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Rationale: Heterozygous mutations in the coding regions of the
telomerase genes, TERT and TERC, have been found in familial and
sporadic cases of idiopathic interstitial pneumonia. All affected
patients with mutations have short telomeres.

Objectives: To test whether telomere shortening is a frequent mech-
anism underlying pulmonary fibrosis, we have characterized telo-
mere lengths in subjects with familial or sporadic disease who do not
have coding mutations in TERT or TERC.

Methods: Using a modified Southern blot assay, the telomerase
restriction fragment length method, and a quantitative polymerase
chain reaction assay we have measured telomere lengths of genomic
DNA isolated from circulating leukocytes from normal control
subjects and subjects with pulmonary fibrosis.

Measurements and Main Results: All affected patients with telomerase
mutations, including case subjects heterozygous for newly reported
mutations in TERT, have short telomere lengths. A significantly
higher proportion of probands with familial pulmonary fibrosis
(24%) and sporadic case subjects (23%) in which no coding muta-
tion in TERT or TERC was found had telomere lengths less than the
10th percentile when compared with control subjects (P = 2.6 X
1078). Pulmonary fibrosis affectation status was significantly associ-
ated with telomerase restriction fragment lengths, even after
controlling for age, sex, and ethnicity (P = 6.1 X 10~7). Overall,
25% of sporadic cases and 37% of familial cases of pulmonary fibrosis
had telomere lengths less than the 10th percentile.

Conclusions: A significant fraction of individuals with pulmonary
fibrosis have short telomere lengths that cannot be explained by
coding mutations in telomerase. Telomere shortening of circulating
leukocytes may be a marker for an increased predisposition toward
the development of this age-associated disease.

Keywords: idiopathic pulmonary fibrosis; pulmonary fibrosis; telomere
length; aging; interstitial lung disease

The idiopathic interstitial pneumonias are characterized by
damage to the lung parenchyma by a combination of fibrosis
and inflammation. The prototype of these diseases is idiopathic
pulmonary fibrosis (IPF), the prevalence and annual incidence of
which increase dramatically with age (1). A clue to the genetic
underpinnings of the familial subtype of this disorder emerged
from the discovery that a subset (~15%) of patients with IPF is
heterozygous for mutations in the genes encoding the protein
component (TERT) and the RNA component (TERC) of
telomerase, a ribonucleoprotein enzyme that catalyzes the addi-
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AT A GLANCE COMMENTARY
Scientific Knowledge on the Subject

Rare mutations in the genes encoding telomerase are
found in patients with familial and sporadic idiopathic
interstitial pneumonia and are associated with short telo-
mere lengths.

What This Study Adds to the Field

Short telomere lengths (<10th percentile) are commonly
found in both the familial and sporadic forms of adult-
onset pulmonary fibrosis.

tion of hexameric nucleotide repeats to the ends of linear
chromosomes (2, 3). One mutation in TERT was found in
a subject with the sporadic form of the disease who had no family
history of IPF (2). The mutationsin TERT segregate not only with
individuals that met the strict clinical diagnosis of IPF (4), but also
with several with pulmonary fibrosis favoring the upper lobes of
the lung and others with unclassified pulmonary disease (2).

The missense, frameshift, and splice site mutations in TERT
found in the familial and sporadic cases of pulmonary fibrosis
span the entire coding regions of the gene but cluster in conserved
domains. One frameshift mutation, V747fs, which is predicted to
be missing half the reverse transcriptase domain, has little
enzymatic activity in a recombinant in vitro assay; cotranslation
of various ratios of plasmids encoding this mutation and the wild-
type TERT protein suggests a mechanism of haploinsufficiency
(2). The missense mutations in TERT that have been identified in
patients with IPF have between 30 and 100% wild-type telomer-
ase activity in a rabbit reticulocyte in vitro assay (2). The telomere
lengths of circulating leukocytes of individuals with these muta-
tions and pulmonary fibrosis are reproducibly shorter than those
of age-matched control subjects (2, 3).

Telomere shortening is a common feature of dyskeratosis
congenita and bone marrow failure syndromes, two diseases
previously associated with mutations in DKCI1, TERT, TERC,
or TINF2 (5) (reviewed in Garcia and coworkers [6]). Irrespective
of the gene in which a mutation is found, patients with dysker-
atosis congenita have short telomeres in their circulating leuko-
cytes (7). Mutations in TERT are present in up to 4% of indi-
viduals with acquired aplastic anemia (8), and yet short telomere
lengths are found in 34% of patients with this disease (9). In the
patients with aplastic anemia, the severity of disease is directly
related to the degree of telomere shortening; moreover, a lack of
response to immunosuppressive agents is related to shorter
telomere length (10, 11).

In this study, we have sequenced the genes encoding telomer-
ase, TERT and TERC, in patients with the familial and sporadic
forms of idiopathic interstitial pneumonias. We have compared
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telomere lengths in circulating leukocytes of both familial and
sporadic case subjects with those of normal control subjects. All
patients with pulmonary fibrosis in whom mutations were iden-
tified had telomere lengths that were less than the 10th percentile
when compared with age-matched control subjects. In addition,
we found that 20-25% of subjects with familial or sporadic
pulmonary fibrosis who did not have any detectable mutations
in telomerase also had telomere lengths less than the 10th per-
centile. These findings suggest that telomere shortening is a more
generalized feature of IPF.

