Genetics of Pulmonary Fibrosis:
Telomerase & Surfactant Dysfunction
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My lab is focusing on determining the molecular basis of various adult pulmonary diseases, including
pulmonary fibrosis, for which there are few available medical treatments. We have used genetic and
genomic techniques to probe the molecular underpinnings of this disease. Through an integrated clinical,
molecular and animal-based approach, we aim toward successful treatment of patients with pulmonary
disease through a better understanding of disease pathogenesis, development of better tools to detect
those at risk and identification of new targets for therapeutic intervention.
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During the modern era the mean life expectancy of humans has increased to the seventh and eighth
decades. Diseases associated with advanced age impose an ever-increasing health care burden upon
society. Genetic mechanisms that lead to the failure of the integrity of DNA, proteins, cells and tissues often
identify key pathways essential for health. Strategies to thwart the mortality and morbidity of ageassociated diseases in humans will first begin with a keen understanding of these pathways.
Idiopathic pulmonary fibrosis (IPF): a lethal age-associated disease of the lung
Interstitial lung disease represents a collection of >100 different subtypes producing a disease with similar
clinical, radiographic and physiologic features. Deposition of collagen within the septal (alveolar) walls
leads to a restrictive pulmonary process and marked impairment in oxygen diffusion. Progressive dyspnea
with exertion and a chronic cough are the usual presenting symptoms. Different subtypes can classified
into broad subgroups representing pulmonary fibrosis associated with connective-tissue diseases,
occupational diseases, drug toxicities, infiltrative or infectious diseases, and the idiopathic interstitial
pneumonias (liPs).

We have chosen to focus upon the idiopathic interstitial pneumonias, specifically idiopathic pulmonary
fibrosis (IPF). IPF is the prototypic interstitial lung disease with thickening of the alveolar septa, little
inflammatory infiltrates and disruption of gas exchange. The disease is rare in children and young adults. It
typically affects individuals over age 50, with the incidence increasing with advanced age(1 ). The
prevalence of the disease is 4 per 100,000 in adults aged 18 to 34 years increasing to over 227 per 100,000
among those 75 years and older. Approximately 34,000 new cases of IPF are diagnosed annually in the
United States, with a total of 89,000 Americans carrying the diagnosis of IPF(2). The disease preferentially
affects men and smokers(2, 3). Epidemiologic data suggests that mortality rates from PF increased from
1992 to 2003, especially for white and Hispanic ethnicities(4). While once considered an orphan disease,
mortality rates from IPF have now surpassed those from a number of different malignancies including acute
myeloid leukemia, multiple myeloma and bladder cancer(4).
IPF becomes clinically apparent late in the course of the disease. Once fibrosis occurs it appears to be
irreversible with no spontaneous remission. The median life span after diagnosis is between 2.5 and 3.5
years(5). Little is known about the natural history of the disease. Patients with IPF usually present with a
chronic cough and/or shortness of breath. They have abnormal pulmonary function tests (PFTs) coupled
with evidence of lung scarring, characteristically involving the periphery of the lower lobes of the lung. The
diagnosis of IPF is supported by thorascopic lung biopsy, which reveals a histological pattern of "usual
interstitial pneumonia" (UIP), with fibroblastic foci at the interface between normal and scarred lung. In the
absence of a surgical lung biopsy, IPF can be diagnosed only after other known causes of PF are excluded
(5). If no other disorder is identified, the interstitial lung disease likely represents one of the idiopathic
interstitial pneumonia (liP). liPs have been further subclassified clinically and histologically(6) to allow
better predictions regarding outcomes. IPF is the most common of all the liPs and also the most deadly,
with no medical treatments available that extends the lifespan of patients. Lung transplantation is an option
for younger patients and extends life-expectancy on average by five years. The disease does not recur in
the transplanted lung.
A subset of IPF is familial with an autosomal dominant inheritance pattern.
A subset of patients with IPF has a familial form of the disease. The first large collection of familial IPF
families was reported in 2000 by Marshall and his colleagues who systematically surveyed adult pulmonary
physicians in the United Kingdom. They identified 25 families (including 67 cases) and estimated that
between 0.5-2.2% of all cases of IPF are familial, with a prevalence of 1.3 cases per million(?).
Approximately 3.3-3.7% of IPF in Finland is familial and the familial cases are in particular regions, which is
consistent with a founder effect(8). In cohorts of patients with early-onset disease, such as those referred
for lung transplantation, the incidence of familial disease is even higher, up to 14-19%(9, 10). The
inheritance is most consistent with an autosomal dominant pattern and there is evidence of incomplete
penetrance in many of the families(?, 10-12).

The clinical presentation of familial IPF appears to be indistinguishable from sporadic IPF except for a
younger age of onset. The mean age at diagnosis is 55.5 years for familial IPF compared to 67.4-69.8
years for sporadic IPF(13, 14). In familial IPF, males outnumber females by a ratio of 1.75:1, and smokers
represent half the cases. In a collection of over 100 kindreds with familial IPF, older age, male sex, and

