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A bs tr ac t

Background

Idiopathic pulmonary fibrosis is progressive and often fatal; causes of familial clus-
tering of the disease are unknown. Germ-line mutations in the genes hTERT and 
hTR, encoding telomerase reverse transcriptase and telomerase RNA, respectively, 
cause autosomal dominant dyskeratosis congenita, a rare hereditary disorder as-
sociated with premature death from aplastic anemia and pulmonary fibrosis.

Methods

To test the hypothesis that familial idiopathic pulmonary fibrosis may be caused by 
short telomeres, we screened 73 probands from the Vanderbilt Familial Pulmonary 
Fibrosis Registry for mutations in hTERT and hTR.

Results

Six probands (8%) had heterozygous mutations in hTERT or hTR; mutant telomerase 
resulted in short telomeres. Asymptomatic subjects with mutant telomerase also had 
short telomeres, suggesting that they may be at risk for the disease. We did not iden-
tify any of the classic features of dyskeratosis congenita in five of the six families.

Conclusions

Mutations in the genes encoding telomerase components can appear as familial idio-
pathic pulmonary fibrosis. Our findings support the idea that pathways leading to 
telomere shortening are involved in the pathogenesis of this disease.
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Idiopathic pulmonary fibrosis has a 
predictable, progressive clinical course that 
ultimately leads to respiratory failure. Irre-

versible fibrosis is the hallmark of the disease, 
which has a characteristic radiographic appear-
ance most often associated with the pathological 
lesion of usual interstitial pneumonia. Although 
both genetic and environmental factors have 
been implicated, the cause of idiopathic pulmo-
nary fibrosis is unknown — as, indeed, its name 
implies. Treatment approaches that target the im-
mune system have not proved to be successful.1 
From 2 to 20% of patients with idiopathic pul-
monary fibrosis have a family history of the dis-
ease; inheritance appears to be autosomal domi-
nant with variable penetrance.1-3 Aside from one 
large kindred with a mutation in the gene encod-
ing surfactant protein C in affected family mem-
bers, the genetic basis of familial forms of idio-
pathic pulmonary fibrosis is not understood.4

Telomerase is a specialized polymerase that 
adds telomere repeats to the ends of chromo-
somes.5 It has two essential components: a cata-
lytic component, telomerase reverse transcriptase 
(hTERT), and an RNA component (hTR); the latter 
provides the template for nucleotide addition by 
hTERT.6‑8 The addition of telomeric repeats (a re-
peat comprising the six nucleotides — TTAGGG 
— complementary to the template in hTR) onto 
the ends of the chromosome partly offsets the 
shortening that occurs during DNA replication. 
Telomeres shorten with each cell division and ulti-
mately activate a DNA damage response that leads 
to apoptosis or cell-cycle arrest.9-13 Telomere length 
thus limits the replicative capacity of tissues and 
has been implicated in age-related disease.9-11,14,15

Dyskeratosis congenita is a rare hereditary dis-
order initially described on the basis of a triad of 
mucocutaneous manifestations: skin hyperpig-
mentation, oral leukoplakia, and nail dystrophy.16 
The most common cause of death in patients with 
dyskeratosis congenita is bone marrow failure due 
to aplastic anemia. Pulmonary disease is present 
in 20% of patients and is the second most com-
mon cause of death.16-18 The X-linked form of 
dyskeratosis congenita is severe and associated 
with mutations in the DKC1 gene.19 Autosomal 
dominant cases of dyskeratosis congenita are rare, 
can present later in adulthood, and often lack the 
classic skin manifestations. In some families, the 
hematopoietic defects develop first, implying that 
despite the originally given name, the dyskerato-

sis is not canonical.20 Heterozygous mutations in 
hTR and hTERT, the essential components of telo
merase, underlie the genetic defect in families 
with dominant inheritance, indicating that half 
the usual dose of telomerase is inadequate for 
telomere maintenance, and tissues of high turn-
over, such as the bone marrow, are susceptible.21‑24 
In autosomal dominant dyskeratosis congenita, 
anticipation can be seen in which phenotypes pre
sent earlier and more severely in successive gener
ations.21,24,25 This pattern implies that in these 
patients, it is not the telomerase mutation itself 
but the short telomeres that determine the sever-
ity of the disease.14,24,26

We recently identified a pedigree with autoso-
mal dominant dyskeratosis congenita that carried 
a null hTERT allele but lacked the typical muco-
cutaneous features.24 In this kindred, pulmonary 
fibrosis was dominantly transmitted and was the 
only manifestation of disease in one mutation car-
rier. The clinical presentation and pattern of fi-
brosis in this subject were typical of the idiopath
ic form of the disease. Since familial idiopathic 
pulmonary fibrosis is also dominantly inherited, 
we hypothesized that telomere shortening causes 
this disease and that mutations in telomerase 
may contribute to it.

