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Idiopathic interstitial pneumonias (IIPs) have a progressive and
often fatal course, and their enigmatic etiology has complicated
approaches to effective therapies. Idiopathic pulmonary fibrosis
(IPF) is the most common of IIPs and shares with IIPs an increased
incidence with age and unexplained scarring in the lung. Short
telomeres limit tissue renewal capacity in the lung and germ-line
mutations in telomerase components, hTERT and hTR, underlie
inheritance in a subset of families with IPF. To examine the
hypothesis that short telomeres contribute to disease risk in
sporadic IIPs, we recruited patients who have no family history and
examined telomere length in leukocytes and in alveolar cells. To
screen for mutations, we sequenced hTERT and hTR. We also
reviewed the cases for features of a telomere syndrome. IIP
patients had shorter leukocyte telomeres than age-matched con-
trols (P < 0.0001). In a subset (10%), IIP patients had telomere
lengths below the first percentile for their age. Similar to familial
cases with mutations, IPF patients had short telomeres in alveolar
epithelial cells (P < 0.0001). Although telomerase mutations were
rare, detected in 1 of 100 patients, we identified a cluster of
individuals (3%) with IPF and cryptogenic liver cirrhosis, another
feature of a telomere syndrome. Short telomeres are thus a
signature in lIPs and likely play a role in their age-related onset. The
clustering of cryptogenic liver cirrhosis with IPF suggests that the
telomere shortening we identify has consequences and can con-
tribute to what appears clinically as idiopathic progressive organ
failure in the lung and the liver.

interstitial lung disease | liver fibrosis | telomerase
aplastic anemia | dyskeratosis congenita

diopathic interstitial pneumonias (IIPs) have a predictable, pro-

gressive course that often leads to respiratory failure. As their
name indicates, the etiology of IIPs is unknown, and this has
hampered progress in the development of therapies for patients
with this disease. Idiopathic pulmonary fibrosis (IPF) is the most
common of IIPs and accounts for greater than 70% of all cases (1).
It has a characteristic radiographic appearance associated with the
pathologic lesion of usual interstitial pneumonia. Age is the biggest
risk factor for the development of IIPs, with the majority of cases
diagnosed after the sixth decade, yet the factors that contribute to
the age-related onset of IIPs are not known (1). As many as one in
five patients with IPF reports a family history of the disease,
establishing genetic factors as a critical contributor to disease risk
(2). Histological features of IPF and other IIP subtypes are often
present in the same individual and in individuals from a single
family, indicating that IIPs could share a common etiology (3, 4).
Mutations in telomerase components, A/TERT and ATR, underlie
inheritance of IPF in 8—-15% of individuals who have a documented
family history (5, 6). In these families, affected individuals have a
clinical presentation indistinguishable from sporadic forms of the
disease (5). Telomere length, not telomerase mutations, predicts
disease onset in syndromes of telomere shortening (7-10). Here, we
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examine the role of telomere shortening and mutations in telom-
erase components in the pathogenesis of nonfamilial forms of
idiopathic interstitial lung disease.

Telomeres are DNA-protein structures that protect chromo-
some ends. Telomeres shorten successively with each cell division,
and short telomeres ultimately activate a DNA damage response
that leads to cell death or permanent cell cycle arrest (11-13). This
biology has implicated telomere shortening in degenerative age-
related disease. Telomerase is a specialized polymerase responsible
for telomere elongation (14-16). Mutations in either of the essen-
tial components of telomerase, hTERT, the catalytic reverse tran-
scriptase, or hTR, telomerase RNA, lead to haploinsufficiency, a
decrease in telomerase dose that leads to accelerated telomere
shortening and ultimately to organ failure (5, 7, 17, 18). Mutations
in telomerase components were initially identified in the setting of
dyskeratosis congenita, a severe form of a syndrome of telomere
shortening characterized by abnormal skin manifestations and
premature mortality due to bone marrow failure and interstitial
lung disease (19-22). In IPF families with telomerase mutations,
cases of aplastic anemia can be hidden and are uncovered after a
thorough family history, suggesting that mutations in telomerase
have heterogeneous manifestations in an individual patient and
within families, and that a subset of families with IPF falls on the
same spectrum of telomere disorders as dyskeratosis congenita (5).