smoking cigarettes were strongly associated with the development of disease (12). In -40% of the families,
the affected family members had radiographic and/or histopathologic features consistent with two or even
three different types of liP. These observations suggest that the inherited genetic factor(s) confers an
increased risk for the development of PF in general, but does not always result in the presentation of one
particular liP subtype.
Familial IPF is genetically heterogeneous. Some familial forms of llD are due to mutations in surfactant
protein C. In children, heterozygosity for such mutations can cause so-called desquamative interstitial
pneumonia(15), cellular or nonspecific interstitial pneumonia(15, 16) or lymphocytic interstitial pneumonia
secondary to Pneumocystis carinii(17). Rarely, adults with IPF and UIP confirmed by open lung biopsy
have mutations in the gene for surfactant protein C(16, 18).
The earliest clinical manifestations of IPF
Despite the existence of a familial form of the disease, little is known about the natural history or the earliest
clinical manifestations of the disease. There are a couple of reports of clinical characterizations of at-risk
first degree relatives of probands in kindreds with familial IPF (19, 20). High resolution computed
tomography (HRCT) scans of the chest are unsurpassed in generating high resolution images for evaluating
early interstitial lung disease and have detected findings suggestive of early llD in some asymptomatic
family members of kindreds with familiaiiPF (20). Physiologic parameters, such as the diffusion capacity or
Oleo. may be even more sensitive than HRCT in detecting early PF. In a study of 25 IPF patients
diagnosed by open lung biopsies, three patients had no HRCT abnormalities and yet had abnormal single
breath Oleo and oxygen saturation at maximal exercise(21 ). Another study found that diffusion limitation
with exercise (or a reduced recruitment of diffusion capacity with exercise) was a sensitive clinical test for
patients with PF(22). Subjects with asymptomatic llD from kindreds with familial PF have a significantly
lower percentage of predicted Oleo and a lower percent of reduction in dead space ventilation with exercise
than subjects with normal HRCT scans (20).
Molecular analysis of dyskeratosis congenital (DKC) provides candidate genes for familial PF.
A clue to the molecular basis of familial PF emerged from studies performed by two groups using different
approaches: Armanios and her colleagues at Johns Hopkins(23) and by our group(24). Armanios took a
candidate gene approach, whereas we used a nonbiased whole genome mapping approach. Both
approaches led to the identification of mutations in genes previously linked to a rare pediatric disease,
dyskeratosis congenita (DKC).
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correlate with progressive telomere shortening (25, 29). For one DKC family due to a mutation in TERT,
five of the seven affected individuals had pulmonary fibrosis characterized as IPF. Given the precedent of
an association between a TERT mutation and familial IPF, Armanios and her colleagues sequenced the
genes encoding telomerase for probands of 73 kindreds with familiaiiPF. They identified six probands (8%)
who were heterozygous for a mutation in either TERT or TERC. The telomere lengths in lymphocytes from
these affected individuals were uniformly less than the 1Oth percentile when compared to age-matched
controls. No affected members of five of these families had other clinical features of DKC; in one family, the
PF co-segregated with aplastic anemia.

e

i

Linkage of familial PF to chromosome 5p15 in two large families
To localize the gene defect responsible for familial PF, we have performed a whole genome, single
nucleotide polymorphism (SNP) scan in two large Caucasian families (F11 and F31 ), including five
individuals with IPF, five with PF, and six with unclassified pulmonary disease. Genomic DNA was
genotyped using the lllumina Linkage IVb SNP panel (n = -6000 SNPs). Call rates varied from 99.7 to
100% for Autopure-purified DNA and between 72 and 98% for whole genome amplified-DNA extracted from
archival samples. Individuals with IPF, PF, or unclassified pulmonary disease were considered "affected"
and all others were assigned an unknown affectation status. The software MERLIN(30) was used to screen
the entire genome using multipoint linkage analysis and a model-free method(31 ). The highest linkage peak
using both the model-free method and a model-based method was at 5p15. The model-free LOD score
was 2.82 (p =2.0 x 10-4) and a model-based LOD score of 2.68 (p < 2.1 X 1o-3 ). The 1-LOD drop interval
spanned 4.28 Mb and extended from the end of chromosome to marker rs959937.
Mutations in Telomerase Cause IPF
A total of 41 annotated genes reside within the linked interval, including the gene encoding telomerase
reverse transcriptase, TERT. This was considered an candidate gene since a mutation in TERT had been
recently reported to cause autosomal dominant DKC in a family with multiple members affected with lPF(25,
32). We sequenced the 16 exons and consensus splicing sequences in the probands of F11 and F31. The
F31 proband was heterozygous for a deletion of thymidine at position 2240, which introduces a frameshift
mutation and predicts the premature truncation of the protein within the reverse-transcriptase domain. The
proband of F11 was heterozygous for a transition mutation (CGT -CAT) in codon 865 that predicts the
substitution of a highly conserved arginine for a histidine in motif C, one of the seven motifs conserved in all
reverse transcriptase proteins (33) All family members in F11 and F31 who had IPF or PF were
heterozygous for one of these mutations and several individuals with the mutation did not have PF.
We have sequenced the coding regions of TERT in probands from the other families in our collection.
Additional sequence missense and frameshift variations have been found. None of the mutations were
found in 200 patients with aplastic anemia or in a multiethnic panel of 528 control individuals(34 ). The
TERT mutations segregate with the PF phenotype in families, but demonstrate incomplete penetrance.
Only two different mutations in TERC have been described in kindreds with familial IPF. One mutation,
r.37a>g, affecting the terminal residue of the P1b helix that functions in the hTR template boundary
definition, was previously identified in a patient with DKC and severe aplastic anemia who is a compound
heterozygote for mutations in TERC (35). It was not reported whether family members with the same
mutation had any signs or symptoms of pulmonary fibrosis. A second mutation in TERC was found in a
family with pulmonary fibrosis and aplastic anemia. Mutations in TERC thus appear more likely associated
with DKC and bone marrow failure syndromes than familial pulmonary fibrosis.
We sequenced TERT and TERC in 74 individuals with sporadic idiopathic interstitial lung disease. One
Caucasian subject with IPF has a missense mutation in TERT that changed a conserved arginine to
cysteine at position 865 in motif C of the reverse transcriptase domain of the protein. This is the same
residue that is mutated to a histidine in family F11. Another Caucasian subject with IPF had a missense
mutation in TERT that predicts a change in the serine at position 957 to arginine. Thus, mutations in TERT
are found in individuals with the more common nonfamilial form of the disease.
TERT and TERC mutations have a range of in vitro telomerase activities.
To assess the functional significance of the TERT and TERC mutations we had identified in individuals with
PF, we measured the activity of co-expressed recombinant telomerase protein and RNA in an in vitro assay,
the telomere repeat amplification protocol (TRAP) assay. In this two-part assay, a telomerase substrate
and dNTPs are added to the recombinant telomerase. If the telomerase is functional, telomeric repeats are
added, which is detected by PeR-amplification of the products and size-fractionation on a polyacrylamide
gel. An internal control using a separate set of primers increases the linearity of the assay and allows
accurate comparisons between samples(36). As expected, mutations that prematurely truncate the protein,
such as V7 47fs or E1116fs, were associated with very low telomerase activity. The missense mutations we
identified in TERT and the mutation we found in TERC had telomerase activities that ranged from zero to
100% of the wild type enzyme. The missense mutations involving amino acid 865 in motif C had the most
deleterious effect upon enzyme activity. Two missense mutations, P33S and K1 050E, had in vitro enzyme