METHODS

Human Subjects

This study was approved by the University of Texas Southwestern
Medical Center Institutional Review Board (Dallas, TX). Written in-
formed consent was obtained from all subjects. Each participant
completed a medical questionnaire. Medical records were obtained
when available. Each sporadic case and at least one member of each
kindred with familial pulmonary fibrosis carried a diagnosis of idiopathic
interstitial pneumonia or unclassifiable interstitial pneumonia in con-
cordance with established criteria (4). Kindreds with familial pulmonary
fibrosis were defined as those in which there was at least one other
relative of the proband who was affected with an interstitial lung disease;
all sporadic case subjects had no affected first- or second-degree family
members. Sporadic cases of pulmonary fibrosis due to known causes,
associated with collagen vascular disease, sarcoidosis, and other diffuse
parenchymal lung disease were excluded from study. All case subjects
and affected family members were diagnosed at an age of 21 years or
more. A subset of the probands (n = 46) and sporadic case subjects (n =
42) included in this study were also included in a previous study (2).
Patients with idiopathic, familial, or anorexigen exposure associated
pulmonary arterial hypertension and who fulfilled the following criteria
were included: (/) right heart catheterization measurement of mean
pulmonary artery pressure greater than 25 mm Hg, pulmonary capillary
wedge pressure less than 15 mm Hg, and pulmonary vascular resistance
greater than 3 Wood units; (2) a ratio of total lung capacity to forced vital
capacity exceeding 70% plus a normal chest X-ray or a ratio of total lung
capacity to forced vital capacity exceeding 50% plus a normal computed
tomography scan of the chest; and (3) exclusion of pulmonary arterial
hypertension associated with collagen vascular disease, congenital
shunts, HIV infection, portal hypertension, and all other forms of
pulmonary hypertension including pulmonary venous hypertension or
that associated with lung disease, chronic thromboembolism, or disor-
ders of the pulmonary vasculature. Genomic DNA samples for the
population of normal control subjects (n = 201; age, 19-89 yr) were
obtained from a sample of unrelated, multiethnic individuals from
Dallas, Texas from H. Hobbs. The ethnicity of each subject was self-
assigned. Genomic DNA was isolated from circulating leukocytes with
an Autopure LS (Qiagen, Valencia, CA). Buccal swabs were obtained
with sterile BD Falcon SWUBE applicators (BD Biosciences, San Jose,
CA); DNA was isolated with Gentra (Qiagen) reagents.

Sequencing and Mutation Analysis

Sequencing of both TERT and TERC was performed as described (2).
Sequences used in the comparative alignment were obtained from the
NCBI website (www.ncbi.nlm.nih.gov) and aligned by ClustalW
(www.ebi.ac.uk/clustalw), using the default settings. No new common
single-nucleotide polymorphisms (frequency > 0.05) were found in this
study; all variants were previously reported (2).

Telomerase Repeat Amplification Protocol Assays

Missense mutations in TERT were introduced into the parental
plasmid pGRN125, using a QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA). The complete coding sequences for all the
mutants were verified by sequencing. The activity of in vitro coex-
pressed recombinant telomerase protein and RNA (encoded by
plasmid pKT26) was determined by telomerase repeat amplification
protocol (TRAP) assay as previously described (2). The plasmids

encoding the V747fs mutation and its wild-type control were previously
described (2).

Terminal Restriction Fragment Length Analysis of
Telomere Length

Terminal restriction fragment length (TRFL) analysis of genomic
DNA isolated from leukocytes was performed in duplicate as described
(2, 12). The observed mean coefficient of variation for the assay was
3.7% for 472 independent samples. Samples were assayed in duplicate
again until their mean coefficient of variation less than 9%. The
percentage of short telomeres for each sample was determined from
the Southern blot as described (2).

Quantitative Polymerase Chain Reaction Determination of
Telomere Length

Quantitative polymerase chain reaction (PCR) determination of
telomere lengths was performed in a StepOnePlus real-time PCR
system (Applied Biosystems, Foster City, CA) as described previously
(13, 14). See the online supplement for additional details about this
assay. The ratio of the copy number of telomere DNA to a single-copy
gene (T/S ratio) was normalized to a reference sample, MCF7 cells,
which have short telomeres. Each relative T/S ratio represents the
average of three independent experiments. The observed mean co-
efficient of variation for Cttelomere and CtB2-globin and the relative T/S
ratio were 1.16, 0.58, and 13.6%, respectively, for 353 samples.

Statistical Methods

Linear regression analysis was performed with the R software package,
version 2.4.1 (www.r-project.org) to assess the relationship between
telomere length and age. We analyzed telomere length on the basis of
three different parameters: () the mean TRFL, which was normally
distributed; (2) the percentage of short telomeres (p, as defined in
Reference 2), which had a skewed distribution and so was first logit-
transformed; and (3) the relative T/S ratio, which was log-transformed.
The 10th and 90th percentile prediction bands of the TRFLs, the
logit(p), and the In(relative T/S) for the normal subjects (n = 201) were
determined from the linear regression model. Case and control subjects
stratified by either the 10th or 90th percentile prediction lines were
compared by Fisher exact test. Multiple regression was used to adjust
for covariates when necessary.

