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Abstract

Rationale: Up to 20% of cases of idiopathic interstitial pneumonia
cluster in families, comprising the syndrome of familial interstitial
pneumonia (FIP); however, the genetic basis of FIP remains
uncertain in most families.

Objectives: To determine if new disease-causing rare genetic
variants could be identified using whole-exome sequencing
of affected members from FIP families, providing additional
insights into disease pathogenesis.

Methods: Affected subjects from 25 kindreds were selected from an
ongoing FIP registry for whole-exome sequencing from genomic
DNA. Candidate rare variants were confirmed by Sanger sequencing,
and cosegregation analysis was performed in families, followed
by additional sequencing of affected individuals from another
163 kindreds.

Measurements and Main Results:We identified a potentially
damaging rare variant in the gene encoding for regulator of telomere
elongation helicase 1 (RTEL1) that segregated with disease and
was associated with very short telomeres in peripheral blood
mononuclear cells in 1 of 25 families in our original whole-exome
sequencing cohort. Evaluation of affected individuals in 163
additional kindreds revealed another eight families (4.7%) with
heterozygous rare variants in RTEL1 that segregated with clinical
FIP. Probands and unaffected carriers of these rare variants had
short telomeres (,10% for age) in peripheral blood mononuclear
cells and increased T-circle formation, suggesting impaired RTEL1
function.

Conclusions: Rare loss-of-function variants in RTEL1 represent
a newly defined genetic predisposition for FIP, supporting the
importance of telomere-related pathways in pulmonary fibrosis.
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Idiopathic pulmonary fibrosis (IPF), the
most common and severe form of idiopathic
interstitial pneumonia (IIP), is a progressive
lung disease that affects approximately
1 million patients worldwide (1). Up
to one in five patients with IPF have
a family history of interstitial lung
disease, comprising the syndrome of
familial interstitial pneumonia (FIP) (2).
Analysis of FIP pedigrees indicates that
the typical age of disease onset is 50–70
years old and suggests an autosomal-
dominant mode of inheritance in most
kindreds (3). Previous studies using linkage
and candidate gene approaches have

identified rare heterozygous mutations
in surfactant protein A2 (SFTPA2) (4),
surfactant protein C (SFTPC) (5, 6),
telomerase reverse transcriptase (TERT),
telomerase RNA component (TERC) (7, 8),
and dyskerin (DKC1) (9, 10) that account
for at most 10–15% of FIP cases.

Identification of rare loss-of-function
genetic variants in telomerase pathway
components TERT and TERC first
implicated telomere maintenance as
an important component of the disease
process in FIP (7, 8). Even in the absence
of identified telomerase mutations,
short telomeres are frequently observed
in peripheral blood mononuclear cells
(PBMCs) and lung tissue of patients with
FIP and sporadic IPF with at least one-third
of these patients having PBMC telomere
length less than 10th percentile for age
(11, 12). The common finding of short
telomeres in individuals affected with
FIP suggests that genetic variants in
other telomere pathway genes could
be responsible for disease.

Whole-exome sequencing (WES)
has become a frequently used approach
for investigation of rare Mendelian diseases
and has been successful in identifying
the genetic basis of over 100 disorders
(13, 14). In this study, we combined WES
with a candidate gene/pathway approach
to identify novel FIP genes. We identified
nine kindreds carrying heterozygous rare
variants (RVs) in the gene encoding for
regulator of telomere elongation helicase
1 (RTEL1), which is a DNA helicase
involved in telomere replication and
stability, which has recently been
implicated in severe cases of dyskeratosis
congenita (DC) (15–19). These RTEL1
RVs segregate with disease, appear
functionally deleterious, and are
associated with severe telomere
shortening in PBMCs. Together, our
findings identify heterozygous RTEL1
mutations as a genetic predisposition for
FIP and further support the conclusion
that telomere-related pathways play
critical roles in pulmonary fibrosis.

Methods

For additional information, see the online
supplement.