activities that were not significantly different from the wild-type enzyme. Mixing different amounts of V747fs
TERT with wild type TERT did not affect the activity of the wild type protein, suggesting that the clinical
phenotype associated with the mutations is due to haploinsufficiency. These experiments suggest that
heterozygous loss of function mutations in TERT are associated with familial PF.
All TERT and TERC mutations are associated with short in vivo telomere lengths.
Segments of genomic DNA containing telomeres and subtelomeric regions are resistant to digestion by
DNA restriction enzymes. The relative size of the terminal restriction fragment lengths (TRFLs) can be
visualized after restriction digestion by Southern blotting using concatamers of the telomere sequence
(TTAGGG) as a probe(37). The signal appears as a broad smear, which represents the cumulative
analysis of all the chromosomal telomeres represented in the collection of cells in the sample.
Telomere length is influenced by many factors, including age (38, 39) and the number of generations over
which the mutation is transmitted (25, 29). When compared with normal family members of similar age, the
mean telomere length was significantly shorter for those individuals who were heterozygous for a mutation
in TERT or TERC. In family F8, the affected father, age 52, who is heterozygous for the E1116fs mutation
in TERT, has very short telomeres compared to his unaffected siblings and healthy 79-year-old mother.
However, his younger son (age 26) who is heterozygous for the same mutation has telomeres that are
similar in length to his normal sibling, age 32 years.
All the mutations in either gene were associated with telomere shortening, even those that were not
associated with a detectable decrease in telomerase activity by the in vitro TRAP assays. Many of the
younger members of the family had very short telomeres. Short telomeres in very young carriers have
previously been described in families with autosomal dominant DKC due to TERC mutations and have been
proposed to explain the genetic anticipation frequently seen in these families.
Some patients with TERT and TERC mutations have multiple clinical abnormalities.
We evaluated the medical records of all individuals heterozygous for mutations in TERT and TERC. No
subjects younger < 40 years old had signs or symptoms of PF. Among carriers ~ 40 (n=36), pulmonary
disease was found in almost 70%, and over a third met the clinical criteria for IPF. Since IPF is often only
detected later in life (mean age at diagnosis is -68), it is likely that other carriers will develop the disease as
they age. Thus the true penetrance of IPF and PF remains to be determined . Over one-third of subjects
had either osteoporosis or osteopenia affecting the axial skeleton. While this condition may have been
exacerbated by corticosteroid treatment, which is frequently given to patients with PF, this diagnosis either
preceded or occurred independently of the diagnosis of pulmonary disease for -50% of the carriers. Mild to
moderate anemia (Hct 23%-32%) and several cancers (lymphoma, breast, skin) have been found among
the mutation carriers. Some of these clinical abnormalities are found in patients with Dyskeratosis
Congenita (DKC), a pediatric disease caused by mutations in the telomerase complex(32). The difference
here is that the PF patients with telomerase mutations never demonstrate the cardinal triad of abnormal skin
pigmentation, dystrophic nails, and leukoplakia that characterize DKC.
Short Telomere Lengths in Familial and Sporadic PF
Short telomere lengths of circulating leukocytes are found in 25-37% of all subjects with familial or sporadic
idiopathic interstitial pneumonia. Approximately 40% of probands with the familial form of the disease have
evidence of telomeres shorter than the 101h percentile of normals. Similarly, 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 only be partially explained at the molecular level
by coding mutations in TERT and TERC.
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. While IPF is the most common diagnosis among the affecteds, it is not the
only diagnosis. In fact only 65% of cases 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 (NSIP), granulomatous lung disease and coal workers pneumoconiosis. Similarly,
the occurrence of diverse subtypes of non-UIP pathologic findings in the same family has been reported for
other cohorts of familial pulmonary fibrosis kindreds, including NSIP, cryptogenic organizing pneumonia