Recently, we described a pedigree with autosomal dominant
dyskeratosis congenita that carried a mutation in ATERT that
abolished catalytic activity (7). In this kindred, both pulmonary and
liver fibrosis displayed anticipation, an earlier more severe onset of
disease with successive generations. The anticipation of the fibrosis
phenotypes, along with aplastic anemia, correlated with inheritance
of the shortest telomeres across generations and suggested that
telomere shortening underlies the predisposition to fibrosis in
parenchymal organs and that the fibrosis, similar to aplasia in the
marrow, may represent a loss of regenerative capacity (7). Telomere
length, and not mutations in telomerases themselves, predicts
disease onset and severity in models of aplastic anemia and
dyskeratosis congenita (9). In these animal models, wild-type mice
who inherit short telomeres display phenotypes similar to heterozy-
gous mice. Thus, even when telomerase is wild type, short telomeres
limit tissue renewal capacity (9). Here, we examine the hypothesis
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Fig. 1. Telomere length in lymphocytes from IIP patients and families with known telomerase mutations compared with healthy controls. (A) IIP patients, in
yellow, have shorter telomeres than age-matched controls (P < 0.0001, Wilcoxon signed rank). IIP patients [60 of 62 (97%)] have telomeres shorter than the
median of healthy controls (P < 0.0001). Of 62 IIP patients, 50 (81%) carried the diagnosis of IPF. (B) Detailed view of A with individuals with features of a telomere
syndrome highlighted in red: *, a 77-year-old IPF patient with hTR 325G—T mutation; §, a patient with very short telomeres who had chronic unexplained
thrombocytopenia, a feature of subclinical aplastic anemia; #, two individuals with both IPF and cryptogenic liver cirrhosis who have short telomeres. Ten percent
of IIP patients (6 of 62) have short telomeres below the first percentile; a range predictive of the presence of a telomerase mutation. (C) Telomere length from
45 individuals from 10 families with known mutations in ATERT (n = 17), hTR (n = 3), and DKC1 (n = 4). (D) Bar graph illustrates the mean difference in telomere
length from the median of age-matched healthy controls. Compared with noncarriers whose telomere length was similar to controls (P = 0.304, Wilcoxon signed
rank), both sporadic IIP patients and known telomerase mutation carriers had shorter telomeres (P < 0.0001 for both).

that telomere shortening, in the presence or absence of telomerase
mutations, contributes to disease risk in IIP patients who have no
family history. We show that, similar to familial IPF patients with
telomerase mutations, individuals with idiopathic interstitial lung
disease have short telomeres in both peripheral blood and in the
lung. In this group of patients, there is an increased incidence of
other features of dyskeratosis congenita, specifically of cryptogenic
liver cirrhosis. Our findings establish a role for telomere shortening
in IPF pathogenesis beyond a subset of families with telomerase
mutations and suggest that telomere shortening may be an impor-
tant contributor to the genetic susceptibility to this age-related

measured telomeres in peripheral blood lymphocytes using flow
cytometry and FISH. We found that, compared with healthy
age-matched controls (n = 400), IIP patients had shorter telomeres
(P < 0.0001, Wilcoxon signed-rank test; Fig. 1.4 and B). Specifically,
97% (60 of 62) of IIP patients had shorter telomeres than the
median for their age (mean delta telomere length —1.3 kb, range
—0.3 to —2.7; probability of random event P < 0.0001). To
determine whether this effect was cell-type specific, we examined
telomere length in granulocytes from the same patients and found
a similar trend. We did not detect differences in telomere length

disease. within our cohort by gender (P = 0.30, multivariate regression
analysis adjusting for age), smoking status (P = 0.50), or by
Results diagnosis of IPF compared with non-IPF IIP (P = 0.58). These data

suggested that individuals with IIP have shorter telomeres in
peripheral blood cells than healthy age-matched controls.

