiambas E, Karameris A, et al. Induction of 
Telomerase Expression in Alveolar Type II Epithelial Cells in 
Patients with Idiopathic Pulmonary Fibrosis and Cryptogenic 
Organizing Pneumonia. A Tissue Microarray Study. Am J Respir 
Crit Care Med, 2007.

27.	 Kim NW, Piatyszek MA, Prowse KR, et al. Specific association 
of human telomerase activity with immortal cells and cancer. 
Science 1994;266:2011-2015.



239PNEUMON Number 3, Vol. 23, July - September 2010

28. Kononen J, Bubendorf L, Kallioniemi A, et al. Tissue microarrays 
for high-throughput molecular profiling of tumor specimens. 
Nat Med 1998;4:844-847.

29.	 Liu X, Zou H, Slaughter C, et al. DFF, a heterodimeric protein 
that functions downstream of caspase-3 to trigger DNA frag-
mentation during apoptosis. Cell 1997;89:175-184.

30. Utz JP, Ryu JH, Myers JL, et al. Usual interstitial pneumonia com-
plicating dyskeratosis congenita. Mayo Clin Proc 2005;80:817-
821.

31.	 Armanios, M, Chen JL, Chang YP, et al. Haploinsufficiency 
of telomerase reverse transcriptase leads to anticipation in 
autosomal dominant dyskeratosis congenita. Proc Natl Acad 
Sci USA 2005;102:15960-15964.

32.	 Golan-Gerstl R, Wallach-Dayan SB, Amir G, et al. Epithelial cell 
apoptosis by fas ligand-positive myofibroblasts in lung fibrosis. 
Am J Respir Cell Mol Biol 2007;36:270-275.

33.	 Thannickal VJ, Horowitz JC. Evolving concepts of apoptosis in 
idiopathic pulmonary fibrosis. Proc Am Thorac Soc 2006;3:350-
356.

34. Uhal BD, Joshi I, True AL, et al. Fibroblasts isolated after fibrotic 
lung injury induce apoptosis of alveolar epithelial cells in vitro. 
Am J Physiol 1995;269:L819-828.

35. Lappi-Blanco E, Soini Y, Kinnula V, et al. VEGF and bFGF are highly 
expressed in intraluminal fibromyxoid lesions in bronchiolitis 
obliterans organizing pneumonia. J Pathol 2002;196:220-
227.

36. Lappi-Blanco E, Kaarteenaho-Wiik R, Soini Y, et al. Intraluminal 
fibromyxoid lesions in bronchiolitis obliterans organizing 
pneumonia are highly capillarized. Hum Pathol 1999;30:1192-
1196.

37. Tzouvelekis A, Anevlavis S, Bouros D. Angiogenesis in interstitial 
lung diseases: a pathogenetic hallmark or a bystander? Respir 
Res 2006;7:82.

38.	 Selman M, Pardo A. Role of epithelial cells in idiopathic pul-
monary fibrosis: from innocent targets to serial killers. Proc 
Am Thorac Soc 2006;3:364-372.

39. Strieter RM. Pathogenesis and natural history of usual intersti-
tial pneumonia: the whole story or the last chapter of a long 
novel. Chest 2005;128(5 Suppl 1):526S-532S.

40. Kim KK, Kugler MC, Wolters PJ, et al. Alveolar epithelial cell 
mesenchymal transition develops in vivo during pulmonary 
fibrosis and is regulated by the extracellular matrix. Proc Natl 
Acad Sci USA 2006;103:13180-13185.

41. Tzouvelekis A, Harokopos V, Paparountas T, et al. Comparative 
expression profiling in pulmonary fibrosis suggests a role of 
hypoxia-inducible factor-1alpha in disease pathogenesis. Am 
J Respir Crit Care Med 2007;176:1108-1119.

42. Tsiambas E, Stamatelopoulos A, Baltayiannis N, et al. Evaluation 
of combined telomerase and c-myc expression in non-small 
cell lung carcinomas using tissue microarrays and computer-
ized image analysis. J Buon 2005;10:533-539.

43.	 Reddy R, Buckley S, Doerken M, et al. Isolation of a putative 
progenitor subpopulation of alveolar epithelial type 2 cells. 
Am J Physiol Lung Cell Mol Physiol 2004;286:15.

44.	 Selman M, Pardo A. Idiopathic pulmonary fibrosis: misunder-
standings between epithelial cells and fibroblasts? Sarcoidosis 
Vasc Diffuse Lung Dis 2004;21:165-72.

45.	 Selman M, Pardo A. The epithelial/fibroblastic pathway in the 
pathogenesis of idiopathic pulmonary fibrosis. Am J Respir 
Cell Mol Biol 2003;29(3 Suppl):S93-97.

46. Antoniou KM, Nicholson AG, Dimadi M, et al. Long-term clinical 
effects of interferon gamma-1b and colchicine in idiopathic 
pulmonary fibrosis. Eur Respir J 2006;28:496-504.

47.	 Bouros D, Antoniou KM. Current and future therapeutic 
approaches in idiopathic pulmonary fibrosis. Eur Respir J 
2005;26:693-702.

48. Nathan SD, Noble PW, Tuder RM. Idiopathic pulmonary fibrosis 
and pulmonary hypertension: connecting the dots. Am J Respir 
Crit Care Med 2007;175:875-880.

49.	 Raghu G, Brown KK, Bradford WZ, et al. A placebo-control-
led trial of interferon gamma-1b in patients with idiopathic 
pulmonary fibrosis. N Engl J Med 2004;350:125-133.