(COP) and hypersensitivity pneumonitis(12, 20). Granulomatous lung disease, as seen in the proband of
family F1 06, has been associated with telomerase mutations before; we previously described one of the
affected individuals in family F71 with chronic hypersensitivity whose open lung biopsy showed UIP with
features of non-caseating granulomas(40).
The mutations in telomerase appear to increase the
susceptibility to interstitial lung disease in general and are not associated with one particular
clinicopathologic subtype. This raises the possibility that while 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 find that IPF is the most common, but not the only, pulmonary diagnosis seen in those familial and
sporadic cases without telomerase mutations whose telomere lengths are less than the 1oth percentile. A
diagnosis of IPF is found in 50-85% of these groups; other diagnoses such as NSIP and COP were made
by open lung biopsy. Patients in this study were collected based upon a diagnosis of idiopathic interstitial
pneumonia but we again find that telomere shortening is not associated with one particular clinicopathologic
subtype. A collected cohort of patients with idiopathic, familial or anorexigen-associated pulmonary arterial
hypertension 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
associated with telomere shortening.
Telomerase, telomere length and aging
Telomeres are repetitive, non-coding DNA elements at the ends of chromosomes. Telomerase is a
multimeric ribonucleoprotein complex consisting of at least a functional RNA (hTR or hTERC) that contains
the template region complementary to the telomeric sequence (41) and a reverse transcriptase protein
component (hTERT) that catalyzes the addition of telomeric repeats to the ends of chromosomes (33, 42).
hTR is expressed in all tissues but hTERT is only expressed in specific germ line cells, proliferative stem
cells of renewal tissues, and immortal cancer cells (43-48). Because telomerase activity is not found in most
human somatic cells, telomeres shorten with each cell division due to incomplete lagging DNA strand
synthesis (38, 39, 49) and oxidative damage (50, 51). Even cells that express telomerase (e.g. peripheral
blood mononuclear cells and other stem-like cells) undergo telomere shortening with age (52, 53). Telomere
lengths are affected by their starting set points, the cellular activity of telomerase, the cell's history of cell
division, and environmental effects. It is believed that cell senescence is triggered once a critically
shortened telomere length is reached. The expression of the catalytic subunit of human telomerase
(hTERT) reconstitutes telomerase activity and circumvents the induction of senescence (54).
Telomere length is inversely related to aging. In all diseases due to genetic defects resulting in telomerase
dysfunction, excessive telomere shortening is found in affected individuals. In a model proposed by Mason
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While there is substantial evidence for replicative senescence in cell culture models that are due to telomere
attrition, the evidence for in vivo telomere shortening actually contributing to human aging has been difficult
to document. There is agreement that telomeres are shorter in older individuals compared to younger

individuals (38, 60). However, there is considerable heterogeneity of telomere length between individuals
and also between different cell types within an organ system. This makes it very difficult to directly link
telomere shortening as a proximal cause of aging. Most cells of any given tissue do not have critically
shortened telomeres. Only a small percent of cells in a given tissue may have critically shortened telomeres
as a consequence of replicative exhaustion leading to cell senescence. This small fraction of senescent
cells may interfere with the function of otherwise normal tissues by expression of degradative enzymes that
can destroy tissue architecture and by secretion of inflammatory cytokines and growth factors that cause
local activation of neighboring cells (reviewed in (61 )). Thus, central questions include what is the minimal
threshold of senescent cells and what is the identity of senescent cells that can change the homeostasis of
a specific tissue leading to a decline in tissue function?
Telomeropathies
During the past few years, experimental evidence has been obtained suggesting that mutations in the
genes encoding telomerase cause three different human diseases. These are dyskeratosis congenita
(DKC), multiple different diseases collectively characterized by bone marrow failure syndromes, and
idiopathic pulmonary fibrosis (IPF). Collectively, they all demonstrate very short telomere lengths of
genomic DNA isolated from leukocytes and have been associated with rare coding mutations in telomerase.
Individually, they represent distinct clinical entities.
Dyskeratosis Congenita (DKC)
DKC is a rare inherited multisystem disorder characterized by the triad of abnormal skin pigmentation, nail
dystrophy, and white patches (leukoplakia) in the mouth. The prevalence is approximately 1 in 1,000,000
individuals, with death occurring at a median age of 16 (62). Patients typically appear healthy at birth and
develop the mucocutaneous features later in life as well as a wide range of somatic abnormalities including
bone marrow, pulmonary, gastrointestinal, endocrine, skeletal, urologic, immunologic and neurologic
abnormalities. Bone marrow failure is the leading cause of death, followed by pulmonary disease and
cancer.

There is both clinical and genetic heterogeneity of DKC. Most families in a large international registry of
DKC patients have only affected males, suggesting an X-linked pattern of inheritance (32). Almost all the
patients in this group develop the mucocutaneous features of the disease during the first two decades of
life. Bone marrow failure is especially common and severe. Over 85% of patients have a peripheral
cytopenias of at least one lineage and 76% develop pancytopenia at a median age of 10 years. Other
families exhibit an autosomal dominant or autosomal recessive pattern of inheritance.
Mutations in genes involved with telomere maintenance have been identified in approximately 40% of
clinically diagnosed DKC cases (63). A positional cloning approach led to the identification of mutations in
the gene DKC1 encoding dyskerin for the X-linked recessive form of the disease (64). Dyskerin is a
nucleolar protein that is associated with the H/ACA class of small nucleolar RNAs, including the RNA
component of telomerase (hTR) (Fig.1 ). Cell lines from patients with X-I inked DKC have reduced levels of
hTR and shorter telomere lengths than age-matched controls (65). Affected males have one copy of the Xlinked DKC1 gene and their cells express only the mutated form of dyskerin. Most mutations are missense
changes that result in single amino acid substitutions that cluster in two regions, the N-terminal domain and
the archaeosine-specific transglycosylase (PUA) domain (55). By homology with the crystal structure of a
bacterial ortholog of dyskerin, both of these domains are predicted to play a role in binding of hTR (66, 67).
Several different deletion and nucleotide substitution mutations in TERC, encoding hTR, were first found in
patients with the rare autosomal dominant form of DKC (26, 29). Subsequently, missense mutations in the
gene TERT, encoding the protein component of telomerase, have been described in patients with DKC (25,
63, 68). Affected individuals with mutations in either gene (TERC or TERT) have shorter telomere lengths
than age-matched controls. Autosomal dominant inheritance can arise from a dominant negative effect
through interaction and inhibition of the wild-type product by the mutated gene product in a multiprotein
complex. Alternatively, autosomal dominant inheritance can arise from haploinsufficiency with a reduction in
the normal level of telomerase due to one mutated copy of the gene. In most cases, the effect of the
mutations of these two genes appears to be consistent with a mechanism of haploinsuffiency (25, 69, 70).

