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BACKGROUND: Idiopathic Pulmonary Fibrosis (IPF) risk has a strong genetic component. 

Studies have implicated variation at several loci, including telomerase reverse transcriptase 

(TERT), surfactant genes, and a single nucleotide polymorphism (SNP) at chr11p15, rs35705950 

in the intergenic region between TOLLIP and MUC5B. IPF patients with risk alleles at 

rs35705950 have longer survival from the time of IPF diagnosis than patients homozygous for the 

non-risk allele, while patients with shorter telomeres have shorter survival times. We hypothesized 

that rare protein altering variants in genes regulating telomere length are enriched in IPF patients 

lacking risk alleles at rs35705950.

METHODS: Whole genome sequencing of 1,510 patients with sporadic IPF from phase 3 clinical 

trials and observational studies was used to assess telomere length and identify rare protein 

altering variants. We separated patients by rs35705950 genotype and assessed rare functional 

variation in TERT exons and compared genotypes to telomere length and rates of disease 

progression.

FINDINGS: 2⋅9% of patients with an rs35705950 risk allele carried a rare protein-altering variant 

(RV) in TERT compared to 7⋅3% of non-risk allele carriers (odds ratio [OR] 0⋅40 [95% CI 

0⋅24-0⋅66], p=3⋅9 × 10−4). Subsequent analyses identified enrichment of rare protein-altering 

variants in PARN, RTEL1 and rare variation in TERC in IPF patients compared to non-IPF 

controls. In total, IPF patients harbored at least one rare variant in TERT, PARN, TERC or RTEL1 
more frequently than non-IPF patients from other clinical trials (8⋅57% in IPF vs. 2⋅37% for others 

p=2⋅44 × 10−8). Patients with a variant in any of the four identified telomerase component genes 

had 4⋅78%-16⋅10% shorter telomeres and an earlier age of onset (65⋅1 years) than patients without 

(67⋅1 years; p=0⋅004). Patients with shorter telomeres had more rapid rates of lung function 

decline in the placebo arms of clinical trials (1⋅7% FVC/kb/year, p=0⋅002). Despite the 

aforementioned differences, we found pirfenidone demonstrated treatment benefit regardless of 

telomere length status.

INTERPRETATION: Rare protein-altering variants in TERT, PARN, TERC and RTEL1 are 

enriched in IPF patients compared to non-IPF controls, and, in the case of TERT, particularly in 

those not carrying a risk allele at the rs35705950 locus, suggesting that there are multiple genetic 

factors underlying sporadic IPF that may implicate distinct mechanisms of pathogenesis and rates 

of progression.

TRIAL REGISTRATION: NCT00287716, NCT01366209, NCT00075998, NCT01872689.

Introduction

Idiopathic pulmonary fibrosis (IPF) is a progressive and lethal fibrotic interstitial lung 

disease 1 with a typical age of onset of 50-70, and is associated with environmental 

exposures. Pirfenidone and nintedanib are the two approved therapies for IPF. Both slow the 

rate of lung function decline relative to placebo but their mechanisms of action are unclear 

and neither agent reversed disease or substantially affected mortality in 1-year pivotal 

trials2-4. Despite well-defined guidelines for the definition and diagnosis of IPF5, there is 

considerable heterogeneity in the molecular and pathological manifestations of disease, 

which may relate to heterogeneity in the rate of clinical progression6.
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There is a well-recognized genetic component to IPF susceptibility 7,8. The genetics of both 

sporadic and familial forms of pulmonary fibrosis implicate two distinct types of lung 

epithelial cells: bronchial secretory cells and type 2 alveolar epithelial cells (AEC2). 

Familial studies have implicated genes involved in surfactant production (e.g., SFPTA1, 
SFPTA2, SFPTC)9-14. Surfactant proteins are uniquely produced by AEC2, and familial 

pulmonary fibrosis-associated variants in SFPTC results in misfolded SP-C protein, 

inducing endoplasmic reticulum stress in AEC2s15. Multiple genes involved in telomere 

maintenance have also been associated with IPF in sporadic and familial studies (e.g., TERT, 
TERC, PARN and RTEL1)16-26. Telomeres are repetitive DNA sequences added during 

mitosis to protect chromosome ends27. Telomere length decreases with increasing cell 

division and normal aging; IPF patients tend to have abnormally short telomeres in 

peripheral blood cells and alveolar epithelial cells28, and among IPF patients, shorter 

telomere length in peripheral blood is associated with shorter survival29.

Linkage, candidate gene, and genome-wide association studies (GWAS) have consistently 

shown strong associations between a common variant at rs35705950 in the chr11p15.5 locus 

and risk of sporadic and familial pulmonary fibrosis7,30,31. The SNP is in the promoter of the 

MUC5B gene and presence of the minor allele corresponds to increased expression of 

MUC5B in terminal bronchioles32-34 and dramatically increased risk for IPF. The MUC5B 
allele is relatively common in the European ancestry population (MAF = 0⋅11)35, yet IPF is 

a rare disorder with prevalence estimates ranging from 13-63 per 100,000 individuals in the 

United States36. Thus, although MUC5B carriers have a dramatically increased risk of 

developing IPF (OR=4⋅51)18, the vast majority of MUC5B carriers will not.

While telomere shortening is associated with decreased survival among IPF patients, carriers 

of the MUC5B risk allele with IPF exhibit a slower rate of disease progression than non-

carriers37. However, familial pulmonary fibrosis associated with genes implicating AEC2s 

(e.g., surfactant protein or telomerase mutations) typically presents earlier in life, and shorter 

telomeres are associated with a more aggressive disease course in sporadic IPF cases28. 

Taken together, shorter telomere length is associated with faster disease progression and 

rs35705950 is associated with slower progression. Thus, we hypothesized rare protein- 

altering variants that impact telomere length would be enriched in IPF cases lacking 

rs35705950 risk alleles and would be candidate MUC5B risk allele modifiers. To test this 

hypothesis, we assessed telomerase genetics in both common and rare coding variants in the 

context of MUC5B status for IPF risk and rate of disease progression within a large, well-

characterized patient cohort.