Subjects and Specimens
Fifty-four affected subjects from 25 FIP
kindreds were initially selected for WES
from the registry of the Familial Interstitial
Pneumonia Consortium, which includes
families enrolled at Vanderbilt University,
the University of Colorado, Duke
University, and National Jewish Health.
This study was approved by the institutional
review boards at each participating
institution. FIP was defined by the presence
of IIP in two or more family members with
at least one affected individual diagnosed
with IPF by radiographic and/or histologic
criteria. Within families, more distantly
related affected individuals were prioritized
for WES to maximize power of segregation
analysis. Pedigrees were constructed
using Progeny (Progeny Software, Delray
Beach, FL). DNA was isolated from
blood and/or paraffin-embedded lung
tissue using a PureGene Kit (Gentra
Systems, Minneapolis, MN). Subsequently,
probands from an additional 163 FIP
kindreds were screened by WES for
variants in candidate genes identified in
the initial WES analysis. Ascertainment
of extrapulmonary clinical phenotypes
within families was performed by review
of all available medical records, including
imaging and pathology. Control DNA was
obtained from family members (spouses)
who were not in the bloodline of disease
in FIP kindreds.

Whole-Exome Sequencing
WES of genomic DNA was performed
on an Illumina HiSeq2000 (Illumina, San
Diego, CA) per the manufacturer’s protocol
(see the online supplement). The analysis
pipeline is outlined in Figure 1. Following
initial quality checking, genome mapping,
and local realignment, single-nucleotide
variants, inserts and deletions, and splice
variants were identified. After variant

Author Contributions: J.D.C. designed the study, performed experiments, analyzed and interpreted data, and wrote and revised the manuscript. J.A.K.
designed the study, collected, analyzed, and interpreted data, and wrote and revised the manuscript. M.Z. analyzed and interpreted data and revised the
manuscript. D.B.M. and L.R. performed experiments and analyzed and interpreted data. C.M., E.T.G., K.H.M., W.R.M., D.F.M., J.P., and E.M. collected and
analyzed data. L.M.O. and L.C. analyzed and interpreted data. D.-S.C., U.W.C.M.G., and E.M.B. performed experiments and analyzed data. L.R.Y. designed
the study and analyzed and interpreted data. L.H.L. designed the study and collected, analyzed, and interpreted data. M.P.S., K.K.B., M.I.S., T.E.F., D.A.S.,
W.E.L., J.E.L., and Z.Z. designed the study, collected, analyzed, and interpreted data, and revised the manuscript. J.A.P. and T.S.B. designed the study,
collected, analyzed, and interpreted data, and wrote and revised the manuscript.

At a Glance Commentary

Scientific Knowledge on the
Subject: Approximately one in five
cases of pulmonary fibrosis run in
families; however, the genetic cause of
disease in most families is unknown.
Short telomeres are commonly
identified in peripheral blood
mononuclear cells in patients with
sporadic and familial idiopathic
interstitial pneumonia in the absence of
known mutations in telomere-related
genes.

What This Study Adds to the
Field: Using next-generation
sequencing technology in kindreds
with familial interstitial pneumonia, we
identified heterozygous rare variants in
the gene encoding for regulator of
telomere elongation helicase 1 (RTEL1)
that segregate with disease in nine
unrelated families. The presence of
RTEL1 rare variants was associated
with severe telomere shortening and
increased T-circle formation in
peripheral blood mononuclear cells.
These findings underscore the
importance of genetic variants in
telomere-related pathways in the
pathogenesis of pulmonary fibrosis.
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calling, quality control filtering was
done to eliminate low-quality sequence,
platform bias, and highly mutated regions.
The resulting filtered variants underwent
cosegregation analysis to exclude variants
that were not present in all family members
for whom WES data were available. Within
families, variants with a high likelihood
of affecting the amino acid coding sequence
were retained, including exonic inserts
and deletions, splicing, nonsense, and
missense single-nucleotide variants. From
the remaining shared variants, we further
restricted candidate variants to those
with a minor allele frequency (MAF) of
less than 0.001 among 4,300 Caucasian
subjects (8,600 alleles) in the NHLBI
GO Exome Sequencing Project (evs.gs.
washington.edu) (20). This procedure was
performed for all kindreds in the study. The
resulting candidate RVs were confirmed
by Sanger resequencing and additional
segregation analysis was performed in
extended pedigrees by Sanger sequencing to

generate a list of segregating RVs within
families.