1IP Patients Have Short Telomeres in Peripheral Blood Leukocytes. To
examine whether individuals with IIP have short telomeres, we
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Telomere Length Is a Surrogate for Mutation Status in Families with
Telomerase Mutations. Short telomeres are associated with telom-
erase mutations in familial IPF and dyskeratosis congenita. To
determine whether telomere length can be a surrogate for mutation
status, we examined 45 individuals from 10 families with known
mutations in telomerase components and compared mutation
carriers with their first-degree relatives who did not carry muta-
tions. We found that individuals with mutations in telomerase
components had significantly shorter telomeres than noncarriers
(P < 0.0001, regression analysis adjusting for age; Fig. 1C). Fur-
thermore, mutation carriers had shorter telomeres compared with
the median telomere length of age-matched controls (n = 24, P <
0.0001, Wilcoxon signed-rank test). In contrast, noncarriers had
telomere lengths that were not different from the median (n = 21,
P = 0.304; Fig. 1D). Individuals with mutations in telomerase
components also had short telomeres in granulocytes. These data
suggest that telomere length in peripheral blood can be a useful
surrogate for mutation status in relatives of individuals with known
telomerase mutations. Specifically, individuals with lymphocyte
telomere length greater than the 50th percentile for age never had
mutations (100% predictive value). In contrast, individuals with
very short lymphocyte telomeres (less than the first percentile for
age) who also had short telomeres in granulocytes (less than the
10th percentile), independent of disease status, had a 95% likeli-
hood of carrying the same mutation as the proband in their family.
Similar patterns were also recently reported in a cohort of children
with dyskeratosis congenita and their families (23). Thus, within
these parameters, telomere length can be a useful surrogate for
predicting mutation status in relatives of probands with known
telomerase mutations.

A Subset of IIP Patients Has Short Telomeres Similar to Mutation

Carriers. To examine the significance and magnitude of telomere
shortening in sporadic IIP patients, we compared their telomere

Alder et al.

Fig.2. Germ-line hTR mutation in an IPF patient with
no family history. (A) Secondary structure of hTR. hTR
325 G—T predicts disrupting the integrity of the con-
served P5 helix and is thus expected to compromise
function. (B) Gel of in vitro reconstituted telomerase
with 5-fold dilutions as indicated. Telomerase activity
of mutant hTR is compromised as shown by the de-
creased intensity of the repeat ladder compared with
wild type. Quantitation of three independent experi-
ments shown in Cindicates that this allele is hypomor-
phic. Hypomorphic alleles of hTERT and hTR have been
previously described in both aplastic anemia and fa-
milial IPF patients (5, 6, 18).

length with known mutation carriers and their relatives. We found
that, similar to mutation carriers, IIP patients had shorter telomeres
than noncarriers (P = 0.007, multivariate regression analysis ad-
justing for age). We then examined the proportion of IIP patients
with short leukocyte telomeres and found that in 10% (6 of 62),
telomeres were very short in both lymphocytes (below the first
percentile) and granulocytes (below the 10th percentile). Thus,
similar to telomerase mutation carriers, a subset of sporadic IIP
patients has very short telomeres in a range similar to mutation
carriers.