Results

IPF Study population

We sequenced 1,510 IPF patients from clinical trials for IFN-γ1b, lebrikizumab and 

pirfenidone and observational cohorts from Vanderbilt University and UCSF. We stratified 

patients for analysis based on presence or absence of the risk SNP at the MUC5B locus 

(rs35705950). Detailed characteristics of the pooled study population and by cohort are 

presented in Table 1. Pirfenidone clinical trial samples were sequenced based on availability 

of DNA and signed consent for research. As such, not all trial participants were sequenced. 
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There were no significant differences for several clinical characteristics either overall or by 

trial (Supplemental Tables 1a-1d) aside from surgical biopsy status, with more DNA 

consented patients in the overall cohort having “possible or probable UIP” than the 

unconsented cohort (p=0⋅002). Non-IPF samples were used as comparators as described in 

the methods section. Patients were included in the study if they were of genetically 

determined European ancestry. A subset of patients in the observational cohorts had a family 

history of disease (N=13 in the Vanderbilt University cohort, N=7 in the UCSF cohort). We 

tested the Vanderbilt University cohort for differences in MUC5B risk allele frequency and 

candidate gene rare variant status finding no strong differences between the familial and 

idiopathic cohorts for either (MUC5B genotype p=0⋅73; candidate gene rare variant status 

p=0⋅99). As such the patients were included in our subsequent analyses.

IPF rs35705950 subset analysis: Rare and common variant burden enrichment in TERT

We first focused on the TERT gene due to its previously reported associations with IPF risk 

for both common and rare variants 18,25,38, hypothesizing that rare missense or loss of 

function variants would be differentially enriched in IPF patients with the risk allele at 

rs35705950 (those heterozygous or homozygous for the risk allele – termed MUC5B risk 

allele carriers) compared to those without (protective allele homozygotes – termed MUC5B 
non-risk allele carriers). We observed that 2⋅9% of MUC5B risk allele carriers carried a rare 

functional variant in TERT compared to 7⋅3% of MUC5B non-risk allele carriers (OR 0⋅40 

[95% CI 0⋅24-0⋅66], p=3⋅9 × 10−4 Table 2). This effect was consistent across cohorts as all 

cohorts with rare variants in TERT showed the same direction of effect (Supplemental Table 

1e). Most unique TERT variants were missense rather than nonsense (N=34 missense, 5 

nonsense), and all patients with a rare variant were heterozygous for that variant. 

Interestingly, the finding in the risk allele positive subgroup was mostly confined to the 

rs35705950 heterozygotes, with only two patients homozygous for the risk allele carrying a 

rare functional variant in TERT (1⋅5% of the rs35705950 homozygous IPF population). A 

full list of the variants observed is visualized in Figure 1 and annotated in Supplemental 

Table 2. We see no difference in the frequency of the GWAS common variant in TERT 
(rs2736100) between MUC5B risk allele carriers and non-carriers (minor allele frequency 

(MAF)=0⋅42 for both, OR 1⋅01 [95% CI 0⋅86-1⋅18], p=0⋅95) (Table 3).

IPF rs35705950 subset analysis: Rare variant burden enrichment in telomerase complex 
components and IPF risk loci

We extended the rare variant burden and common variant analyses to include 1) genes 

identified in previous GWAS, 2) genes encoding the other core telomerase components, and 

3) genes associated with the larger telomerase complex. We observed a significant difference 

in allele frequency for the SNP (rs2609255) at the FAM13A locus between rs35705950 

carriers (MAF=0⋅26) and those without (MAF=0⋅31; OR 0⋅77 [95% CI 0⋅65-0⋅91], p=2⋅5 × 

10−3). We did not observe a statistically significant difference in rare functional variation in 

any other candidate genes between IPF MUC5B risk allele carriers and non-carriers. Rare 

variation in PARN had a direction of effect similar to TERT, whereas 1⋅9% of MUC5B non-

risk allele carriers carried a rare variant in PARN compared to 0⋅9% of MUC5B risk allele 

carriers, however it did not reach statistical significance (p=0⋅09). We did not observe 
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differences in rare functional variation in any other telomerase complex components or 

genes implicated in previous GWAS studies (Tables 4a and 4b).

IPF risk analyses

We next sought to confirm a previous report finding an increase in rare variant burden in 

TERT compared to controls 25. In our overall IPF population, 4⋅2% of IPF cases carried a 

rare functional variant in TERT, compared to 1⋅7% of our non-IPF study population (OR 

2⋅82 [95% CI 1⋅64-4⋅97], p=2⋅38 × 10−4; Table 4b). However, the TERT RV frequency in 

our rs35705950 risk allele homozygote IPF population was only 1⋅5%, but increases to 3⋅1% 

in rs35705950 heterozygote IPF patients, and further to 7⋅3% in the rs35705950 protective 

allele homozygotes relative to controls (1⋅7%, 2⋅1% and 1⋅5% respectively by rs35705950 

genotype).

Intriguingly, as we increase the stringency of the MAF cutoff from 0⋅01, we see a dramatic 

increase in the effect size in our overall IPF population compared to controls (MAF <0⋅005 

OR 28⋅3 [95% CI 9⋅27-124⋅7], p=2⋅02 × 10−7; MAF<0.0005 OR 44⋅5 [95% CI 12⋅3-288⋅9], 

p=7⋅53 × 10−7; Supplemental Table 3). The frequency threshold restriction retains many of 

the variants in the IPF population (4⋅2% for MAF<0⋅01; 2⋅8% for MAF<0⋅0005), while 

removing most of the variants in the control population (1⋅7% for MAF<0⋅01; 0⋅1% for 

MAF<0⋅0005).

We replicated the association for the common TERT variant rs2736100 (MAF in IPF = 0⋅42, 

MAF in non-IPF = 0⋅49; OR 0⋅74 [95% CI 0⋅65-0⋅84], p=2⋅94 × 10−9). Of note, the 

INSPIRE clinical trial cohort (N=340), was also included in the publication originally 

describing the common TERT variant, but the effect size holds in the remainder of our IPF 

population (N=l,170; OR 0⋅74 [95% CI 0⋅64-0⋅85], p=2⋅12 × 10−5), comprising the majority 

of samples. Similarly, we assessed rare functional variation risk in all of the genes included 

in this study in addition to TERT. Results for all genes are shown in Tables 4a and 4b. We 

found an excess of rare variation in PARN, TERC and RTEL1 in our IPF cases (PARN OR 

8⋅74 [95% CI 2⋅16-59.65], p=0⋅007; TERC OR 4⋅27 [95% CI 1⋅3-16⋅63], p=0⋅04; RTEL1 
OR=2⋅88 [95% CI 1⋅59-5⋅29], p=5⋅44 × 10−4). Interestingly, predicted nonsense variants in 

RTEL1 were found only in the IPF cases (N=12/l,510; 0⋅79%) and none of the 1,874 non-

IPF controls. The effect size for PARN, RTEL1 or TERC did not change when applying a 

more stringent MAF cutoff, as with TERT. A full list of the variants observed in PARN, 
TERC and RTEL1 are visualized in Figures 2-4 respectively and annotation for all are 

included in Supplemental Table 2.