Next, we queried probands from
an additional 163 kindreds to ascertain
additional families with candidate RVs
in genes of interest and performed
functional annotation (genomic evolutionary
rate profiling [GERP], PhastCon, Sorting
Intolerant from Tolerant [SIFT], Polyphen) of
variants. Variants were then prioritized for
further study based on the population
frequency of the variant, number of
segregating RVs in the gene, and degree of
conservation at the site across species.

Telomere Analysis
PBMC telomere length was determined
by terminal restriction fragment length
analysis using the TeloTAGGG Telomere
Length Assay kit (Roche Applied Science,
Indianapolis, IN). The mean terminal
restriction fragment lengths were
estimated as the weighted average of
the optical density according to

manufacturer’s instructions (see online
supplement).

T-Circle Analysis
T-circle analysis was performed as
previously described (21) with minor
modifications (see online supplement).
T-circle percentage was calculated as
the optical density of T-circles relative
to total telomeric DNA.

Statistical Analysis
Differences between groups were assessed
by analysis of variance or two-tailed
nonparametric tests. Results are presented
as mean6 standard deviation. The
programming language R version 2.15.2
(22) and GraphPad Prism version 5.0
(GraphPad Software, San Diego, CA)
were used to make plots and to perform
the statistical analyses.

Results

Fifty-four affected subjects with FIP
(mean age, 66.5 yr; 59%male) in 25 kindreds
were selected for initial WES (Table 1).
After calling of variants, filtering, and initial
cosegregation analysis within families, our
findings indicated that RVs in a single gene
(or small group of genes) was unlikely to
account for disease in most of these FIP
kindreds. Therefore, we analyzed families
carrying RVs in genes related to telomere
biology (23) because this pathway has
previously been implicated in FIP.

In one large multiplex family (Family
A), both individuals undergoing WES were

Table 1. Demographics of FIP WES
Cohort

Subjects 54
Families 25
Affected subjects sequenced

per family
3 4 (16)
2 21 (84)

Age 66.5 (8.8)
Sex (male) 32 (59.2)
Ethnicity
European 52 (96.3)
African 0 (0)
Hispanic 2 (3.7)
Asian 0 (0)
Native American 0 (0)

Definition of abbreviations: FIP = familial
interstitial pneumonia; WES =whole-exome
sequencing.
Data are expressed as mean (SD) or number
(percent).

All samples Across familiesWithin family

Segregation analysis

Shared variants within family

Retain variants with 
population 

MAF<0.001(ESPdb)

Select exonic
missense SNV, INDEL,

splice variants

Functional
Annotation

SIFT/Polyphen/
PhastCon/GERP

Candidate RVs

Quality check

Genome mapping 
Local realignment

Call SNV/
INDEL/Splice

Called variants

Sanger resequencing
of extended
pedigrees

Segregating RVs

Aggregate
segregating RVs at
gene level across

WES families

High-priority
Segregating RVs

Exclusions
Depth < 20

Highly mutated
Low quality

Platform bias

Filtered variants

Raw Reads Filtered variants Segregating RVs

Phase 1: Variant calling Phase 2: Identification of candidate RVs Phase 3: Prioritization