RESULTS

Six New Mutations in TERT in Subjects with Adult-Onset
Pulmonary Fibrosis

We sequenced the coding and flanking intronic sequences of
TERT and TERC in 25 probands and 34 sporadic subjects with
pulmonary fibrosis and identified six new mutations in TERT—
five in probands with familial pulmonary fibrosis (Figure 1A)
and one in a patient with sporadic pulmonary fibrosis (the lung
phenotype is defined in METHODS). Additional clinical findings
of the subjects and their relevant family members are provided
in Table E1 (see the online supplement). Missense mutations
were found in the probands of family F55 (K1050E), F80
(P702L), F106 (L1019F), F107 (V694M), and F119 (P704S).
All three members of family F80 with IPF were heterozygous
for the same missense mutation as the proband (P702L). One of
the patients with sporadic disease had a missense mutation in
the C-terminal region of TERT (S957R). All of these missense
mutations involve highly conserved residues in regions of the
protein (Figures 1B and 1C) that have postulated roles in
enzymatic activity, processivity, and cellular location of the
protein (15-17). None of the mutations were detected in
a multiethnic panel of 528 individuals sequenced as control
subjects (8). All of the mutations had not been identified
previously except V694M, which was found in a 34-year-old
subject with moderate aplastic anemia (8). The 60-year-old
proband of family F107 with this mutation has a normal
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Figure 1. (A) Abridged pedi-
grees of kindreds F55, F80,
F106, F107, and F119 with
familial  pulmonary fibrosis
and TERT mutations; (B) sche-
matic representation of the
functional domains of TERT
with the position of the mu-
tations found in pulmonary fi-
brosis subjects relative to the
domains; (C) alignment of the
TERT sequences of human,
Macaca mulatta  (monkey),
Canis familiaris (dog), Bos taurus
(cow), Mus musculus (mouse),
Rattus norvegicus (rat), Gallus
gallus (chicken), Xenopus laevis
(frog), Schizosaccharomyces
pombe (yeast), and Arabidopsis
thaliana (plant); and (D) rela-
tive telomerase activity of TERT
mutants as measured by the
telomere repeat amplification
protocol (TRAP) assay. In (A),
shaded symbols indicate indi-
viduals with pulmonary fibrosis
(pink) or lung disease (blue);

the presence or absence of the mutation is indicated by plus or minus signs, respectively. The current age or the age at death is listed to the right
of each symbol. Mutations in the DNA and protein sequence are abbreviated by convention. Amino acids are listed as single letters. Additional details of
the clinical features of individuals are listed in Table E1 in the online supplement. In (B), the N-terminal region domains (green), the reverse transcriptase
motifs (blue), and C-terminal region domains (yellow) are shown. New mutations described in this article are indicated in boldface type; mutations
previously described in Reference 3 (italics) and Reference 2 (roman) are shown for comparison. In (D), relative amounts of telomerase activity for seven
different TERT mutants were calculated as a ratio of the intensity of the sample’s telomerase products to that of an internal control band and normalized
to wild-type activity in one representative experiment. Error bars represent the SD. Parallel reactions using [3>S]methionine were run on a sodium

dodecyl sulfate-polyacrylamide gel to confirm equal expression of the TERT wild-type and mutant proteins.

complete blood count, which does not suggest any bone marrow
dysfunction (see Table E1). Electropherograms of all the se-
quence mutations are shown in Figure E2.

To determine the effect of these amino acid substitutions in
TERT on enzymatic activity, each mutation was reproduced by
site-directed mutagenesis and tested in vitro after coexpressing
the recombinant telomerase protein and RNA. For these studies
we used the telomere repeat amplification protocol (TRAP)
assay. As seen in Figure 1D, the missense mutations had between
23 and 88% of the telomerase activity of the wild-type protein.

Comparison of Telomere Lengths to Those of a
Normal Population

To establish the normal range of telomere lengths, we studied 201
asymptomatic subjects ranging from 19 to 89 years of age. Table 1
lists demographic information for this control multiethnic group
in comparison with subjects with pulmonary fibrosis. The rate of
TRFL shortening in normal samples was 17 bp/year (Figure 2A),
which is consistent with prior estimates that leukocyte telomere
shorten by 1540 bp/year within this age range (18-22). A small
difference in mean TRFLs between the men (5.84 kb) and women
(6.03 kb) was found (P = 0.02), which is consistent with other
studies (21, 23). The 10th and 90th percentile predicted bands
were determined from the linear regression model.

Next, we examined the telomere lengths of individuals from
the families in Figure 1 and described by Tsakiri and coworkers
(2), in which a TERT or TERC mutation was not identified
(noncarriers). Six of 76 noncarriers fell below the 10th percentile
predicted line. In contrast, 52 of the 61 TERT/TERC mutation
carriers fell below this threshold. All the family members who had
been diagnosed with pulmonary fibrosis were mutation carriers

who were more than 48 years of age and their telomere lengths
were uniformly less than the 10th percentile when compared with
the control subjects (Figure 2B).