Detectable Telomerase Mutations Are Rare in Patients with Sporadic
1IP. To examine the hypothesis that telomerase mutations underlie
the telomere shortening in sporadic IPF, we sequenced the essential
components of telomerase, A”TERT and hTR, in 100 consecutive
patients from the Vanderbilt Interstitial Lung Disease Clinic,
including the 62 individuals where telomere length was available.
We identified one individual who carried a mutation in ATR
325G—T, which predicted disruption of a conserved helix in
telomerase RNA (Fig. 24) (24). Younger asymptomatic siblings of
this individual also carried the mutation confirming that the Z7R
325G—T is germ line. This previously undescribed mutation was
absent in a large series of healthy controls (n = 194) (25), was
associated with short telomeres, and led to a loss of activity as
quantitated by the direct telomerase activity assay (Figs. 1B and 2).
We also identified three heterozygous nonsynonymous variants of
hTERT: Ala279Thr (n = 8), His412Tyr (n = 1), and Ala1062Thr
(n = 5) [supporting information (SI) Table S1]. All three variants
had been previously noted in series of healthy controls (18) with
the His412Tyr heterozygous allele identified in 1 of 22 healthy
controls of European descent (dbSNP rs 34094729). To assess
the functional consequences of these alleles, we quantitated
telomerase activity. Although we did not detect any compromise
in activity for the Ala279Thr and Alal062Thr alleles, we de-
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Fig. 3. Telomere length quantitation in
alveolar epithelium by FISH. Lung cells from
! patients with usual interstitial pneumonia
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images of nuclei of surfactant positive C
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individual with no known lung disease
showing bright telomere signals after hy-
bridizing with a fluorescent telomere
probe (pink). In contrast, alveolar cells from
a patient with IPF have significantly shorter
telomeres as seen by the dim or absent
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with normal lungs, sporadic IPF, and known
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tected a modest (15%) decrease in activity of the His412Tyr
allele in vitro (P = 0.002, two-sample ¢ test) but not in cells (P =
0.359; Fig. S1). These results are in contrast to previous studies
where a drastic decrease in telomerase activity of the His412Tyr
allele was seen when assayed by the semiquantitative PCR-based
telomere repeat amplification protocol (18, 26). The role of this
potentially functional polymorphic allele in telomere length
variation across populations will need further exploration. Thus,
readily detectable mutations in individuals with sporadic idio-
pathic lung fibrosis are rare. A similar frequency was seen by
Tsakiri et al., who identified 1 A”TERT mutation in 44 sporadic
cases (2%) (6). The presence of individuals with very short
telomeres in our cohort suggests that other genetic mechanisms
that lead to telomere shortening play a role.

IPF Patients Have Short Telomeres in Alveolar Epithelium. Peripheral
blood telomeres may reflect a germ-line telomere length but are
also susceptible to states of high turnover in leukocytes. To examine
whether telomere shortening occurs in the IPF lung and reflects a
genetic predisposition to having short telomeres, we examined
telomere length in alveolar epithelium using quantitative FISH. We
compared telomere length from age-matched individuals with
normal lungs, sporadic IPF, and IPF patients with known telom-
erase mutations. We found that alveolar epithelium from individ-
uals with IPF with known telomerase mutations had shorter
telomeres than normal controls (P = 0.013, two-sample ¢ test; Fig.
3). Additionally, individuals with sporadic IPF also had shorter
telomeres than healthy controls (P < 0.0001). When we compared
alveolar and lymphocyte telomere lengths from the same individ-
uals (n = 9), we found a positive correlation (P = 0.045, Pearson’s
correlation coefficient; Fig. S2). These data indicate that, similar to
peripheral blood leukocytes, telomeres in alveolar epithelium are
shorter in IPF, and the IPF phenotype, even in the absence of a

T T
Sporadic IPF Mutation Carriers
(n=22) (n=5)

carriers. Mean age per group was 61, 59,
and 64 years, respectively. IPF patients, with
and without a family history, have shorter
telomeres than controls with P values, as
shown.

family history and a detectable mutation in telomerase, is associ-
ated with short telomeres in the lung.