Me thods

Subjects

Subjects and their families were recruited into the 
Vanderbilt Familial Pulmonary Fibrosis Registry 
on the basis of the presence of two or more cases 
of idiopathic pulmonary fibrosis. (We did not 
limit families to those in which only first-degree 
relatives were affected.) Subjects were excluded 
from the study if they had a secondary cause of 
pulmonary fibrosis or if they had skin manifesta-
tions suggestive of dyskeratosis congenita. Sub-
jects were recruited from the Vanderbilt Idio-
pathic Pulmonary Fibrosis Clinic or were referred 
from other sites in North America between 1996 
and 2004. The study was approved by the local 
institutional review boards, and written informed 
consent was obtained from all subjects. Diagnos-
tic confirmation was based on a detailed clinical 
assessment (Table 1, and Table 1 of the Supple-
mentary Appendix, available with the full text 
of this article at www.nejm.org). We used the 
consensus classification of idiopathic interstitial 
pneumonia in individual cases.27 At the time the 
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registry was accessed, all 73 probands were re-
ported by their clinicians to be North Americans of 
European descent.

Sequence Analysis

Genomic DNA was isolated from peripheral blood 
with the use of standard methods. We amplified 
and sequenced hTR in both directions, as described 
previously.21 We amplified and sequenced the 16 
exons of hTERT and its 3' untranslated region with 
the use of primers listed in Table 2 of the Supple-
mentary Appendix. Amplicons of hTERT were se-
quenced in one direction, and suspected changes 
were confirmed in the opposite strand. Mutations 
in the probands and their relatives were confirmed 
by bidirectional sequencing. Sequences were in-
spected manually with the use of Sequencher soft-
ware, and variants were compared with public 
databases. Coding and noncoding variants are list-
ed in Table 3 of the Supplementary Appendix. 

Telomeres and Telomerase

A reverse-transcriptase–polymerase-chain-reaction 
(RT-PCR) assay was performed with the use of 
RNA isolated from peripheral blood to make com-
plementary DNA (cDNA). Primers were designed 
to span exons where a mutation was predicted to 
alter splicing; primer sequences are available on 
request. PCR products were cloned, and the se-
quence was verified.

The average length of telomeres was measured 
in peripheral-blood lymphocytes by flow fluores-
cence in situ hybridization (FISH), as described 
previously.28

Point mutations were generated, and the telo
merase complex was reconstituted in vitro.24 Telo
merase activity was assayed without amplification, 
with the use of a modified direct assay.29,30

R esult s

Mutations Affecting Telomerase Components

Of 73 probands who were screened, 6 (8%) had 
heterozygous mutations in hTERT or hTR. Five 
probands had mutations in hTERT (two missense, 
two splice junction, and one frameshift), and one 
proband had a mutation in hTR (Table 1, and 
Fig. 1 of the Supplementary Appendix). None of 
the hTERT mutations were present in 623 unaffect-
ed subjects, as determined in other studies.23,31 
Of these subjects, 140 described themselves as 
white, with the rest describing themselves as black, Ta

bl
e 

1.
 M

ut
at

io
ns

 in
 T

el
om

er
as

e 
an

d 
A

ss
oc

ia
te

d 
C

lin
ic

al
 F

ea
tu

re
s 

of
 th

e 
Si

x 
Pr

ob
an

ds
.*

Pr
ob

an
d 

 
N

o.
M

ut
at

io
n

Se
x

A
ge

Pr
es

en
tin

g 
Sy

m
pt

om
Sm

ok
in

g 
H

is
to

ry
Pu

lm
on

ar
y 

Fu
nc

tio
n

Fi
nd

in
gs

 o
n 

Lu
ng

 B
io

ps
y

C
om

pl
et

e 
B

lo
od

 C
ou

nt

A
t  

O
ns

et
A

t T
im

e 
of

 S
tu

dy
TL

C
FV

C
D

LC
O

W
B

C
H

gb
Pl

at
el

et
yr

lit
er

s 
(%

 o
f p

re
di

ct
ed

 v
al

ue
)

pe
r m

m
3

g/
dl

pe
r m

m
3

A
II

.1
hT

ER
T

C
TG

→
C

A
G

Le
u5

5G
ln

M
77

81
D

ys
pn

ea
N

on
e

4.
45

 (
68

)
3.

02
 (

68
)

14
.2

 (
76

)
U

su
al

 in
te

rs
tit

ia
l p

ne
um

on
ia

5,
50

0
14

.0
20

6,
00

0

B
II

I.5
hT

ER
T

IV
S1

+1
 G

→
A

M
58

67
†

C
ou

gh
N

on
e

3.
17

 (
44

)
2.

10
 (

44
)

12
.5

 (
49

)
U

su
al

 in
te

rs
tit

ia
l p

ne
um

on
ia

8,
80

0
14

.1
28

2,
00

0

C
II

.7
hT

ER
T

co
do

n 
11

2
de

l C

M
58

61
D

ys
pn

ea
30

 p
ac

k-
ye

ar
s

5.
28

 (
69

)
3.