Figure 1. Whole-exome sequencing (WES) analysis pipeline. WES analysis occurred through
three phases. In phase 1, raw reads from all samples underwent quality checking, genome
mapping, local realignment, and variant calling using Varscan 2.0 to call variants. Following
exclusionary quality-control filter, in phase 2 only variants that were found in all affected WES
subjects within a family were retained. From among these segregating variants, only those highly
likely to affect protein quantity or function (nonsynonymous exonic single-nucleotide variants
[i.e., missense or nonsense], insertions and deletions, splice variants) were selected for further
analysis. From among these variants, those with minor allele frequency (MAF) greater than 0.001
in the Exome Sequencing Project database (ESPdb) were excluded to yield candidate rare variants
(RVs). Sanger requencing was then performed in extended pedigrees encompassing all affected
subjects for whom DNA was available to exclude variants that did not segregate fully with disease.
These segregating RVs from each family were functionally annotated and aggregated at the gene
level across families for further study. GERP = genomic evolutionary rate profiling; INDEL = insertion
and deletion; SIFT = Sorting Intolerant from Tolerant; SNV = single-nucleotide variants.
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found to have profound telomere shortening
in PBMCs (Figure 2). In this family, there
were eight affected individuals, ranging in
age from 45 to 72 years of age at the time
of diagnosis; four of the eight subjects had
a history of tobacco use (Table 2). Across
four affected individuals in this family for
whom DNA was available for sequencing,
a total of 11 heterozygous nonsynonymous
RVs were found to segregate with disease
including C9orf72, CNTNAP4, DMTF1,
EFCAB6, GFRA1, HPS4, MYH11, RBM45,
SLC7A14, ZNF326, and RTEL1. Of the RVs
shared by affected individuals in this family,
only RTEL1 had known interactions with

telomere pathways. Offspring of two
additional affected subjects also carried
this RTEL1 variant (A.III.8 and
A. III.12), indicating their affected parent
(A.II.5 and A.II.6, respectively) was an
obligate carrier of this RV. RTEL1 was
recently implicated as a locus associated
with telomere length by genome-wide
association studies (24), and homozygous
and compound heterozygous mutations
in RTEL1 have been reported to cause
Hoyeraal-Hreidarsson syndrome (HHS),
a severe form of DC (15–19). The RTEL1
variant identified in this kindred was
a novel three amino acid in-frame deletion

(not present in the NHLBI GO Exome
Sequencing Project database) that occurs
in the helicase domain, in the same region
as mutations linked to HHS (15–19).

After identification of RTEL1 as a
candidate gene for FIP, we screened an
additional 163 FIP kindreds for RTEL1
RVs by WES. Using the approach described
in Figure 1, we identified eight additional
kindreds (Families B–I) with
nonsynonymous heterozygous
RTEL1 variants that segregated with disease
(Figure 2). In addition, we identified five
protein-altering RVs that did not segregate
with disease in families and eight benign
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Figure 2. Pedigrees of familial interstitial pneumonia (FIP) families with RTEL1 rare variants. (A–I ) Pedigrees of kindreds with heterozygous RTEL1
rare variants that segregate with FIP are depicted. Roman numerals indicate generation and Arabic numerals indicate subject number within
a generation. Diamonds are used to indicate multiple offspring including males and females or at the request of subjects and families to maintain
confidentiality. Heterozygous RTEL1 rare variant carriers are denoted as M/1; wild-type RTEL1 subjects are denoted as 1/1. In family H, the
missense variant is denoted as M, and the 35-base-pair deletion is denoted as D. Mutation status and telomere percentile (adjusted for age) are
depicted below subjects. Whole-exome sequencing (WES) indicates subjects included in the WES cohort; genotypes for all other subjects were
obtained by Sanger sequencing.
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(synonymous or intronic) RVs in RTEL1 (see
Table E1 in the online supplement). Of the
eight benign variants, six did not segregate
with disease; the other two were found in
subjects who were the only sequenced
individuals from their family. Intermediate
(0.001,MAF, 0.05) and common
(MAF. 0.05) variants in RTEL1 among
WES subjects are shown Table E2.
Cumulatively, nine families with segregating,
protein-altering RTEL1 RVs were identified
from among 188 screened families (4.7%).

Representative high-resolution
computed tomography images and biopsy
images from affected individuals carrying
disease-associated RTEL1 RVs are shown in
Figure 3. Characteristics of affected subjects
from the nine RTEL1 RV families (shown
in Table 2) were similar to others in the
WES cohort, and previously described FIP
cohorts (3). Notably, we found no evidence
for a family history or clinical features
of DC or HHS, including hematopoietic
malignancy or aplastic anemia (25).