Effect of rare functional variation of TERT, PARN, TERC, and RTEL1 on age of IPF onset 
and rate of progression

We hypothesized that TERT, PARN, TERC and RTEL1 rare functional variants would 

impact age of onset and rate of disease progression. Although we could not ascertain precise 

age of onset for most patients in our studies, the short survival time in IPF implies that age at 

time of assessment is a reasonable proxy. Patients with a TERT rare variant were 

significantly younger (mean age = 64⋅6 years) than patients without a rare variant (mean age 

= 67⋅4 years; p=0⋅005). Patients with RIEL1 (mean age = 65⋅8) and TERC (mean age = 
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63⋅1) variants were also younger than patients without a rare variant (mean age = 67⋅3 for 

both), however the difference did not meet statistical significance for either. There was no 

difference in age of onset for a patient with a PARN variant (p=0⋅97). (Supplementary Table 

4). The average age in patients with a rare variant in either TERT, PARN, TERC or RTEL1 
(mean age = 65⋅1) was significantly younger than patients without (mean age = 67⋅1; 

p=0⋅004). Conversely, as described above, MUC5B risk allele carriers were significantly 

older (mean age = 68⋅1 years) than patients without (mean age 65⋅5 years; p=1⋅90 × 10−8). 

Next, we tested the effect of a rare functional variant of TERT, PARN, TERC, or RTEL1 on 

rate of disease progression (ΔFVC% predicted) over time in the placebo arms of the 

ASCEND and CAPACITY clinical trial patients in a linear model of change in lung function 

by telomere length and the individual components of the GAP score. We observed that 

patients with such a variant had more rapid rates of FVC decline (1⋅66 % Pred. FVC/month) 

than patients without one (0⋅83 % Pred. FVC/monthp=0⋅02) (Supplemental Figure 1). Thus, 

rare variation in these genes has a negative impact on age of onset and rate of disease 

progression in IPF patients. In contrast, IPF MUC5B risk allele carriers were older and 

exhibited a slower rate of disease progression than MUC5B non-risk allele patients.

Effect of rare functional variation of TERT, PARN, TERC, and RTEL1 and rs35705950 
genotype on telomere length

We hypothesized that variation in TERT, PARN, TERC and RTEL1 may affect telomere 

length. We first tested the effect of the TERT rare and common variants on telomere length, 

calculated in our patient samples from the WGS data, and expanded our analysis to include 

WGS from several clinical trials (Supplemental Table 5). Telomere length determined by 

WGS was significantly correlated with telomere length determined by TRF (telomere 

restriction fragment) analysis (R2=0⋅47, p<0⋅0001, Supplemental Figure 2). The telomeres 

of patients with a rare functional variant in TERT (mean length = 2⋅50kb) were significantly 

shorter than those of patients in our comparison group (patients without a rare variant or a 

TERT common risk allele; mean length = 2⋅76kb; p=1⋅54 × 10−5, Table 5). We also assessed 

telomere length as a function of the common TERT variant rs2736100 18. We observed that 

patients homozygous for the protective allele at rs2736100 (CC genotype; mean length = 

2⋅76kb) tended to have longer telomeres than the homozygous risk allele patients (AA 

genotype; mean length = 2⋅65kb, p=1.50 × 10−3).

We extended our analysis to include the other telomerase complex and maintenance genes 

identified in our rare variant burden risk analysis: PARN, TERC and RTEL1. Mean telomere 

lengths for PARN, TERC and RTEL1 rare variant carriers were 2⋅66, 2⋅32 and 2⋅57kb, 

respectively (Table 5). IPF patients harbored at least one rare variant in TERT, PARN, TERC 
or RTEL1 more frequently than non-IPF patients from other clinical trials (8⋅57% in IPF vs. 

2⋅37% for others, p=2⋅44 × 10−8, Figure 5). Similarly, we observed IPF patients’ telomeres 

were significantly shorter than patients with other diseases, 481bp shorter on average at age 

50 (16% decline, p=0⋅0001, Figure 6). Rare variants in TERT, PARN, TERC or RTEL1 were 

related to shorter telomeres in most cases among IPF patients and in all cases among all 

patients. Collectively, patients with rare variants in TERT, PARN, TERC or RTEL1 
exhibited telomeres that were on average 348bp shorter per variant. There was no effect on 

telomere length when stratifying patients by rs35705950 (p=0⋅94). The effect of a rare 
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variant on shortening telomeres appears to be cumulative with the common TERT SNP, as 

those patients with at least one variant in TERT exhibited further telomere shortening 

beyond the effect of common TERT risk alleles (Figure 7). The interaction between having a 

rare variant and having at least one common TERT reduced-activity variant was not 

statistically significant (p=0⋅84). We did not observe a similar effect of TERT common 

genotype in patients with a rare variant in PARN, TERC or RTEL1, or for our non-IPF 

comparison samples.

Telomere length can also be affected by environmental variables such as smoking. We 

investigated the effect of smoking status on telomere length in our cohorts with available 

smoking history data. Among our IPF patients with known self-reported smoking status, 

smoking is not significantly related to telomere length (p>0⋅05). Among all patients 

including both IPF and non-IPF in our study with known smoking status, both age and 

smoking status are associated with telomere length (p<1 × 10−16 for each). Among all 

patients, in a model of telomere length by age, IPF case status and smoking status, IPF case 

status p<1 × 10−16 whereas smoking status p=0⋅001. As such, while there is a modest effect 

of smoking on telomere length, it is underwhelming compared to IPF case status. This is 

exemplified by looking at the estimated effect of smoking on telomere length. The estimated 

effect of smoking status on telomere length is 70 bp, compared to 348 bp per rare variant in 

TERT, TERC, PARN or RTEL1 (data not shown).