Cryptogenic Cirrhosis in Patients with Idiopathic Pulmonary Fibrosis.
To probe the clinical relevance of short telomeres in IIP patients,
we examined medical records for additional features of a syndrome
of telomere shortening. None of the 100 patients had diagnosed
aplastic anemia, although the patient with the shortest telomeres in
our cohort had chronic unexplained thrombocytopenia, a feature of
subclinical aplastic anemia (Fig. 1B). Ten percent of the patients in
our cohort had platelet counts less than the normal range. In the
absence of a formal work-up, it is difficult to discern, but it is
interesting to consider the possibility that subclinical aplastic ane-
mia may be another manifestation of the short telomeres in some
ITP patients. Unexplained liver fibrosis is associated with IPF in
individuals with dyskeratosis congenita (7, 19); we therefore que-
ried our cohort for cases of cryptogenic liver disease. We identified
two Vanderbilt patients who were diagnosed with cryptogenic liver
cirrhosis after a thorough workup for an etiology (Table 1). To
probe this observation further, we independently reviewed the
records of 50 consecutive IPF patients seen in the Johns Hopkins
Interstitial Lung Disease Clinic for the diagnosis of cryptogenic
liver cirrhosis. We identified two additional patients who underwent
liver transplant for decompensated liver cirrhosis and who carried
the diagnosis of cryptogenic liver disease (Fig. 4). In total, in this
series, we identified 4 of 150 IIP patients (3%) with a history of
unexplained liver cirrhosis. None of these patients had detectable
telomerase mutations, although they had telomeres in the lowest
percentiles of the population (Fig. 1B and data not shown). Based
on a prevalence rate of 100/100,000, the likelihood of cryptogenic
liver cirrhosis and IPF coexisting in the same individual by chance
alone is rare (P < 10722). This association will need to be verified
in larger studies. In the meantime, it is intriguing to consider the
possibility that telomere shortening, even in the absence of readily

Table 1. Clinical features of patients with both idiopathic pulmonary fibrosis and cryptogenic

liver cirrhosis

IIP Age at diagnosis, Age at
Gender diagnosis presenting symptom Evidence of cirrhosis diagnosis
M IPF 60, cough Liver transplant 58
M IPF 72, cough Liver transplant 65
M IPF 65, dyspnea Portal hypertension 65 (died 66)
M IPF 67, cough Compensated cirrhosis 59
M, male.
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Fig. 4.

Imaging and pathology from patients with both idiopathic pulmonary fibrosis and cryptogenic liver cirrhosis. Computed tomography A and D shows
honeycomb changes of IPF in the lung bases. B and E show representative abnormalities in the same patients with evidence of decompensated cirrhosis with
splenomegaly and portal hypertension in B and nodular and abnormal liver contour in E associated with intraoperative description of a cirrhotic liver. (C and
F) Reticulin stains of liver explants from a patient with scans in A and B and of a second patient who underwent liver transplant 3 years before his IPF diagnosis.

The fibrosis on the background of cirrhotic lobules is prominent in the interstitial and perivascular space.

detectable mutations, is genetically relevant and underlies an
increased predisposition to both pulmonary and liver failure that
manifest as progressive idiopathic-cryptogenic disease in the same
patient.

Discussion

Telomere Length as a Risk Factor for IIPs. The factors that contribute
to the age-related predisposition of IIPs are not known. Based on
the finding in IPF families that mutations in telomerase exert their
effect through telomere shortening, we examined the incidence of
short telomeres in individuals with sporadic IIP. We found that
compared with age-matched controls, individuals with IIP have
shorter telomeres both in peripheral blood and in the lung. More-
over, a subset of patients (10%) with no family history had telomere
lengths in the range of known mutation carriers even when muta-
tions were not detected. Mutations in A”TERT and hTR were readily
detectable in only 1% of individuals suggesting that other genetic
mechanisms that lead to telomere shortening underlie the promi-
nent differences seen in this cross-sectional study. A homozygous
mutant allele in NOPI0, a component of the dyskerin complex, has
been reported in one autosomal recessive dyskeratosis congenita
family (27); however, we examined and did not identify coding
sequence variants in 73 familial IPF probands (unpublished data).
Additionally, mutant alleles in exon 6 of the telomere-binding
protein TIN2 were recently identified in cases of dyskeratosis
congenita (28); however, we did not identify exon 6 sequence
variants in a screen of the same IPF probands (unpublished data).