Telomere Shortening in Pulmonary Fibrosis Subjects without

Mutations in TERT or TERC

To determine whether short telomeres are a more common
feature of pulmonary fibrosis we assayed telomere lengths in

TABLE 1. DEMOGRAPHICS OF NORMAL CONTROL SUBJECTS,
SUBJECTS WITH IDIOPATHIC INTERSTITIAL LUNG DISEASE AND
TERT OR TERC MUTATIONS, PROBANDS OF KINDREDS WITH
FAMILIAL PULMONARY FIBROSIS, AND SPORADIC CASES
WITHOUT TELOMERASE MUTATIONS

TERT/TERC Mutations

Present: Absent
Control PF Case Familial PF Sporadic PF
Subjects Subjects Probands* Case Subjects*
(n = 20T1) (n = 20) (n=159 (n=73)

Age, yr (mean) 55.0 58.6 61.6 59.1
Sex, %

Male 49 85 58 56

Female 51 15 42 44
Ethnicity,%

White 67 80 73 81

Black 20 0 3 11

Hispanic 12 10 24 8

Other 1 10 0 0

Definition of abbreviation: PF = pulmonary fibrosis.
* Subjects in this group do not have any detectable mutations in either TERT or

TERC.
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leukocytes from all those individuals in our collection of
patients with familial or sporadic pulmonary fibrosis who did
not have a mutation in the coding region of TERT or TERC.
Figure 3A shows the telomere lengths in three unrelated
kindreds with familial pulmonary fibrosis. The affected siblings
in family F3 have telomeres that are of similar size as an
unaffected older sister (data not shown) and an unrelated age-
and ethnicity-matched control subject. In contrast, the 48-year-
old proband of family F4 has markedly short telomeres as
compared with his unaffected older sibling. His mean telomere
length (4.1 kb) was shorter than that of the proband of family
F55 (4.9 kb), who is heterozygous for a TERT missense
mutation (K1050E).

We also analyzed the telomere lengths in our sporadic case
subjects with pulmonary fibrosis who did not have a mutation
in the coding region of telomerase. Figure 3B shows that
some subjects, such as CKG059 and CKG973, have telomere
lengths similar to those of age- and ethnicity-matched control
subjects. Others, such as CKG030 and CKG545, have telomere
lengths that are shorter than those of matched control subjects
and are similar in length to the sporadic case who is heterozy-
gous for the TERT S957R mutation (4.5, 4.4, and 4.1 kb,
respectively).

We determined the distribution of telomere lengths in fa-
milial (n = 59) and sporadic (n = 73) case subjects with pul-
monary fibrosis who did not have a detectable mutation in
the telomerase genes. The majority of case subjects were male
and white (Table 1), reflecting the demographics of this disease
(1, 24). In general, affected individuals with telomerase muta-
tions were similar to the familial and sporadic case subjects
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Figure 2. Mean terminal restriction fragment
lengths (TRFLs) for (A) normal control subjects
and (B) individuals from families with TERT or
TERC mutations plotted against age. Open
circles represent unrelated normal control sub-
jects in (A). Symbols in (B) represent those
without heterozygous TERT or TERC mutations
(yellow circles) and those with TERT or TERC
mutations either with (pink circles) or without
(solid circles) a diagnosis of pulmonary fibrosis.
The blue region delineates the 10th to 90th
percentile predicted bands of the mean TRFLs
for the normal control subjects. Linear regres-
sion was used to draw a best-fit line through

the normal samples.

without telomerase mutations regarding smoking status, age at
diagnosis, pathologic subtype of idiopathic interstitial pneumo-
nia, and other comorbidities (Table 2). A comparison of the
telomere lengths, as determined by the TRFL assay, of the
probands and sporadic cases with normal subjects is provided in
Figures 4B and 4C, respectively. As expected, all probands with
mutations in TERT or TERC had mean TRFLs below the 10th
percentile prediction line. In addition, 14 of the 59 probands
(24%) with familial pulmonary fibrosis who did not have
a mutation in telomerase had mean TRFLs below the 10th
percentile prediction line; this is more than was observed in
control subjects (P = 8.0 X 107%). Some of these subjects had
TRFLs that are just as short as those with mutations in TERT or
TERC. If a more stringent cutoff was used, such as the 1st or 5Sth
percentile, there were still significantly more subjects without
telomerase mutations below these thresholds than control
subjects (data not shown). Similarly, there were more sporadic
case subjects without coding mutations in TERT or TERC who
had telomere lengths that were below the 10th percentile
prediction line than would be expected by chance (17 of 73
sporadic case subjects without telomerase mutations vs. 8 of 201
control subjects; P = 2.6 X 107°) (Figure 4C). No consistent
distinguishing phenotype was seen for familial and sporadic case
subjects with short telomere lengths versus those whose telo-
mere lengths were greater than the 10th percentile.