Effect of telomere length and rs35705950 genotype on rate of progression and pirfenidone 
treatment response

Next, we examined whether telomere length was related to rate of IPF disease progression 

and how this relationship compares to the prognostic power of GAP (Gender, Age, and lung 

Physiology) variables for predicting IPF survival39 In a linear model of change in lung 

function by telomere length and the individual components of the GAP score in placebo-

treated patients we find that shorter telomeres are significantly related to faster progression 

(decline of 1⋅7% predFVC/kb/year, p=0⋅002). This relationship appears stronger than the 

GAP components themselves in the same model (p>0⋅1). We observe that patients with 

baseline telomere length above the median in the placebo arms of the CAPACITY and 

ASCEND clinical trials had slower disease progression than patients with telomere lengths 

below the median (Figure 8a). Results were similar for the trials individually (Supplemental 

Figures 3-4). In an expanded cohort that included both placebo and pirfenidone-treated 

patients and using a model with terms for treatment and a treatment-telomere interaction, we 

observed a significant interaction (increased decline of 3.7% predFVC/year with telomeres 

below median length, p=0⋅0001) between telomere length and treatment on lung function 

decline. Shorter telomeres at the study baseline timepoint predict more rapid FVC decline in 

IPF patients, pirfenidone demonstrated treatment benefit regardless of telomere length status 

(p=4⋅24×l0−8 for telomere length less than the median, p=441×l0−3 for telomere length 

greater than the median). Similarly, we observe that patients with the risk allele at 

rs35705950 had slower disease progression than patients without (p=0⋅0067) (Figure 8b). 

Results were similar for the trials individually (Supplemental Figures 5-6).
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Discussion

Genetic studies of sporadic and familial IPF have revealed substantial heritability and strong 

associations with genes involved both lung epithelial cells and telomere maintenance. The 

strong risk of developing IPF conferred by the common variant rs35705950 but low 

prevalence of IPF represents a set of conditions well suited to a genetic modifier screen 

conditioned on rs35705950 genotype. The previously described slower rates of IPF disease 

progression observed in rs35705950 carriers37 and faster rates of disease progression 

observed in patients with shorter telomeres28 suggest that genetic factors may underlie 

mechanistic and clinical heterogeneity in IPF pathogenesis. Here we show in a large cohort 

of well-characterized IPF patients that: 1) rare functional variants in in telomere 

maintenance genes are more frequent in IPF compared to controls and particularly in IPF 

patients lacking the common risk allele at rs3570590; 2) IPF patients have increased rates of 

rare functional variants in telomere maintenance genes and shorter telomeres than patients 

with other common diseases; and 3) in placebo arms of clinical studies, IPF patients with 

shorter telomeres exhibit a faster rate of lung function decline than those with longer 

telomeres, but the rate of lung function decline is reduced in patients treated with 

pirfenidone despite differences in telomere length. Taken together, these findings suggest 

that MUC5B-related and telomere-related mechanisms may give rise to pathologically and 

clinically different subsets of IPF.

A working hypothesis for IPF pathogenesis holds that the disease process originates in 

AEC2, which exhibit increased levels of endoplasmic reticulum stress and dysregulated 

proteostasis, mitophagy, and/or autophagy, resulting in increased mitotic rates leading to 

telomere attrition and cellular senescence and/or apoptosis. This disruption in AEC2 

homeostasis precipitates inflammation and mesenchymal cell activation of a wound repair 

response, leading to excessive myofibroblast activation, extracellular matrix deposition, and 

interstitial fibrosis, which progressively obliterates normal alveolar architecture and 

compromises gas exchange1,40. Genetic studies of pulmonary fibrosis implicate genes 

involved in bronchial secretory cells and AEC2s. The common IPF risk variant in the 

MUC5B promoter corresponds to increased MUC5B expression in terminal 

bronchioles32-34, while rare familial forms of IPF are associated with coding variants in 

SFPTC that result in misfolding of surfactant proteins and endoplasmic reticulum stress in 

AEC2s15. Both sporadic and familial forms of pulmonary fibrosis have been associated with 

multiple telomerase-related genes 16-26. While each of these genetic lesions is hypothesized 

to contribute to increased susceptibility of AEC2s to injury, they are mechanistically distinct.

A complex of RNA template (encoded by TERC) and a reverse transcriptase (TERT) 

represent the core elements of telomerase27 which regulates telomere length; the shelterin 

complex comprises multiple additional proteins that protect chromosomal ends from double 

strand break repair machinery during mitosis41. When telomeres shorten beyond a critical 

point, cells undergo cell cycle arrest and undergo apoptosis or senescence. Preclinical 

models have shown that genetic defects in components of the telomerase complex in 

alveolar epithelial cells, but not other cell types, predispose animals to the development of 

spontaneous pulmonary fibrosis with age, and confer increased susceptibility to epithelial 

cell injury upon bleomycin challenge42-44. AEC2s of mice with engineered deficits in 
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telomerase activity exhibit a senescent phenotype; the senescence-associated secretory 

proteome (SASP) is hypothesized to stimulate the aberrant wound healing response that 

manifests as interstitial fibrosis45.

Telomere shortening is associated with decreased survival among IPF patients28,29 and, as 

we show here, more rapid rates of lung function decline in placebo-treated but not 

pirfenidone-treated patients. However, IPF patients carrying the MUC5B risk allele have 

longer survival from the time of diagnosis than non-carriers37, and, as we show here, slower 

rates of disease progression than homozygous non-carriers in placebo-treated patients, and 

that pirfenidone treatment decreases the rate of disease progression relative to placebo in 

both MUC5B carriers and noncarriers. This differential disease trajectory suggests that 

MUC5B-related and telomerase-related IPF may have different mechanisms of 

pathogenesis. Considering the parenchymal location of IPF pathology and the bronchial 

location of mucin expression and secretion, there may be a paracrine effect of MUC5B 

dysregulation in terminal bronchioles that indirectly injures alveolar epithelium8, whereas 

telomerase defects directly impact alveolar epithelial cells leading to a more aggressive 

disease course.