Homozygosity mapping of one large consanguineous Saudi Arabian family with autosomal recessive DKC
led to the identification of a homozygous missense mutation in NOLA3 (encoding the protein NOP10) that
segregated with the phenotype (71 ). This mutation is predicted to result in an arginine to tryptophan
substitution (R34W) in a highly conserved region of the protein NOP1 0, one of four proteins including
dyskerin associated with the telomerase complex (Fig.1) (72). None of the 15 other autosomal recessive
families showed linkage to this region and none of the probands of 171 uncharacterized DKC families had
rare sequence variants in this gene underscoring the rarity of mutations in this gene as a cause of DKC
(71 ).
Regardless of the pattern of genetic inheritance, all patients with DKC have very short telomeres, implying a
common pathway underlying the mechanism of this disease (25, 29, 65, 73). When patients with DKC1
mutations are categorized by disease severity, those with the most severe phenotypes have shorter
telomeres than those with the mildest phenotypes (age over 15 years with no co-existent aplastic anemia)
(63). Using an arbitrary cut-off of total leukocyte telomere lengths below the 1st percentile, this telomere
length assay was 100% sensitive and over 90% specific in distinguishing DKC patients from their unaffected
relatives (74). Interestingly, DKC families with mutations in either TERC or TERT demonstrate genetic
anticipation with a worsening of disease severity and an earlier onset of symptoms with successive
generations (25, 29). The onset and severity of disease correlates with progressive telomere shortening in
later generations. Siblings that do not inherit the mutated TERC gene do not have symptoms. Even though
these siblings inherit short telomeres from the affected parent, the non-mutated telomerase preferentially
acts on the shortest telomeres to normalize their lengths (75). Thus, DKC patients have to inherit both short
telomeres and have a mutation in one of the components of telomerase in order to show anticipation. This is
a new mechanism underlying genetic anticipation. Instead of amplification of triplet repeats as is seen in
neurodegenerative disorders, in DKC there is a "contraction" of telomere repeats.
Most clinical presentations of DKC are associated with an impaired proliferative capacity of tissues. For
example, skin fibroblasts from DKC patients have a longer doubling time and abnormal chromosomal
rearrangements in cell culture (76). In addition, the number of hematopoietic progenitor cells is decreased in
DKC patients (77). The tissues requiring constant renewal, i.e. skin, oral mucosa and bone marrow are the
ones that are affected most frequently in DKC.
Bone Marrow Failure Syndromes
Over 80% of patients with DKC have bone marrow failure, usually characterized by aplastic anemia or a
reduction in all three blood cell lineages (78). Because of this, DKC can be considered one of the inherited
bone marrow failure syndromes. After mutations in TERC were first described for patients with the rare
autosomal dominant form of DKC (26), it was noted that the clinical phenotypes of mutation carriers were
often only bone marrow failure without the mucocutaneous features typical of this disease (79). This led to
the sequencing of TERC for patients with either the familial or sporadic forms of various bone marrow failure
syndromes. Subsequently different mutations in TERC have been found in patients with aplastic anemia
(69, 79-83), myelodysplastic syndrome, acute myelogenous leukemia arising from myelodysplastic
syndrome (63, 81, 84), paroxysmal nocturnal hemaglobinuria (85), and essential thrombocytosis (69). A
similar sequencing strategy led to the identification of mutations in the gene encoding the protein
component of telomerase, TERT, in patients with aplastic anemia (34, 68, 83, 86). A number of different
mutations in both TERC and TERT have been found in patients with bone marrow failure syndromes. The
spectrum of mutations in TERT and TERC differs for patients with DKC and bone marrow failure and this
may partially explain the differences in clinical phenotypes. Most variants in either gene lead to reduced
telomerase activity by haploinsufficiency except for two different mutations in TERC that affect the template
domain of hTR which appear to have a dominant negative effect (83).
Telomere shortening of circulating leukocytes is observed for many of the different inherited bone marrow
failure syndromes. Some, as listed above, have short telomeres and defined mutations in TERC or TERT.
For others, the connection between accelerated telomere shortening and reduced telomerase activity is not
clear. Shwachman-Diamond syndrome (SDS) is an autosomal recessive syndrome characterized by bone
marrow failure, pancreatic exocrine insufficiency, skeletal defects, an increased risk of hematologic cancers
and abnormal telomere shortening (87, 88). Mutations in the gene SBDS are found in >90% of patients with
SDS (89). Indirect evidence suggests that the SBDS gene product may function in RNA metabolism (89).