Telomere length of genomic DNA was also determined
using an independent quantitative PCR method (see METHODS).
The average telomere length was determined by assessing the
ratio of telomere copy number repeats to a single copy gene, 8-
globin (T/S ratio) in experimental samples relative to a reference

Figure 3. Telomere length determined by the terminal
restriction fragment length (TRFL) assay of (A) subjects in
kindreds with familial pulmonary fibrosis and (B) sporadic
cases of idiopathic interstitial lung disease. Abridged
pedigrees, the age of each individual, and the presence
(+) or absence (-) of the TERT mutation are indicated
above each Southern blot in (A) and (B). Open symbols
represent normal individuals; solid symbols indicate indi-
viduals with pulmonary fibrosis.
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TABLE 2. CHARACTERISTICS OF SUBJECTS WITH IDIOPATHIC INTERSTITIAL LUNG DISEASE AND TERT
OR TERC MUTATIONS, PROBANDS OF KINDREDS WITH FAMILIAL PULMONARY FIBROSIS, AND
SPORADIC CASES WITHOUT TELOMERASE MUTATIONS

TERT/TERC Mutations
Present: Absent
PF Case Familial PF Sporadic PF
Subjects Probands* Case Subjects*
(n = 20) (n=159 (n=173)
Smokers, % 65 70 63
Mean pack-years 12.5 17.2 20.0
Age at diagnosis
Mean, yr 55.7 59.4 559
Range, yr 37-74 31-87 25-77
Deceased or transplanted, % 50 32 31
Diagnosis, %
IPF 65 73 63
Open lung biopsy 60 59 81
ulp 67 69 63
Nonspecific fibrosis 25 20 15
Discordant pathology® 8 0 7
NSIP 0 6 7
cop 0 0 5
Other 0 6 3
Other diagnoses, %
Cancer? 5 8 14
Osteoporosis/osteopenia 50 37 42
GERD 57 68 59
Hypothyroidism 5 24 15
Anemia before lung transplantation 5 15 10
Telomere length
Mean TRFL, kb 4.345 5.25 5.39
Mean percent short telomeres|| 44.1%" 26.6% 23.0%
Mean relative T/S ratio¥ 1.33% 1.74 1.84

Definition of abbreviations: COP = cryptogenic organizing pneumonia; DIP = desquamative interstitial pneumonia; GERD =
gastroesophageal reflux disease; NSIP = nonspecific interstitial pneumonia; TRFL = terminal restriction fragment length; T/S/ ratio =

733

ratio of the copy number of telomere DNA to a single-copy gene; UIP = usual interstitial pneumonia.
* Subjects in this group do not have any detectable mutations in either TERT or TERC.
T Pathologic diagnosis of the open lung biopsy and the explanted lung were discordant.
* Excludes completely localized and resectable epithelial cancers, that is, squamous cell carcinoma or basal cell carcinoma of the

skin.

% Indicates a statistically significant deviation from case subjects, either familial or sporadic, without telomerase mutations, using

the Student’s t test (P < 0.05).
I'As defined in Reference 2.
¥ Relative to MCF7 cells as described in MeTHoDs.

sample. We observed a good correlation between this method
and the TRFL method for determining telomere length (P <
2.2 X 1071%; and see Figure E3). For control subjects, the rel-
ative T/S ratio decreased with age by 0.0096 unit/year, generally
consistent with other reports of rates of attrition (14, 25, 26).
The 10th and 90th percentile predicted bands were determined
from the linear regression model (Figure 4D). The distributions
for the probands of kindreds with familial pulmonary fibrosis
and for the sporadic pulmonary fibrosis case subjects are shown
in Figures 4E and 4F, respectively. As expected, all the
probands of the familial cases with mutations in TERT or
TERC fell below the 10th percentile prediction line (Figure 4E).
When this band was used as an arbitrary cutoff, we again ob-
served a significant excess of subjects with familial or sporadic
pulmonary fibrosis with telomere lengths below this boundary
(Table 3).

Consistent with telomere shortening with age, the percentage
of short telomeres (determined from the TRFL Southern blots)
also increased with age. All probands with telomerase mutations
had logit(p) scores greater than the 90th percentile (Figure 5B),
and again we found a significantly greater than expected number
of probands and sporadic case subjects without telomerase
mutations with logit(p) scores above the 90th percentile predicted

band (P = 9.5 X 10~°) (Figures 5B and 5C; and see Table 3). All
the probands of the familial cases with mean telomere lengths less
than the10th percentile had logit(p) values greater than the 90th
percentile.

Multiple regression analysis showed a correlation between
telomere length and sex after controlling for age and ethnicity
(P = 4.9 X 10~%). There was a small difference in mean TRFLs
between men (5.25 kb) and women (5.45 kb) with pulmonary
fibrosis without telomerase mutations (P = 0.004) (Table 4).
Smoking has been associated with short telomere lengths (27, 28).
In contrast with sex, we did not find a correlation between
telomere length and smoking by multivariate analysis in the cases
after controlling for sex and ethnicity. Because ethnicity was
previously reported to be associated with telomere length (29),
we analyzed white male and female case and control subjects
separately and found similar results in these smaller subgroups
when using all three methods for assessing telomere length (see
Table E2).