AEC2s represent a stem cell niche for alveolar epithelial cells46,47. During branching 

morphogenesis of the airways in embryogenesis, alveolar epithelial stem cells undergo 

numerous divisions to generate the large surface area of lung epithelium to support gas 

exchange48. Further cell divisions postnatally support lung growth, and in adulthood to 

replace epithelium lost to injury via infection or environmental insults. Hence, due to this 

considerable mitotic demand, the alveolar epithelial stem cell population may consume its 

telomeres at a faster rate than other stem cell niches28, consistent with observations that 

AEC2s from IPF patients have compromised self-renewal capacity49. IPF is a disease of 

aging, thus we speculate that modest defects in telomerase function present with pathology 

in lung epithelium before other tissues and account for the strong relationship between 

telomerase defects and pulmonary fibrosis.

A significant challenge in designing interventional clinical studies in IPF and making 

treatment decisions for patients with IPF is the variability in rates of disease progression. 

Here we show in pivotal trials of pirfenidone, MUC5B risk allele genotype and telomere 

shortening correspond to slower and faster rates of disease progression, respectively, as 

measured by FVC decline over a one-year period. Intriguingly, patients treated with 

pirfenidone exhibited decreased rates of disease progression regardless of MUC5B genotype 

or baseline telomere length. Future studies should take these and other biomarkers that 

predict rates of disease progression into account both to: 1) enrich for patients at risk of 

disease progression to enable potentially shorter, smaller clinical studies that use change in 

FVC or death as an outcome measure, and 2) to avoid confounding by appropriate 

stratification of patients according to these prognostic biomarkers at randomization.

Limitations

A major limitation of this study is the lack of screened controls as an IPF comparator group. 

As such we are accepting the low population prevalence of IPF in our comparator group. 

While this is a limitation, it is unlikely to affect results due to the rarity of IPF. Furthermore, 
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our selection of diseased cohorts for our comparator group potentially limits our findings if 

there are common genetic components to these diseases. Our analyses of disease progression 

in clinical studies of pirfenidone are post hoc and confined to the subset of patients in those 

studies from whom matching genetic and outcome data were available; any conclusions 

related to the efficacy of pirfenidone in genetically defined subsets would need to be 

confirmed prospectively.

Conclusion

Through whole genome sequencing of a large cohort of IPF patients, we have shown 

complex genetic relationships between the common SNP at rs35705950 in the MUC5B-
TOLLIP locus, rare variation in TERT and other genes encoding components of the 

telomerase complex, telomere length, age of onset, and rate of progression. Taken together, 

our findings suggest that MUC5B-related and telomerase-related mechanisms of IPF 

pathogenesis may yield a common clinical diathesis via distinct pathogenic routes with 

implications for clinical trial design and patient management.

Methods

Sequencing

The WGS data was created by Illumina X10 sequencers and then processed using the BWA/

GATK best practices pipeline. The read depth for the WGS data is 30x. All the sequencing 

data was subject to quality control as well as checked for concordance with fingerprint data 

taken prior to sequencing.

Genotyping

WGS short reads were mapped to GRCh38 including alternate (ALT) assemblies using ALT-

aware version of BWA to generate bam files. QC of the bam files and variant calling was 

performed using GATK best practices joint genotyping pipeline to generate a single VCF 

file. Sample contamination was determined with verifyBamID and samples with a freemix 

parameter more than 0⋅03 were excluded. After filtering for GATK genotype quality greater 

than 90, samples with heterozygote concordance with snp chip data less than 75% were 

removed. The called variants were then processed using ASDPEx to filter out spurious calls 

in the ALT regions50.

Telomere Length

Telomere length was determined by running the Telomere Hunter program on all raw reads 

passing Illumina QC, adjusting by GC content according to default program parameters, and 

normalizing to total number of reads analyzed.

Study Population

Our study population consisted of 1,510 IPF patients from clinical trials for IFN-γ1b - 

INSPIRE (N=340), lebrikizumab – RIFF (N=81) and pirfenidone - CAPACITY (N=312) 

and ASCEND (N=271), and also from cohorts collected at Vanderbilt University (N=440) 

and UCSF (N=66).
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Clinical trials INSPIRE, CAPACITY and ASCEND have been described previously2,3,51. 

Samples were sequenced based on availability of DNA and signed consent for research. 

There were no significant differences for several clinical characteristics either overall or by 

trial (Supplemental Tables 1a-1d) aside from surgical biopsy status, with more DNA 

consented patients in the overall cohort having “possible or probable UIP” than the 

unconsented cohort (p=0.002).

Vanderbilt cohort: The Vanderbilt Clinical ILD Registry was started in 2005 and 

enrollment is offered to all patients seen in the Interstitial Lung Disease clinic at Vanderbilt. 

All IPF patients in the Vanderbilt Clinical ILD registry from whom DNA was available for 

WGS were included in the Vanderbilt cohort. Patients with a family history of ILD (Familial 

Interstitial Pneumonia) were excluded from the WGS cohort. In this registry, a diagnosis of 

IPF is adjudicated by ILD expert clinicians (LHL, JAK) according to ATS/ERS consensus 

criteria. Only patients with probable or definite IPF were included in the Vanderbilt WGS 

cohort.

RIFF clinical trial cohort A: Patients enrolled in RIFF cohort A were 40 years or older, 

have a diagnosis of IPF based on the 2011 ATS/ERS/JRS/ALAT consensus statement on 

IPF52 within the previous 5 years from time of screening (confirmed at baseline), and have a 

central review assessment of an HRCT and SLB if available performed during the screening 

period or within 12 months prior to the start of screening with additional multidisciplinary 

discussion to finalize diagnosis in the event of disparate results for HRCT and SLB. 

Additional inclusion criteria include FVC > 40% and < 100% of predicted at screening, 

DLco > 25% and <90% of predicted at screening, the ability to walk > 100 meters 

unassisted in 6 minutes, and no background IPF therapy for >4 weeks prior to 

randomization. Relevant exclusion criteria include evidence of other known causes of ILD, a 

lung transplant expected within 12 months of screening, evidence of clinically significant 

lung disease other than IPF (e.g. asthma or COPD), post-bronchodilator (FEV1)/FVC ratio 

<0⋅7 at screening, post-bronchodilator response, and hospitalization due to an exacerbation 

of IPF within 4 weeks prior to or during screening.

UCSF cohort: The UCSF patients were drawn from a longitudinal, prospective, registry of 

pulmonary fibrosis patients seen in the UCSF interstitial lung disease clinic who were 

MUC5B risk allele carriers. The diagnosis of IPF was made by multidisciplinary team 

discussions, after in-person assessments, according to published guidelines52.