There is no evidence of a reduction in telomerase activity in lymphocytes from SDS patients or a physical
interaction between the SBDS gene product and the telomerase complex of hTR and hTERT (89, 90). Short
telomeres have also been seen in subpopulations of patients with aplastic anemia (91-93), paroxysmal
nocturnal hemaglobinuria (94), and Fanconi's anemia (95), suggesting that in some instances short
telomeres of circulating leukocytes may be a consequence instead of a cause of these diseases.
Comparisons between DKC, Bone Marrow Failure syndromes, and IPF
With rare exceptions, telomere lengths of circulating leukocytes, of cultured fibroblasts and lymphoblasts
are all abnormally short for patients with DKC, bone marrow failure, and IPF with mutations in genes
associated with the telomerase complex. In general, the shorter telomeres are associated with earlier onset
and more severe phenotypes. This is seen most dramatically in families with genetic anticipation.
But how can mutations in the same genes lead to such different clinical presentations? I believe that the
resulting phenotype is likely determined by genotype, temporal and tissue-specific environmental effects.
Different mutations in TERC and TERT are found in patients with different clinical diseases. Mutations in
TERC are usually found in patients with DKC or bone marrow failure. DKC patients with NOLA3, DKC1, and
TERC mutations show significantly reduced levels of hTR mRNA expression in whole blood than controls or
patients with TERT mutations (71 ). The RNA hTR has been shown to have functions that are separable
from its role in telomerase (96, 97). In particular, hTR has recently been implicated as a negative regulator
of ATR activity (86). It is possible that the increased hematopoietic/mucocutaneous prominence in DKC
versus IPF may reflect a preferential exhaustion of progenitors in the marrow and skin due to this nontelomeric effect of hTR.
Time, tissue specific and environmental factors also influence the clinical expression of IPF associated with
TERT mutations. The environmental factors may influence cell proliferation or the rate of telomere loss in an
organ-specific manner. Cigarette smoking has been associated with a dose-dependent shortening of
telomere lengths of circulating leukocytes (58), and this effect may be magnified in lung tissue. In our study,
mutation carriers of TERT or TERC with a past history of smoking died on average 10 years earlier than
nonsmokers (58 years vs. 68 years) (24). In family F11, one individual who was a nonsmoker with liver
cirrhosis of unknown etiology had the same inherited TERT mutation as the proband with IPF who was a
previous cigarette smoker (24 ). The full spectrum of phenotypes associated with TERT mutations is likely to
grow as more heterozygous mutation carriers are identified. IPF associated with heterozygous TERT
mutations is always diagnosed in adults, not children, suggesting that age is important in the pathogenesis
of disease. Older adults have a greater magnitude of cumulative injurious exposures than children. With
these exposures, cell proliferation will lead to telomere shortening and finally replicative exhaustion.
In humans telomerase expression is largely restricted to cells with the capacity to proliferate(43). Most
somatic cells do not express telomerase, so telomeres gradually shorten with each cell division until a
critical length is reached and the cell stops dividing. In all diseases demonstrated to be due to genetic
defects resulting in telomerase dysfunction, excessive telomere shortening is found(98). It has been
hypothesized that the telomere shortening results in recruitment and proliferation of quiescent stem cells,
progressive telomere shorting of this cell population and eventually their senescence and cell death(55).
The premature exhaustion of the stem cells in different organ systems may lead to clinical disease in
patients with inherited telomerase mutations. The observations of TERT mutations suggest that the lung is
among the tissues dependent upon renewal by telomerase-expressing stem cells or progenitor cells, with
disruption of this process leading to PF. The different regions of the lung house different stem cell
populations that contribute to repair and maintenance (99). However, it is currently unknown (1) what
contributing factors determine specificity to organ damage (lung, skin, bone marrow) in patients with
germline mutations in telomerase and (2) what is the identity of the putative lung stem/progenitor cell that
may contribute to the pathogenesis of IPF. In different rodent models of pulmonary fibrosis, injury of the
lung epithelial cells leads to increased expression of telomerase suggesting its protective role in this
disease process (100, 101).
Mutations in Surfactant Protein A2 cause IPF
We performed a whole genome linkage study in one of the largest of families in our collection with familial
pulmonary fibrosis that have no identifiable mutations in the coding regions of TERT or TERC. In family
F27, multiple members have early-onset pulmonary fibrosis and lung cancer co-segregating in an

autosomal dominant pattern, suggesting that these two diseases share a common etiology. The proband of
the family is a 51-year-old Caucasian man who has ten relatives with pulmonary fibrosis; five of the ten died
before age 50. Four individuals also had adenocarcinoma of the lung with features of bronchioloalveolar
cell carcinoma (BAC). Three other related individuals had pulmonary adenocarcinoma or BAC in the
absence of known fibrosis. One of the affecteds was diagnosed at the age of 29 years with hypersensitivity
pneumonitis. She was successfully treated with prednisone and avoidance of birds, the presumed inciting
factor leading to her lung disease.
We analyzed 29 family members using the lllumina Linkage IVb SNP panel of >6,000 SNPs. Call rates
varied from 97.2-98.5% for Autopure-purified DNA and between 56.4-73.9% for whole-genome-amplified
DNA extracted from archived samples. Individuals with pulmonary fibrosis and/or lung cancer were
classified as "affected" and all others were assigned an unknown affectation status. We used the software
MERLIN(30) to screen the entire genome by using multipoint model-free linkage analysis(31 ), followed by
evaluation of the regions with the highest signals using a model-based method. The highest peak was
located on chromosome 10; the model-free LOD score is 3.22 (P-value = 6.0 x 1o-5 ) and the model-based
LOD score is 2. 74 (P-value <1.8 x 1o-3 ) using a dominant genetic model with a penetrance of 0.95. All
affected family members inherited a 15.7 Mb region of chromosome 10 (bounded by markers rs877783 and
rs4869) identical-by-descent. Additional polymorphic microsatellite markers within this region were
genotyped and haplotypes were determined by MERLIN.
Approximately 118 annotated genes reside within the linked interval, including the genes encoding
surfactant proteins A and D. These two genes were considered excellent candidates since they are both
expressed at high levels in the lung and play key roles in maintaining the integrity of the air spaces (alveoli)
of the lung. Surfactant A has two isoforms, SP-A1 and SP-A2, which are encoded by adjacent genes
(SFTPA 1 and SFTPA2) that are >98% and >90% identical in their coding and noncoding regions,
respectively. Only four amino acids differ between the two human proteins. The coding exons and
consensus splicing sequences of SFTPA 1 and SFTPA2 were selectively amplified for the proband of family
F27 using gene-specific oligonucleotides and sequenced. A transversion mutation (GGG - GTG) was
identified in codon 231 of one SFTPA2 allele; this mutation is predicted to change a highly conserved
glycine residue to a valine. Individuals in kindred F27 with pulmonary fibrosis and/or lung cancer were
heterozygous for this mutation.
SFTPA 1 and SFTPA2 were then sequenced in the other 58 pro bands in our collection of families with
pulmonary fibrosis that have no mutations in TERT or TERC. A heterozygous transversion mutation (TTC
- TCC) in codon 198 of SFTPA2 was found in a 45-year old Caucasian individual with IPF and lung
cancer. This mutation substitutes a serine residue for a highly conserved phenylalanine. Although this
individual had multiple family members with pulmonary fibrosis and lung cancer, these individuals were not
available for study.