To determine the specificity of the short telomere phenotype
we measured telomere length by the quantitative PCR method
for a cohort of patients with idiopathic, familial, or anorexigen-
associated pulmonary arterial hypertension (see METHODS for
a description of this patient population) (Figure 6). There was not
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Figure 4. Telomere length as
determined by the (4-C) ter-
minal restriction fragment
length (TRFL) assay and by
the (D-F) quantitative poly-
merase chain reaction (PCR)
assay for normal control sub-
jects (A and D), probands of
kindreds with familial pulmo-
nary fibrosis (B and E), and
sporadic case subjects with id-
iopathic interstitial lung dis-
ease (C and F) plotted against
age. Open circles represent
normal control subjects, red
triangles represent unrelated
probands and sporadic case
subjects with pulmonary fibro-
sis, and solid circles represent
probands and sporadic case
subjects with pulmonary fibro-
sis and TERT or TERC muta-

tions. The blue region delineates the 10th to 90th percentile predicted bands of the mean TRFLs or In(relative T/S ratio) for the normal control
subjects (T/S ratio, ratio of the copy number of telomere DNA to a single-copy gene). Linear regression analysis of the TRFL data of normal control
subjects (A) established a linear relationship between telomere length and age by the following equation: TRFL = 6.87 — 0.0169 X age (P = 6.1 X
10~12). Linear regression analysis of the normal subjects (D) established a linear relationship between the logarithm of the relative T/S ratio and age
by the following equation: In(relative T/S ratio) = 1.02 — 0.00451 X age (P = 2.67 X 10710).

a significant excess of subjects in this patient population below
the 10th percentile predicted line when compared with control
subjects, either for the entire group or sex- and ethnicity-matched

case and control subjects.

DISCUSSION

In this article, we show short telomere lengths of circulating
leukocytes in 25% or more of all subjects with familial or sporadic
idiopathic interstitial pneumonia. The findings of the inherited
mutations in telomerase in families and individuals with IPF
initially suggested that telomerase dysfunction is important for
the molecular pathogenesis of this disease. Here we find that of 71

unrelated probands, 12 (17%) with heterozygous mutations in
TERT or TERC and an additional 14 (20%) probands without
telomerase mutations have mean telomere lengths of circulating
leukocytes that are shorter than the 10th percentile by the TRFL
assay. Therefore, 37% of probands with the familial form of the
disease have evidence of short telomeres. Similarly, of 75 un-
related sporadic cases, 2 (3%) have mutations in TERT and 17
have TRFLs less than the 10th percentile; so 25% of sporadic
cases have short telomeres. These findings suggest that short
telomere lengths are commonly associated with both the familial
and sporadic forms of pulmonary fibrosis and can be only partially
explained at the molecular level by coding mutations in TERT
and TERC. The sequencing of both genes has been limited to the
coding regions and their surrounding intronic splice sites. We

TABLE 3. DISTRIBUTION OF CASE SUBECTS AND CONTROL SUBJECTS STRATIFIED BY MEAN TERMINAL
RESTRICTION FRAGMENT LENGTH, In(RELATIVE T/S RATIO), OR LOGIT(p)

TERT/TERC Mutations

Present: Absent
Control PF Familial Sporadic All
Subjects Case Subjects PF Probands* PF Case Subjects* Case Subjects*
(n = 201) (n = 20) (n=159) (n=73) (n=132)
Mean TRFL
Upper (>10%) 193 0 45 56 101
Lower (<10%) 8 20 14 17 31
P Value' — <22 X 10776 8.0 X 10°¢ 2.6 X 10°¢ 2.6 X 1078
In(relative T/S ratio)
Upper (>10%) 191 1 42 53 95
Lower (<10%) 10 19 17 20 37
P Value' — <2.2 X 10716 2.0 X 1076 1.2 X 10°¢ 8.2 X 1079
Logit(p)
Upper (>90%) 8 20 18 17 35
Lower (<90%) 193 0 41 56 97
P Value' — <2.2 X 10716 2.4 x 1077 1.4 x10°° 9.5 x 107°

Definition of abbreviation: PF = pulmonary fibrosis.
* Subjects in this group do not have any detectable mutations in either TERT or TERC.
P Values were calculated comparing the number of case subjects and control subjects stratified by the indicated threshold,
using the Fisher exact test.
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related probands and sporadic cases with pulmonary fibrosis, solid circles represent probands and sporadic cases with pulmonary fibrosis and TERT or TERC
mutations. The blue region delineates the 10th to 90th percentile predicted bands of the logit(p) for the normal control subjects. Linear regression analysis of
the logit(p) established a linear relationship for normal subjects between this measure and age by the following equation (where p is the percentage of short
telomeres): logit(p) = In[p/(1 —p)] = —2.56 + 0.0148 X age (P = 3.4 X 10712).

cannot rule out noncoding mutations or small deletions in either
gene. In one expanded family, the short telomere phenotype
segregates with pulmonary fibrosis as an autosomal dominant
trait but does not cosegregate with haplotypes about TERT and
TERC, suggesting that other genetic loci may contribute to this
trait (data not shown).