Even when telomerase is wild type, telomere-mediated degen-
erative disease can occur, and it is possible that the IPF-IIP
phenotype enriches for individuals with the shortest telomeres in
the population. Our findings support the idea that individuals with
the shortest telomeres across the population may be at increased
risk for developing idiopathic interstitial lung disease compared
with individuals with long telomeres and suggest that the genetics
of telomere shortening underlie at least a component of the
age-related predisposition to what appears as unprovoked or idio-
pathic progressive processes in the lung. This idea is further

Alder et al.

supported by clinical observations of asymptomatic IPF in the
elderly and suggests that the IPF phenotype may be a clinically
important manifestation of aging in the lung. Considering telomere
length in future studies examining the risk factors that underlie IPF
will be important in fully uncovering its genetic epidemiology.

Implications for Treatment. Approaches to therapy in IPF have been
hindered by the poorly understood pathophysiology that underlies
the progressive nature of alveolar destruction and the accumulation
of fibrosis. Because of the end replication problem, telomere
shortening inevitably occurs in cells over time, and short telomeres
ultimately activate a DNA damage response that manifests clini-
cally as aplasia in the bone marrow and fibrosis in the lung and liver.
As such, we have proposed that the fibrosis phenotype represents
an irreversible loss of tissue renewal capacity as a result of the loss
of replicative potential of local progenitors in parenchymal organs
(5,7). Interstitial lung and liver disease are the most common causes
of mortality in dyskeratosis congenita patients who are exposed to
cytotoxic chemotherapy in the setting of bone marrow transplant
for aplastic anemia (29). Additionally, mice with short telomeres are
at increased risk for developing fibrotic liver disease when exposed
to toxins compared with wild-type mice (30). Short telomeres are
sufficient to induce the IPF phenotype in familial IPF (5). The
presence of short telomeres in both peripheral blood and the lung
of sporadic IPF patients, beyond the subset of patients who have
readily detected telomerase mutations, suggests that telomere
shortening, rather than being a secondary effect, plays a primary
role in both familial and sporadic disease pathogenesis, and that
strategies aimed at preventing cell death or local responses to it may
have an impact in attenuating the course of this disease.

A Subset of IPF Cases Falls on the Spectrum of a Telomere Syndrome.
Finally, our data suggest that some individuals with IPF may harbor
subtle features of a syndrome of telomere shortening. Our obser-
vation of an increased incidence of unexplained liver failure in IPF
patients underscores the clinical relevance of short telomeres in this
context. IPF and cryptogenic cirrhosis, to our knowledge, have been
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described only in the setting of dyskeratosis congenita. It will be
interesting to examine whether patients with cryptogenic cirrhosis
similarly have an increased incidence of interstitial lung disease.
Systematic studies of personal and family history for aplastic anemia
in patients with unexplained fibrosis in the lung or liver will also
further define the prevalence of a syndrome of telomere shortening.

Methods

Patients. Patients were eligible for the study if they had a diagnosis of IIP as
defined by the 2002 consensus classification in the absence of a family history of
1IP (1). From 2006-2007, subjects were recruited from the Vanderbilt Interstitial
Lung Disease and the Johns Hopkins Hematology and Interstitial Lung Disease
Clinics. Patient characteristics are summarized in Table S1. The majority of pa-
tients carried the diagnosis of IPF (84 of 100). The study was approved by the local
institutional review boards, and written informed consent was obtained from all
subjects. We systematically reviewed the medical records of IIP patients for
features of dyskeratosis congenita by focusing on the diagnosis of aplastic ane-
mia and liver cirrhosis and examining complete blood counts and liver function
tests. Paraffin-embedded lung tissue specimens were retrieved from patients
with IPF/usual interstitial pneumonia who had a surgical lung biopsy obtained
during clinical management. Normal lung tissue was obtained from individuals
who died with no recognized lung disorders via the National Disease Research
Interchange and the Vanderbilt Autopsy program.