We tested for both SFTPA2 mutations in a large (n=3557) multiethnic population-based probability sample
of Dallas County that includes 1048 Caucasians(102) using Taqman allelic discrimination assays(103). No
other subjects were found with either of the sequence variants. We also sequenced the coding exons and
consensus splicing sequences of the gene encoding SP-D in the proband of family F27 and in 32 other
probands. No rare variants were found.
Surfactant Protein A is an Important Player in Innate Immunity.
Pulmonary surfactant protein A (SP-A) is the major protein of pulmonary surfactant, a mixture of
phospholipids and proteins synthesized by the type II alveolar epithelial cells. Surfactant stabilizes the gasexchanging surface of the alveoli and plays a role in pulmonary host defense by binding, aggregating and
opsonizing various microorganisms(104, 105). SP-A belongs to a structurally-homologous family of innate
immune defense proteins known as collectins which contain a collagen-like N-terminal region that is
involved in trimerization of the protein and a C-terminal carbohydrate recognition (CRD) lectin domain(106,
107). It assembles into 18-subunit oligomers that are composed of six disulfide-linked trimers assembled in
a "flower bouquet" pattern. Mice that lack SP-A are susceptible to pulmonary infections from multiple
organisms and lack tubular myelin, the ordered lattice-like array of intersecting membranes and proteins in
the alveolar space(1 08).

Both of the mutations we identified in SP-A2 involve amino acids in the CRD, which is highly conserved
among all surfactant orthologs from Xenopus to human. Both mutations are predicted to disrupt the tertiary
structure of the CRD domain. The bulky aromatic ring of phenylalanine at position 198 is located in the
hydrophobic core of the protein and substitution of a serine at this position would be predicted to destabilize
the protein based upon the crystal structure of the rat protein(109). The glycine at position 231 lies adjacent
to an alpha helix and the substitution of a larger residue such as a valine at this position would be predicted
to result in disruptive steric clashes.
lmmunodetectable SP-A was detected in the type II alveolar cells and bronchial epithelial cells using a
rabbit polyclonal antibody raised against purified human SP-A (a kind gift from C. R. Mendelson). In both
individuals IV:? and 111:12, the adenocarcinoma cells lining the air spaces demonstrate expression of SP-A,
which is characteristic of this type of lung cancer(110).
Mutant SP-A2 Proteins are Retained in the ER and are Not Secreted from the Cell.
To determine the effect of the sequence variations in SP-A2 identified in this study on the synthesis and
secretion of the protein, we expressed the wild-type and the variant proteins in A549 cells, an immortalized
human alveolar epithelial cell line derived from a lung adenocarcinoma. High-fidelity DNA polymerases
were used for cloning full-length human SFTPA 1 and SFTPA2 cDNAs into expression vectors. In a parallel
set of experiments we used expression constructs containing an in-frame 14-amino acid V5-tag immediately
after the glutamic acid at position 21 by primer extension mutagenesis and zipper PCR.
A549 cells were transfected with the expression plasmids and we examined the cell lysate and medium by
immunoblotting to assay for the presence of SP-A. In cells expressing either wild-type SP-A or one of the
SP-A variants with an allele frequency >5%, immunoreactive protein was present in both the cell lysate and
the medium. In contrast, the SP-A2 G231V and F198S variants were poorly expressed in the cells and no
protein was detected in the culture medium. When a V5-specific antibody was used in a parallel set of
experiments to analyze cells expressing the V5-tagged constructs, the protein was readily detected in the
cell lysates but not in the medium. Another rare variant identified in this study, SP-A2 L12W, was
expressed and secreted in amounts comparable to the wild-type protein. This variant failed to co-segregate
with pulmonary fibrosis in the family in which the mutation was identified. We also examined all the other
rare and common variants of SP-A1 that were identified in this study. All of these forms of SP-A1 had a
pattern of expression that was similar to the wild-type protein.
To determine if the wild-type SP-A1 or SP-A2 interacted with the G231V and F198S SP-A2 variants, we coexpressed an in-frame myc-tagged wild-type SP-A 1 or SP-A2 (three copies of EQKLISEEDLN engineered
after the signal peptide as described above) with the V5-tagged SP-A2 variants and immunoprecipitated the
cellular lysates using a monoclonal antibody directed against the c-myc epitope. lmmunoprecipitation of
myc-tagged wild-type SP-A 1 resulted in the co-precipitation of wild-type SP-A2 from both the cell lysate and
the medium. In contrast to these results, no V5-tagged SP-A2 G231V or F198S co-immuniprecipitated with
wild-type SP-A1 in the medium, although they were detected in the cellular lysate. Similar results were
obtained when the myc-tagged wild-type SP-A2 was used. Thus, the variants were expressed and
interacted with both wild-type SP-A 1 and SP-A2 in the cells but were not secreted into the medium.
To determine if the mutant forms of SP-A2 (G231V and F198S) were retained in the endoplasmic reticulum
(ER), we subjected aliquots of cellular lysates or medium to treatment with either Endoglycosidase H or
PNGase F. These endoglycosidases differ in their specificities according to the degree of maturation of the
N-linked sugar chain attached to SP-A2. Removal of the N-linked sugar results in a -8 kDa reduction in the
apparent molecular mass of the protein(111 ). Analysis of the wild-type and mutant proteins in the cell
lysates revealed a similar reduction in molecular mass after treatment with PNGase F, which removes all Nlinked sugars, and Endo H, which removes high-mannose sugars that have not yet undergone complete
maturation. Thus, all the protein in the cells is located in the endoplasmic reticulum. In the medium, a
reduction in the molecular mass of the wild-type SP-A2 was seen after treatement with PNGase F, but not
Endo H, since the sugars have fully matured coincident with secretion. Immunofluorescence of the V5tagged recombinant proteins demonstrate co-localization of both the wild-type SP-A2 and SP-A2 G231V
and F198S variants with calnexin, an ER resident protein (data not shown).