Disease-associated RVs in RTEL1
encompass several classes of mutations
(Figure 4A, Table 3), including a 9-bp
deletion that leads to loss of three
amino acids in the helicase domain,
four missense mutations, one nonsense
mutation (Arg974X) that has previously
been reported to cause DC (16, 19) and
HHS (17) in homozygous or compound
heterozygous state with other loss-of-
function variants, and three splice
mutations. Splice variants were confirmed
to lead to alternative messenger RNA
splicing of RTEL1 by complementary
DNA sequencing. Six RVs lie within or near
the predicted helicase domain (Figure 4B).
R974X is a nonsense mutation whose
transcript is subject to nonsense-mediated
decay. R1264H is similar to an alternative
splice variant of RTEL1 (NM_001283009)
previously reported to cause HHS in
homozygous or complex heterozygous
form (15, 19) and lies near a reported
proliferating cell nuclear antigen interacting
domain that seems to be crucial for
global genome replication (26). During
confirmation of the WES missense variant
V516L by Sanger sequencing, we identified
a 35-bp deletion 3 bp downstream that was
determined to be in cis with V516L. This
deletion was too large to be detected by
WES and is predicted to cause a frameshift
in the messenger RNA sequence.

Telomere length in PBMCs from
probands in each RTEL1 mutation
kindred was extremely short, similar to
PBMC telomere length in probands from
other kindreds with known telomerase
pathway mutations (TERT, TERC, and
DKC1) (Figure 4A). Consistent with loss-
of-function RTEL1 mutations, all affected

Table 2. Characteristics of Affected Subjects

Kindred

A B C D E F G H I Total

Number of affected 8 3 9 7 4 6 4 4 4 49
Age at diagnosis 45–72 76–87 57–75 68–77 66–75 45–78 65–73 49–63 58–82 64.8 (10.6)
Tobacco use 4 1 3 3 1 1 2 3 1 19 (38.8%)
Diagnosis
Definite 6 4 1 2 3 1 17 (34.7%)
Probable 2 2 2 3 2 1 2 1 1 16 (32.6%)
Possible 2 4 2 4 2 14 (28.6%)
Other ILD 1 1 2 (4.1%)

FVC, % 58–75 55–86 58–84 77–79 60 90–102 31–79 42–63 70.3 (16.9)
DLCO, % 45–82 33–58 19–85 34–89 33–85 53 34–94 73–93 33–55 54.1 (21.9)

Definition of abbreviations: DLCO = diffusing capacity of the lung for carbon monoxide; ILD = interstitial lung disease.
Data are presented as mean (SD) or number (percent). Pulmonary function tests were not available for all subjects.

Figure 3. Radiographic and histopathologic changes associated with RTEL1 rare variants.
(A, B) Representative high-resolution computed tomography images from affected subjects
carrying RTEL1 rare variants show typical usual interstitial pneumonia features. (C, D) Hematoxylin
and eosin–stained lung biopsies from RTEL1 rare variant carriers show dense interstitial fibrosis,
temporal heterogeneity, and microscopic honeycomb cysts consistent with usual interstitial
pneumonia. Original magnification 340 (C) and 3100 (D).

ORIGINAL ARTICLE

650 American Journal of Respiratory and Critical Care Medicine Volume 191 Number 6 | March 15 2015



and unaffected RTEL1 mutation carriers
had PBMC telomere length less than 10th
percentile for age (Figures 2 and 5A).
In addition, several offspring of RTEL1
mutation carriers who did not inherit their
parent’s RTEL1mutation had short telomeres
(A.III.7 and H.II.1), as has been previously
reported in families with TERT mutations
associated with short telomeres (27).

Previous reports of RTEL1 mutations
in DC and HHS indicate that loss of RTEL1
function can lead to increased T-circles
in telomeric DNA fractions. To determine
whether the heterozygous RTEL1 mutations
we identified resulted in increased T-circle
formation, we performed T-circle assays
using DNA isolated from PBMCs obtained
from RTEL1 mutation carriers, TERT

mutation carriers, and healthy age-matched
control subjects. We found that among
RTEL1 mutation carriers, T-circle
formation was significantly increased
compared with both TERT mutation
carriers and healthy control subjects
(Figures 5B and 5C), suggesting that
these heterozygous RTEL1 mutations are
functionally deleterious. In addition, it
seems that increased T-circle formation is
not a generalizable finding in all patients
with FIP with telomere-pathway defects.