Non-IPF control cohort: Non-IPF controls were obtained from clinical trials cohorts 

from age-related macular degeneration, asthma and rheumatoid arthritis. All patients 

included in the study were ≥40 years of age and of genetically determined European 

ancestry based on comparison to samples from the HapMap project.

Sample QC

There were 1,764 IPF samples and 2,420 non-IPF controls before applying quality control 

measures. Samples were excluded if the call rate was < 90% (12 IPF; 0 non-IPF). IBD 

analysis was used to detect and filter out relatedness in the dataset (50 IPF; 7 non-IPF). 
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Samples were removed if they showed excess heterozygosity with more than three standard 

deviations of the mean (27 IPF; 18 non-IPF). For IBD analysis (patient relatedness), the 

PI_HAT cutoff for pairwise relatedness is >04. Principal components were generated 

including the HapMap populations, and samples were excluded if they did not cluster near 

the CEU population (165 IPF; 521 non-IPF). There are 1,510 IPF patients and 1874 non-IPF 

controls that were included in the final analysis.

SNP QC and Batch Effects

The common variant analysis was restricted to SNPs with MAF >= 1% and the rare variant 

analysis was restricted to exonic SNPs with MAF < 1%. Variants were included in the rare 

variant analysis if the PolyPhen score was damaging (>=0⋅5) or if they were high impact 

variants (stop gain, stop loss, frameshift, etc).

Sample genotypes were set to missing if the GQ score was < 20 and SNPs were removed if 

the missingness was > 5%. SNPs were filtered if the HWE P was < 1X10−8. Missingness, 

HWE and MAF filters were applied to each batch separately and variants passing the criteria 

in all batches were included in the final analysis. In addition, differential missingness 

(p<lX10−6) by sequence site was used to filter out SNPs.

DNA samples were sequenced at two sites over three years. As such, there is the potential 

for batch effects. To test for if our QC could adequately account for this, we divided our IPF 

population by batch and tested for differences in rare variant frequency for the genes in our 

analysis. For all genes tested in this study, we did not see any significant differences in 

carrier frequency resulting from batch (p>0.05 for all).

Analysis

Logistic regression was used to test association in the common variant analysis, while 

adjusted for age and sex. PLINK was used for the common variant analysis.

The rare variant gene burden results looked at the cumulative effect of rare variants (MAF < 

1%) in the various subsets of analyses. rvtest was used to perform the CMC gene burden test 

and this was adjusted for age and sex.

Pairwise comparisons were performed with Student’s T-test after confirming normal 

distribution and the validity of the assumption of equal variance of data. Linear modeling 

was performed in R. Change in FVC was modeled with a mixed effects model of time, 

patient, arm, age and the variable to be tested (MUC5B, telomere length).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in Context

Evidence before this study

We searched PubMed between Feb 28 2017 and March 9 2018 with the search terms 

“pulmonary fibrosis”, “genome wide”, “familial”, “rs35705950” and “telomere”. 

Previous linkage studies of familial pulmonary fibrosis and exome sequencing studies of 

idiopathic pulmonary fibrosis (IPF) patients have identified variants in genes in telomere 

maintenance genes, notably TERT, TERC, PARN, and RTEL1. Furthermore, previous 

genome-wide association studies have identified and confirmed several independent loci 

that confer susceptibility to idiopathic pulmonary fibrosis risk. From these studies, the 

locus with the strongest effect size is on chr11p15.5 which contains the genes MUC5B 
and TOLLIP. The risk variant (SNP rs35705950) at this locus is carried by approximately 

60% of IPF patients. Additionally, it has been shown that carriers of this risk allele tend 

to survive longer from the time of IPF diagnosis than non-risk allele carriers. Aside from 

the differences in survival time, there is a lack of information on the differences 

underlying IPF patients carrying the MUC5B risk allele and those that do not.

Added value of this study

To our knowledge, this study contains the greatest number of IPF patients with whole 

genome sequence published to date, comprising 1,510 IPF patients and an additional 

1,874 non-IPF controls. Furthermore, it is the first to compare differences in rates of 

disease progression and clinical benefit from pirfenidone in IPF clinical trial populations 

based on presence or absence of the MUC5B risk allele. We report statistically significant 

differences between IPF patients with a MUC5B risk allele compared to those without for 

the frequency of rare missense or loss of function variants in TERT. Furthermore, we 

replicate findings that rare variation in TERC, PARN and RTEL1 is also enriched in IPF 

patients compared to controls and show that presence of these variants is negatively 

correlated with telomere length in IPF patients. Finally, we show the effect of telomere 

length and presence of these variants on disease progression and pirfenidone treatment 

response.

Implications of all the available evidence

MUC5B genotype and telomere length significantly influence the rate of lung function 

decline in IPF. Patients with the MUC5B risk allele have slower disease progression, 

while patients lacking the MUC5B allele have faster disease progression and are more 

likely to have rare genetic defects in telomere maintenance. While MUC5B risk allele 

status and telomere length may differ between IPF patients, there is evidence for placebo-

adjusted benefit from pirfenidone regardless of these baseline characteristics. The effects 

of MUC5B genotype, telomere maintenance genetics, and telomere length on IPF 

progression will have important ramifications for patient management, target discovery, 

and the design and interpretation of clinical trials in IPF.
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Figure 1. 
Gene diagram of TERT and rare variant location. SNPs are identified by amino acid change 

and position and colored red if the MAF is ≤ 0.001, blue if the MAF > 0.001. DEL indicates 

a frameshift affecting >1 amino acids.
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Figure 2. 
Gene diagram of TERC and rare variant location. SNPs are identified by nucleic acid 

position and base change and colored red if the MAF is < 0.001, blue if the MAF > 0.001.

Dressen et al. Page 18

Lancet Respir Med. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Gene diagram of RTEL1 and rare variant location. SNPs are identified by amino acid change 

and position and colored red if the MAF is < 0.001, blue if the MAF > 0.001. DEL indicates 

a frameshift affecting >1 amino acids. “.” indicates variation affecting a predicted splice site.
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Figure 4. 
Gene diagram of PARN and rare variant location. SNPs are identified by amino acid change 

and position and colored red if the MAF is < 0.001, blue if the MAF > 0.001. DEL indicates 

a frameshift affecting >1 amino acids. “.” indicates variation affecting a predicted splice site. 