These findings are consistent with mutations in SFTPA2 being causally related to IPF and lung cancer.
SFTPA2 is located within the linkage interval for the disease in a large kindred with autosomal dominant
pulmonary fibrosis and adenocarcinoma. An independent mutation in the same gene was identified in
another family with an identical phenotype. With only one exception, all carriers of the family who were
older than age 45 had pulmonary fibrosis, and several family members also had adenocarcinoma with BAC
features. Neither of these two mutations was present in over 1000 ethnically-matched subjects. Both
mutations are in highly conserved residues and disrupt cellular trafficking of the protein, likely by interfering
with its proper folding.
IPF and Lung Cancer
Subjects with IPF have a 7-14 fold greater risk of developing lung cancer that is not completely accounted
for by smoking(112). Hyperplasia of type II alveolar cells is frequently seen in IPF but case reports of
individuals or kindreds with coincident IPF and BAC are rare(113, 114). Development of adenocarcinoma is
believed to involve the multistep progression from atypical adenomatous epithelial hyperplasia
(preneoplastic lesion) to BAC and invasive adenocarcinomas(115). The finding that members of the same
family (F27) carrying a germline SFTPA2 mutation can have either isolated IPF or IPF with atypical
bronchiolar epithelial proliferation, BAC or adenocarcinoma supports this paradigm that progenitor cells
expressing SP-A are relevant to the pathogenesis of alveolar-type lung cancer. The coincident finding of
both IPF and BAC in the same individuals, especially if younger than 50 years of age, may be a phenotype
specifically associated with SFTPA2 mutations. Deletions of chromosome 10q22 including the SFTPA2
locus have been found previously in >80% of non-small cell lung cancers and portend a poor
prognosis(116).
Currently we can only speculate as to how the mutations we identified in SFTPA2 cause IPF. The
accumulation of misfolded SP-A2 variants may cause a dominant-negative effect on the wild-type protein to
which it interacts. We believe the mutant protein leads to direct injury to the alveolar type II cells. A similar
mechanism is seen for mutations in the gene that encodes surfactant protein C (SFTPC)(117, 118).
Mutations in this gene can cause interstitial lung disease, including IPF, in pediatric patients and rare
adults(15, 16).
Lung Stem Cells and IPF
Since alveolar type II cells can trans-differentiate into alveolar type I cells to repopulate the alveolar
epithelium following injury(119) and express telomerase(1 01 ), a parsimonious hypothesis for the
pathogenesis of IPF, resulting from mutations in genes encoding either surfactant proteins or telomerase,
involves alveolar type II cell dysfunction and an impaired regenerative capacity of the lung.
The identity and the molecular pathways that regulate lung stem/progenitor cells are areas of active
research. An adult mouse lung injury model suggest that the distal lung can be repopulated by a
bronchioalveolar stem cells (BASC) which can replicate and differentiate into Clara cells, type I and type II
alveolar epithelial cells(120). The BASCs reside in the distal lung and express CCSP, a marker of the
bronchiolar epithelial Clara cells and prosurfactant protein C (SP-C). Mice bearing a conditional Mapk14
(p38a) null allele have a pulmonary phenotype of increased SP-C cells and a differential defect(121 ). It is
unknown if Mapk14 is required for pulmonary epithelial damage repair.
Closing Remarks
This previously unanticipated connection between telomerase and surfactant protein A and lung scarring
breaks new conceptual grounds for the understanding of this lethal disease. Previously, PF was regarded
as a disease of excess inflammation and patients were routinely treated with a variety of
immunosuppressive therapies with little clinical success. Now, the pathogenesis of at least a proportion of
this disease is related to accelerated aging and loss of a stem-like cell population with proliferative potential.
Understanding of the molecular basis for the rare familial form of the disease has led to a better
understanding of the common sporadic forms. Much more work will be need to translate this information
into effective treatments for this deadly disease.
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