Discussion

Although a substantial proportion of IIP
cases cluster in families, the genetic basis of

disease in most FIP kindreds remains
uncertain. Using next-generation sequencing
technologies to facilitate genetic discovery,
we identified RTEL1 as a novel gene
associated with FIP. By focusing our search
on genes known to interact with telomere
pathways, we found nine unrelated FIP
kindreds in which all affected individuals
had very short telomeres in PBMCs and
were heterozygous for RVs in RTEL1.
Functional testing revealed increased
T-circle formation by PBMCs, further
suggesting the functional importance of
these RTEL1 variants. Together, our findings
indicate that rare loss-of-function variants in
RTEL1 represent an important genetic risk
for development of FIP, particularly in the
subgroup with short telomeres in PBMCs.
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The mechanisms by which telomerase
dysfunction and short telomeres lead to
lung fibrosis has been studied extensively
but remains incompletely understood.
Telomeres are protective DNA repeat
(TTAGGG) structures, which are required
for the proper replication of chromosome
ends, and play important roles in regulating
the replicative capacity of human somatic
cells and in maintaining genomic stability
(28). In somatic cells, successive rounds
of cell replication lead to progressive
shortening of telomere length because
DNA polymerase cannot fully replicate the
39 overhanging end of the DNA strand.
Ultimately, telomeres can become critically
short and trigger the cell to enter replicative
senescence (28). In contrast, following
replication in germ cells and other stem
cells that require renewal, telomere length
is maintained by telomerase. It is possible
that telomerase pathway mutations lead to
premature senescence of progenitor cells of
the distal lung, resulting in a proliferative
defect and failure of repair mechanisms
following injury to the alveolar epithelium.

RTEL1 is reported to act as a DNA
helicase crucial for unwinding the
T-loop structure at the telomeric ends
of chromosomes (29). Loss of functional
RTEL1 leads to cleavage of the telomeric
end of the chromosome proximal to the

T-loop by endonuclease SLX4 (30), leading
to release of circular fragments of telomeric
DNA (T-circles) and progressive telomere
shortening through successive rounds of
DNA replication. In addition to telomere
shortening, loss of RTEL1 function has
been shown to lead to global genome
replication defects and genomic instability
(26, 30–32), suggesting that cell-cycle
progression is disrupted in the presence
of altered RTEL1 expression or function.
Further studies are necessary to clarify
the mechanistic role of RTEL1 in
the pathogenesis of lung fibrosis.

Several recent reports have described
heterozygous, compound heterozygous,
and homozygous RTEL1 mutations as the
cause of a rare, severe form of DC known as
HHS (15–19). However, we ascertained no
history or symptoms suggestive of DC or
HHS in any of our FIP families with
heterozygous RTEL1 RVs. Although it was
not possible to perform exhaustive clinical
phenotyping of all affected subjects, the
age of presentation of the youngest
affected subject with an RV in RTEL1 was
45 years, suggesting that heterozygous
RTEL1 mutations present primarily with
pulmonary manifestations and much later
in life than individuals with homozygous/
compound heterozygous mutations.
However, because extrapulmonary clinical

phenotyping was limited in this study, it
is possible subtle features of DC or HHS
may have been present in some subjects.
Similar to reports in DC and HHS, we
found that RTEL1 mutation carriers had
telomere shortening (16, 19). Many RTEL1
mutation carriers also had increased T-
circle formation, suggesting this finding
is common but may not be uniform or
entirely specific for RTEL1 mutations.