Exons have 200 bp added both up and downstream to enhance visibility.
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Figure 5. 
Rates of telomere complex gene rare protein-altering variants in clinical trial patients. Each 

patient was assessed for the presence of a missense/nonsense variant in TERT, or RTEL1 or 

any variant in TERC. The fraction of patients in each trial that have at least one such variant 

are plotted. The size of each point is proportional to the number of patients in that trial.
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Figure 6. 
Telomere lengths of clinical trial patients. Mean telomere lengths as measured by 

TelomereHunter analysis of whole genome sequencing of blood samples from patients in 

various clinical trials. Age vs. telomere length by disease. Each line is a least squares fit to 

all patients from a given primary disease indication. Shaded areas are 95% confidence 

interval estimates for the linear fit to the true population.
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Figure 7. 
Telomere lengths of clinical trials patients by TERT common variant (rs2736100) genotype 

and rare variant status. "A" is the risk allele for rs2736100, while "C" is the protective allele. 

"Wildtype" here refers to patients with a TERT coding sequence containing no missense 

mutations, while "TERT RV" indicates patients with at least one missense mutation. Boxes 

indicate the median and quartile values, while the whiskers extend to the most distant value 

no further than 1.5 times the interquartile range from the quartiles.
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Figure 8. 
Profile of mean percent decline over time of forced vital capacity (FVC) in the ASCEND 

and CAPACITY phase III clinical trials of pirfenidone for IPF. Patients in the ASCEND and 

CAPACITY trials were stratified by whether they received pirfenidone treatment (dashed 

lines) or a placebo control treatment (solid lines), and by whether they had peripheral blood 

telomeres that were longer (blue lines) or shorter (red lines) than the median length of the 

cohort. Error bars are Standard Error of the Mean. Figure A represents telomere length 

stratified by the median, Figure B is by MUC5B promoter variant status (orange denotes 

patients positive for the MUC5B risk-allele; green denotes patients negative for the MUC5B 
risk allele).
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Table 1:

Population demographics - all

Characteristics All IPF MUC5B+ IPF MUC5B− IPF Controls P1 P2

N 1510 1046 464 1874

Age, mean (sd) 67⋅29 (7⋅98) 68⋅07 (7⋅66) 65⋅54 (8⋅39) 56⋅38 (9⋅32) < 2 × 10 −16 1⋅89 × 10 −8

Female, N(%) 391 (25⋅89%) 260 (24⋅86%) 131 (28⋅23%) 1367 (72⋅95%) < 2 × 10 −16 0⋅18

Ever smoked, N(%) 1000 (69⋅49%) 675 (68⋅81%) 325 (70⋅96%) 713 (38⋅05%) < 2 × 10 −16 0⋅44

rs35705950

 Counts, T⋅T/T⋅G/G⋅G 136/910/464 - - 26/376/1472

 MAF 0⋅39 - - 0⋅11

P1 is the p-value for IPF vs non-IPF controls. P2 is the p-value for MUC5B+ IPF vs MUC5B− IPF.

ASCEND

Characteristics All IPF MUC5B+ IPF MUC5B− IPF Controls P1 P2

N 271 200 71 1874

Age, mean (sd) 68⋅34 (7⋅06) 69⋅06 (6⋅73) 66⋅3 (7⋅6) 56⋅38 (9⋅32) < 2 × 10 −16 0⋅005

Female, N(%) 67 (24⋅72%) 45 (22⋅5%) 22 (30⋅99%) 1367 (72⋅95%) < 2 × 10 −16 0⋅21

Ever smoked, N(%) 181 (66⋅79%) 131 (65⋅5%) 50 (70⋅42%) 713 (38⋅05%) < 2 × 10 −16 0⋅54

rs35705950

 Counts, T⋅T/T⋅G/G⋅G 23/177/71 - - 26/376/1472

 MAF 0⋅41 - - 0⋅11

P1 is the p-value for IPF vs non-IPF controls. P2 is the p-value for MUC5B+ IPF vs MUC5B− IPF.

CAPACITY

Characteristics All IPF MUC5B+ IPF MUC5B− IPF Controls P1 P2

N 312 216 96 1874

Age, mean (sd) 66⋅56 (7⋅83) 67⋅47 (7⋅65) 64⋅5 (7⋅88) 56⋅38 (9⋅32) < 2 × 10 −16 0⋅002

Female, N(%) 94 (30⋅13%) 64 (29⋅63%) 30 (31⋅25%) 1367 (72⋅95%) < 2 × 10 −16 0⋅87

Ever smoked, N(%) 208 (66⋅67%) 143 (66⋅2%) 65 (67⋅71%) 713 (38⋅05%) < 2 × 10 −16 0⋅89

rs35705950

 Counts, T⋅T/T⋅G/G⋅G 33/183/96 - - 26/376/1472

 MAF 0⋅40 - - 0⋅11

P1 is the p-value for IPF vs non-IPF controls. P2 is the p-value for MUC5B+ IPF vs MUC5B− IPF.

INSPIRE

Characteristics All IPF MUC5B+ IPF MUC5B− IPF Controls P1 P2

N 340 239 101 1874

Age, mean (sd) 66⋅49 (7⋅51) 66⋅97 (7⋅01) 65⋅35 (8⋅49) 56⋅38 (9⋅32) < 2 × 10 −16 0⋅06

Female, N(%) 97 (28⋅53%) 66 (27⋅62%) 31 (30⋅69%) 1367 (72⋅95%) < 2 × 10 −16 0⋅65

Ever smoked, N(%) 241 (70⋅88%) 169 (70⋅71%) 72 (71⋅29%) 713 (38⋅05%) < 2 × 10 −16 1⋅00
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INSPIRE

Characteristics All IPF MUC5B+ IPF MUC5B− IPF Controls P1 P2

rs35705950

 Counts, T⋅T/T⋅G/G⋅G 21/218/101 - - 26/376/1472

 MAF 0⋅38 - - 0⋅11

P1 is the p-value for IPF vs non-IPF controls. P2 is the p-value for MUC5B+ IPF vs MUC5B− IPF.