All families collected with familial pulmonary fibrosis have at
least one affected member carrying a diagnosis of an idiopathic
interstitial pneumonia or unclassifiable interstitial pneumonia;
other affected family members have interstitial lung disease.
Although IPF is the most common diagnosis among the affecteds,
it is not the only diagnosis. In fact, only 65% of case subjects with
coding mutations in TERT or TERC meet the clinical definition
of IPF. Other mutation carriers within the same family have been
diagnosed with nonspecific interstitial pneumonitis, granuloma-
tous lung disease, and coal worker pneumoconiosis. Similarly, the
occurrence of pathologic findings of diverse subtypes of non—
usual interstitial pneumonitis in the same family has been
reported for other cohorts of familial pulmonary fibrosis kindreds
(30, 31). Granulomatous lung disease, as seen in the proband of
family F106, has been associated with telomerase mutations
earlier; we previously described one of the affected individuals
in family F71 with chronic hypersensitivity whose open lung
biopsy showed usual interstitial pneumonitis with features of
noncaseating granulomas (2). The mutations in telomerase
appear to increase the susceptibility to interstitial lung disease
in general and are not associated with one particular clinicopath-
ologic subtype. This raises the possibility that although the
diagnosis of a specific interstitial lung disease may differ for
individual family members with telomerase mutations due to
different environmental or occupational exposures, the identified
genetic predisposition leads to a tissue repair response of fibrosis
in reaction to injury.

We also found that IPF is the most common, but not the
only, pulmonary diagnosis seen in those familial and sporadic
case subjects without telomerase mutations and whose telomere

lengths are less than the 10th percentile. A diagnosis of IPF was
found in 50-85% of these groups; other diagnoses such as
nonspecific interstitial pneumonitis and cryptogenic organizing
pneumonia were made by open lung biopsy. Patients in this
study were collected on the basis of a diagnosis of idiopathic
interstitial pneumonia, but we again found that telomere
shortening was not associated with one particular clinicopath-
ologic subtype. A collected cohort of patients with idiopathic,
familial, or anorexigen-associated pulmonary arterial hyperten-
sion did not demonstrate an excess of individuals with short
telomere lengths, suggesting some specificity of the association
between pulmonary fibrosis and short telomeres. Additional
cohorts of patients with different pulmonary phenotypes will be
needed to delineate the range of pulmonary diagnoses associ-
ated with telomere shortening.

Although most individuals who carry a heterozygous mutation
in TERT or TERC have short telomeres, 15% do not fall below
the 10th percentile by the TRFL assay. Analysis of these in-
dividuals by the quantitative PCR method also demonstrates that
they fall within the normal range (data not shown). In contrast, all
of the individuals with diagnoses of pulmonary fibrosis and who
carry a heterozygous mutation in TERT or TERC are more than
48 years of age and have telomere lengths below the 10th
percentile predicted line. This strongly suggests that the pulmo-
nary fibrosis phenotype is related to older age and short telomere
lengths in this molecularly defined group of patients. Leukocyte
telomere length may be influenced by other genetic, intrinsic,
tissue-specific, or environmental effects. It is currently unknown
whether the other mutation carriers have subclinical manifesta-
tions of the disease or whether they demonstrate incomplete
penetrance. It is also not known whether the nature and degree of
telomere shortening seen in circulating leukocytes is representa-
tive of the lung cells within these subjects. For eight control
subjects and four subjects heterozygous for the TERT P702L
mutation, we see a correlation between telomere lengths of DNA
isolated from circulating leukocytes and oral buccal epithelial

TABLE 4. MEAN TERMINAL RESTRICTION FRAGMENT LENGTHS IN CASE SUBJECTS AND

CONTROL SUBJECTS

TERT/TERC Mutations

Present:

Absent

Control Subjects PF Case Subjects

Familial PF Probands*

Sporadic PF Case Subjects*  All Case Subjects*

Male 5.84kb(n=99) 4.30kb(n=17)
Female  6.03kb(n =102) 4.57 kb (n = 3)
P Value' 0.02 0.20

5.14 kb (n = 34)
5.40 kb (n = 25)
0.04 0.08

5.25 kb (n = 41)
5.58 kb (n = 32)

5.25 kb (n = 75)
5.45 kb (n = 57)
0.004

Definition of abbreviation: PF = pulmonary fibrosis.

* Subjects in this group do not have any detectable mutations in either TERT or TERC.
P Values were calculated by multiple regression with age included as a covariate.
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Figure 6. Telomere length as determined by the quantitative poly-
merase chain reaction assay for patients with pulmonary arterial hyper-
tension and control subjects plotted against age. Red triangles represent
unrelated cases of idiopathic, familial, or anorexigen-associated pulmo-
nary arterial hypertension; solid circles represent available spouse control
subjects. The mean age of both the case subjects and spouses is 52 years.
This cohort of pulmonary hypertension case subjects includes 83%
female and 17% male patients of the following ethnicities: white
(75%), black (7%), Hispanic (10%), and other (7%).

cells (see Figure E4), suggesting that the germline mutations have
a global effect on telomere shortening.