55
 (

66
)

12
.8

 (
47

)
U

su
al

 in
te

rs
tit

ia
l p

ne
um

on
ia

8,
80

0
16

.2
20

1,
00

0

D
II

I.2
hT

ER
T

IV
S9

-2
 A

→
C

F
48

49
†

D
ys

pn
ea

32
 p

ac
k-

ye
ar

s
N

A
1.

31
 (

43
)

N
A

Id
io

pa
th

ic
 in

te
rs

tit
ia

l p
ne

um
on

ia
10

,8
00

13
.8

23
5,

00
0

EI
I.2

hT
ER

T
A

C
G

→
A

TG
Th

r1
11

0M
et

F
68

76
D

ys
pn

ea
N

on
e

3.
25

 (
68

)
1.

69
 (

47
)

12
.5

 (
54

)
U

su
al

 in
te

rs
tit

ia
l p

ne
um

on
ia

9,
50

0
15

.5
31

7,
00

0

FI
II

.5
hT

R
 

98
 G

→
A

F
60

66
†

D
ys

pn
ea

N
on

e
2.

48
 (

51
)

1.
2 

(4
5)

7.
07

 (
32

)
U

su
al

 in
te

rs
tit

ia
l p

ne
um

on
ia

6,
80

0
12

.8
21

8,
00

0

*	
Id

en
tif

ie
rs

 fo
r 

al
l p

ro
ba

nd
s 

re
fe

r 
to

 s
ub

je
ct

s 
sh

ow
n 

in
 F

ig
ur

e 
1.

 T
LC

 d
en

ot
es

 t
ot

al
 lu

ng
 c

ap
ac

ity
, F

V
C

 fo
rc

ed
 v

ita
l c

ap
ac

ity
, D

LC
O

 c
ar

bo
n 

m
on

ox
id

e 
di

ffu
si

ng
 c

ap
ac

ity
, W

B
C

 w
hi

te
 c

el
ls

, 
H

gb
 h

em
og

lo
bi

n,
 I

V
S 

in
te

rv
en

in
g 

se
qu

en
ce

 b
et

w
ee

n 
ex

on
s 

(i
nt

ro
ni

c)
, a

nd
 N

A
 n

ot
 a

va
ila

bl
e.

†
	T

he
 a

ge
 a

t 
th

e 
tim

e 
of

 d
ea

th
 is

 s
ho

w
n.

 

Copyright © 2007 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org on November 26, 2009 . For personal use only. No other uses without permission. 



T h e  n e w  e ng l a nd  j o u r na l  o f  m e dic i n e

n engl j med 356;13  www.nejm.org  march 29, 20071320

33p9

6 8

Family F

1 32

21 3 7 10954 11 12

4 5* 10 11 12 138 96 7 14 17 18 191 2 3 1615 20

2* 31 4

I

II

III

IV

Family E

1 2

1 2* 3

1 2* 3* 4*

I

II

III

Family D

1 2

1 2 3*

1 3* 42

1* 2*

I

II

III

IV

Family C

1 2

1 2 5 63 4 7

I

II

Family B

2 31

1 2 3 6

1 2* 3

1 2

4 65 7

54*

I

II

III

IV

Family A

1 2

1* 2 3 4

1* 2 3*

I

II

III

Mutation carrier
with IPF

Aplastic anemia

IPF

Mutation carrier

AUTHOR:

FIGURE:

JOB: ISSUE:

4-C
H/T

RETAKE

SIZE

ICM

CASE

EMail Line
H/T
Combo

Revised

AUTHOR, PLEASE NOTE:
Figure has been redrawn and type has been reset.

Please check carefully.

REG F

Enon

1st

2nd
3rd

Armanios

1 of 4

03-29-07

ARTIST: ts

35613

Figure 1. Pedigrees of Six Probands with Telomerase Mutations.

Arrows point to the proband in each family, and bold italic numbers indicate subjects for whom DNA was available 
for sequencing. Subjects in whom telomere length was measured are indicated by asterisks. Mutation status is indicat-
ed by the symbols shown in the key, with squares indicating male sex and circles indicating female sex. Deceased fami-
ly members are indicated by slashes through the symbols. In Family D, Subject DII.1 is an obligate carrier, given 
that two of his children carry the mutation and the mother does not. A total of 19 subjects with confirmed idiopath-
ic pulmonary fibrosis are included among the six families shown. The seven asymptomatic carriers in younger gen-
erations were on average 11 years younger than the probands at the time of diagnosis: 40, 44, 46, 50, 52, 55, and 68 
years of age. In Family F, three subjects had aplastic anemia, and Subject FIII.16 died from acute myeloid leukemia, 
probably in the setting of aplastic anemia. IPF denotes idiopathic pulmonary fibrosis.
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