Mutations in TERT, TERC, DKC1,
and RTEL1 seem to explain a substantial
proportion of the one-third of patients
with FIP with short telomeres in PBMCs
(,10th percentile for age); however, the
explanation for genetic susceptibility in the
remaining FIP families with short telomeres
requires further study. Segregating, protein-
altering RVs in other candidate genes
in the telomerase pathway were not
identified in this study cohort. These
candidates included genes whose products
are associated with the telomere complex
and loci associated with differential
telomere length in the general population
(33), including ACYP2, NAF1, OBFC1,
or ZNF208. Variants with higher allele
frequency (34, 35) or those found in
intronic or regulatory regions excluded by
our present analysis could contribute to
disease in some families (see Table E2).
In addition to RVs, common variants in
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Figure 5. Carriers of RTEL1 rare variants have short telomeres and increased T-circle formation. (A) Telomere restriction fragment (TRF ) is plotted
versus age for probands from families in the familial interstitial pneumonia (FIP) registry. All probands in RTEL1-mutation families were less than or equal
to 10th percentile for age, similar to what is seen for TERT (n = 18), TERC (n = 2), and DKC1 (n = 1). (B) A 1-D electrophoresis gel from T-circle assay
comparing age-matched unaffected married-in control subjects, TERT mutation carriers, and RTEL1 mutation carriers. (C) Quantification of T-circle
formation in peripheral blood mononuclear cells, defined as the percentage of T-circles compared with total telomeric DNA in eight unaffected control
subjects, nine TERT mutation carriers, and 20 RTEL1 mutation carriers. *P, 0.001 across groups and pairwise RTEL1 carrier versus control and
RTEL1 carriers versus TERT carriers.
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TERT, TERC, and OBFC1 have been
associated with IIPs in a recent genome-
wide association study (34), suggesting
that common genetic variants alone or in
combination with environmental factors,
such as tobacco smoke exposure (36), could
be responsible for telomere shortening in
some FIP families.

There are several limitations to the
strategy we used in this study. The power
of WES to determine the contribution of
individual RVs to disease is limited in many
FIP kindreds because of small numbers of
affected individuals available for study.
The late onset of FIP, well into adulthood,
limits the ability to ascertain disease
across multiple generations and reduces
the genetic informativeness of FIP families,
thus making it challenging to identify
and prove causative variants without
functional studies. To overcome this
inherent limitation, we combined WES
with a targeted pathway approach using
a recognized phenotypic distinction
(telomere shortening) among a subset of
FIP families. Technical constraints of WES
limit the ability to detect large insertions,
deletions (see family H, Figures 2 and 4),
or inversions. In addition, WES does not
capture intronic variants that may impact
splicing, and may not identify promoter
or other regulatory variants. RTEL1
variants with allele frequencies above
our MAF threshold of 0.001 could also

be functional and confer disease risk
(see Table E1), thus it is possible that
the global contribution of genetic
variants in RTEL1 to risk of FIP may
be underestimated by our current WES
analysis.

Like other telomere-pathway RVs, the
penetrance of RTEL1 RVs is not known but
is likely to be incomplete and dependent
on age. It is likely that not all RTEL1 RVs
are pathogenic because we identified RTEL1
missense RVs that did not segregate with
disease in several subjects. However, these
variants were generally in regions of low
conservation and/or were not predicted
to adversely affect RTEL1 function.
Future studies are critical to more fully
characterize the functional importance
of individual RTEL1 RVs.

Rather than sequencing an
independent group of control subjects,
we used publically available large
databases (which sequenced subjects
on the same platform) to define allele
frequency. The depth of these public
databases is incomplete and in selected
populations, variants we define as rare
may have allele frequencies higher than
our prespecified threshold (,0.001). For
example, R1264H has been reported to
have an allele frequency of nearly 0.005 in
Ashkenazi Jewish subjects (37). Because
this variant has been previously implicated
in HHS in a compound heterozygous

state, we propose this variant is nonetheless
likely to deleteriously affect RTEL1
function. Although it was not possible
to exclude all other candidate variants in
each individual family, these RTEL1 RVs
segregated with disease across all nine
families. This segregation, combined with
short telomeres and impaired RTEL1
function, provides compelling evidence
that RTEL1 mutations are a genetic basis
of FIP in these kindreds. Additional study
is required to identify the total contribution
of all RTEL1 variants to FIP and
determine if RTEL1 plays a role in
sporadic IPF.

Conclusions
Rare loss-of-function RTEL1 variants
are associated with the inherited form of
IIP. These RTEL1 variants segregate with
disease in affected kindreds and are
associated with telomere shortening in
PBMCs and increased T-circle formation.
Further studies are needed to better
understand the total contribution of RTEL1
variants to FIP and define the mechanisms
through which RTEL1 and telomerase
pathway mutations lead to lung fibrosis. n
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