Telomere Length and Sequencing Studies. The average length of telomeres was
measured in peripheral blood leukocytes by flow cytometry and FISH, as de-
scribed (5, 18, 23, 31). Telomere length was measured in paraffin-embedded
tissues in alveolar type 2 cells using quantitative FISH, as described (32). Quanti-
tation of telomere length was specific to surfactant protein C-positive cells (i.e.,
alveolar type 2 cells) identified by immunostaining with rabbit anti-human SPC
antibodies (Chemicon) followed by detection with goat anti-rabbit Alexa Fluor-
488 conjugated antibody (Invitrogen). We obtained four images per slide at a
fixed exposure time and three to five nuclei were analyzed per high power field
(X100). We analyzed the raw images and obtained data on 15 nuclei for
each sample using Telometer, an Imagel plugin available at http:/
bui2.win.ad.jhu.edu/telometer kindly provided by Alan Meeker (Johns Hopkins
School of Medicine, Baltimore). We measured telomere length in each cell by
dividing the total Cy3 signal (telomere signal) in the nucleus by the DAPI area to
account for the assessable nuclear area in cross section. We manually amplified
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and sequenced hTERT and hTR from genomic DNA prepared from peripheral
blood as described (5). For hTERT, we analyzed the 16 coding exons and at least
200 nucleotides within introns from splice junction boundaries. hTERT variants
are listed in Table S2. Statistical analyses were performed by using Stata 10.0 for
Windows (Stata Corporation). All Pvalues are two-sided, and error bars represent
standard error of the mean. All of the telomere length and sequencing analyses
were performed blind.

Telomerase Activity. To assess the functional significance of suspected mutants,
point mutations were generated, and the telomerase complex was reconstituted
invitro (5, 33). Briefly, recombinant hTERT protein was synthesized in 10 ul of TnT
quick-coupled rabbit reticulocyte lysate (Promega) at 30°C for 60 min following
the manufacturer’s instructions. Specifically, 10 uM methionine and 4 uM 35S
methionine (1,175 Ci/mmole, 10 mCi/ml, Perkin-Elmer) were supplied together in
the 10 pl reaction. In vitro synthesized full-length hTR was added to a near-
saturated concentration of 1 uM to the TnT reaction of hTERT synthesis and
incubated at 30°C for 30 min. Telomerase activity was assayed without amplifi-
cation by using the direct assay (33, 34). Briefly, a 10-ul reaction was carried out
with 3 ul of in vitro reconstituted telomerase sample in the presence of 1 PE
buffer (50 mM Tris-HCl, pH 8.3, 50 mM KCl, 2 mM DTT, 3 mM MgCl, and 1 mM
spermidine); 1 mM dATP, 2 uM dGTP, 1 mM dTTP, 1 uM (TTAGGG); telomere
primer; and 1.25 uM [a-32P] dGTP (800 Ci/mmol, 10 mCi/ml, Perkin-Elmer) at 30°C
for 1 h. The reactions were mixed with 32P end-labeled 15-mer oligonucleotide,
phenol-chloroform-extracted, and ethanol-precipitated. The products were re-
solved by 10% denaturing polyacrylamide gel electrophoresis and analyzed using
aBio-Rad FX ProImager. Activity was determined by measuring the total intensity
of telomere product, correcting for background, and normalizing against the 35S
labeled hTERT expresson in the rabbit reticulocyte lysate and the loading controls
(32P end-labeled oligonucleotide). For activity assays in cells, we transfected 293FT
cells (Invitrogen) with plasmids overexpressing hTERT and hTR genes kind gift
from Joachim Lingner (Swiss Institute for Experimental Cancer Research,
Lausonne, Switzerland), as described (35) and quantitated telomerase activity
using the direct assay.
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