Because most of the case subjects in this study have been
collected or referred from lung transplantation centers, many
are severely affected, having demonstrated progressive worsen-
ing of disease despite treatment or withdrawal from presumed
culprit exposures. An important question concerns whether
mutations in telomerase or telomere length offer any prognostic
information regarding the natural history of the disease. Al-
though we have found that more subjects with the telomerase
mutation had died or undergone transplantation over the course
of this study than those without mutations in TERT or TERC
(50 vs. 32%), these results are not statistically significant.
Similarly, there is a trend in that more familial and sporadic
case subjects without telomerase mutations below the 10th
percentile had died or undergone lung transplantation than
those with telomere lengths greater than the 10th percentile
(43-53% vs. 25-31%), but these trends are not significant in
both groups. We did not find a significant correlation between
telomere length and diffusion capacity measurements for these
individuals. Prospective studies and/or analysis of larger cohorts
will be needed to determine whether telomerase mutations or
telomere shortening are associated with rate of progression or
severity of the pulmonary fibrosis phenotype.

Smoking is a known risk factor for IPF (32) and for the
development of interstitial lung disease in at-risk individuals in
kindreds with the familial form of the disease (30, 31). Those
with mutations in TERT or TERC had a lower cumulative
amount of cigarette smoking than those without mutations, 12.5
versus 19.2 pack-years. It may be that smoking of any level
(even small amounts) may increase the risk of developing
pulmonary fibrosis in those with an inherited predisposition.
Similar results have been found in studies of carriers of a major
lung cancer susceptibility locus identified by linkage analysis
(33). Cigarette smoking and other environmental effects are
likely important modifiers for the development of organ-specific
disease in subjects with a global risk of telomerase dysfunction.

One of the mutations reported in this study, V694M, was
identified in a 60-year-old smoker with no evidence of bone
marrow dysfunction and whose 80-year-old mother had a history
of pulmonary fibrosis. This same mutation has been reported in
a 34-year-old man with moderate aplastic anemia that did not
respond to immunosuppression and has short telomere lengths

as measured by flow—fluorescence in situ hybridization (8). The
development of pulmonary fibrosis versus bone marrow dys-
function in telomerase mutation carriers may be related to
secondary “hits,” such as environmental toxins (cigarette smok-
ing), fibrosis-prone intrinsic host mesenchymal responses to
injury (34, 35), or other susceptibilities. Understanding the
influences on the development of lung disease in telomerase
mutation carriers will be important to delineate.

In epidemiologic studies, IPF is diagnosed more commonly
in males than females (1). Of the 20 case subjects with
pulmonary fibrosis and telomerase mutations for which we
had available DNA, 17 are male. The male-to-female ratio of
5.7:1 in this group suggests a lower penetrance of the pulmonary
fibrosis phenotype in females with these dominantly inherited
telomerase mutations. Women with 7TERT mutations and
pulmonary fibrosis tend to be, on average, 11.9 years older than
their male counterparts (66.0 vs. 54.1 yr for women and men,
respectively) and many do not fit the narrow clinical diagnosis
of IPF, having apical lung-predominant pulmonary fibrosis. The
male-to-female ratio is 1.4:1 and 1.3:1 for the familial and
sporadic case subjects without telomerase mutations, respec-
tively. We did observe shorter mean age-adjusted telomere
lengths for the men in all groups (Table 4) and found a signif-
icant correlation between telomere length and sex after con-
trolling for age and ethnicity by multiple regression. These
findings suggest that some of the observed excess of male cases
may be explained by their shorter telomere lengths.

Both assays used in this study are straightforward and can
measure telomere lengths of genomic DNA samples. We in-
cluded only case subjects for whom we have good-quality DNA
isolated from circulating leukocytes. The TRFL assay provides an
indirect, rather than a direct, measure of telomere length because
the undigested lengths of DNA contain telomeres and subtelo-
meric segments. To minimize the size of subtelomeric sequences,
we digested the genomic DNA with six different 4-bp restriction
enzymes. We observed a comparable rate of telomere length
attrition with age (17 bp/yr) in normal individuals of this age
range, as have other investigators who have used this same
method (18-22). The quantitative PCR measurement of telomere
length offers an independent method for estimating telomere
length from genomic DNA and we found a good correlation
between these two methods. It had been previously shown that
a quantitative PCR method for estimating telomere length is fast,
inexpensive, and requires significantly less DNA than measure-
ment by Southern blotting (13). From the TRFL assay, but not the
quantitative PCR assay, we can estimate the percentage of short
telomeres in each sample which is the most biologically relevant
measure (36).

Telomere length is known to be a heritable trait with parental
effects (37). Twin studies suggest that telomere size, as measured
by the TRFL assay, displays a heritability of 36-78 % (22,38). The
quantitative trait of TRFLs has been mapped to various loci in
normal subjects (38) or in small families with heart disease (19),
but the causative genetic variants within these genomic intervals
have not been pinpointed. Understanding the genetic under-
pinnings of telomere shortening in pulmonary fibrosis may lead to
amore complete understanding of how this process contributes to
the risk of developing irreversible lung scarring. In addition, such
studies may more clearly define the pulmonary as well as other
organ phenotypes associated with telomere shortening in aging
humans.
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