UCSF

Characteristics All IPF MUC5B+ IPF MUC5B− IPF Controls P1 P2

N 66 66 0 1874

Age, mean (sd) 73⋅73 (9⋅63) 74⋅3 (9⋅48) - 56⋅38 (9⋅32) < 2 × 10 −16 -

Female, N(%) 13 (19⋅7%) 13 (19⋅7%) - 1367 (72⋅95%) < 2 × 10 −16 -

Ever smoked, N(%) 46 (69⋅7%) 46 (69⋅7%) - 713 (38⋅05%) 1⋅4 × 10 −16 -

rs35705950

 Counts, T⋅T/T⋅G/G⋅G 9/57/0 - - 26/376/1472

 MAF 0⋅57 - - 0⋅11

P1 is the p-value for IPF vs non-IPF controls. P2 is the p-value for MUC5B+ IPF vs MUC5B− IPF.

RIFF Cohort A

Characteristics All IPF MUC5B+ IPF MUC5B− IPF Controls P1 P2

N 81 54 27 1874

Age, mean (sd) 69⋅93 (7⋅02) 69⋅41 (7⋅22) 70⋅96 (6⋅62) 56⋅38 (9⋅32) < 2 × 10 −16 0⋅34

Female, N(%) 15 (18⋅52%) 11 (20⋅37%) 4 (14⋅81%) 1367 (72⋅95%) < 2 × 10 −16 0⋅76

Ever smoked, N(%) 58 (71⋅6%) 37 (68⋅52%) 21 (77⋅78%) 713 (38⋅05%) 2⋅9 × 10 −9 0⋅54

rs35705950

 Counts, T⋅T/T⋅G/G⋅G 11/43/27 - - 26/376/1472

 MAF 0⋅40 - - 0⋅11

P1 is the p-value for IPF vs non-IPF controls. P2 is the p-value for MUC5B+ IPF vs MUC5B− IPF.

Vanderbilt

Characteristics All IPF MUC5B+ IPF MUC5B− IPF Controls P1 P2

N 440 274 166 1874

Age, mean (sd) 66⋅34 (8⋅27) 67⋅08 (7⋅74) 65⋅13 (8⋅97) 56⋅38 (9⋅32) < 2 × 10 −16 0⋅01

Female, N(%) 105 (23⋅86%) 61 (22⋅26%) 44 (26⋅51%) 1367 (72⋅95%) < 2 × 10 −16 0⋅35

Ever smoked, N(%) 312 (71⋅72%) 195 (71⋅69%) 117 (71⋅78%) 713 (38⋅05%) < 2 × 10 −16 1⋅00

rs35705950

 Counts. T⋅T/T⋅G/G⋅G 39/235/166 - - 26/376/1472

 MAF 0⋅36 - - 0⋅11

P1 is the p-value for IPF vs non-IPF controls. P2 is the p-value for MUC5B+ IPF vs MUC5B− IPF.
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Table 2:

TERT rare variant frequency stratified by the MUC5B variant

Gene MUC5B+ IPF Freq MUC5B− IPF Freq N SNPs OR (95% CI) P

TERT 2⋅8% 7⋅3% 39 0⋅40 [0⋅24, 0⋅66] 3⋅9 × 10 −4
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Table 3:

Common GWAS SNPs from Fingerlin et al. stratified by the MUC5B promoter variant

SNP Chr Position Nearby genes Function Risk Allele MUC5B+ IPF
MAF

MUC5B− IPF
MAF OR [95% CI] P

rs6793295 3 169800607 LRRC34 Missense C 30% 32% 0⋅94 [0⋅79, 1⋅11] 0⋅45

rs2609255 4 88890044 FAM13A Intronic G 26% 31% 0⋅77 [0⋅65, 0⋅91]

2⋅5 
× 
10 
−3

rs2736100 5 1286401 TERT Intronic C 42% 42% 1⋅01 [0⋅86, 1⋅18] 0⋅95

rs2076295 6 7562999 DSP Intronic G 56% 55% 1⋅00 [0⋅86, 1⋅17] 0⋅96

rs4727443 7 99995723 AZGP1P1-ZKSCAN1 Intergenic A 46% 45% 1⋅06 [0⋅91, 1⋅24] 0⋅45

rs11191865 10 103913084 OBFC1 Intronic A 56% 56% 0⋅98 [0⋅84, 1⋅16] 0⋅85

rs1278769 13 112882313 ATP11A 3 UTR A 19% 20% 0⋅95 [0⋅78, 1⋅15] 0⋅59

rs2034650 15 40425103 IVD-BAHD1 Intergenic G 43% 42% 1⋅02 [0⋅87, 1⋅19] 0⋅80

rs1981997 17 45979401 MAPT Intronic N/A N/A N/A N/A N/A

rs12610495 19 4717660 DPP9 Intronic G 35% 35% 0⋅98 [0⋅84, 1⋅16] 0⋅85

rs62025270 15 85756967 AKAP13 Intronic A 25% 24% 1⋅01 [0⋅83, 1⋅21] 0⋅94
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Table 5:

Patient telomere length by rare variant status in IPF and non-IPF

IPF Cases

Gene SNP type Avg telomere length N Δ from reference change from reference (%) p-value

TERT rare 2⋅50 87 0⋅26 9⋅55 1⋅54 × 10 −5

TERC rare 2⋅32 15 0⋅45 16⋅10 0⋅03

PARN rare 2⋅66 18 0⋅10 3⋅69 0⋅22

RTEL1 rare 2⋅57 88 0⋅20 7⋅16 3⋅16 × 10 −4

2+ RV rare 2⋅55 6 0⋅21 7⋅74 0⋅01

TERT common - AA 2⋅65 440 0⋅11 4⋅02 1⋅38 × 10 −3

TERT common - AC 2⋅66 626 0⋅10 3⋅69 1⋅5 × 10 −3

TERT common - CC 2⋅76 248 reference reference reference

All Patients

TERT rare 2⋅93 125 0⋅29 9⋅01 4⋅55 × 10 −12

TERC rare 2⋅30 19 0⋅92 28⋅57 3⋅56 × 10 −4

PARN rare 2⋅57 19 0⋅65 20⋅19 1⋅49 × 10 −4

RTEL1 rare 2⋅57 121 0⋅65 20⋅19 2⋅9 × 10 −27

2+ RV rare 2⋅55 6 0⋅67 20⋅81 3⋅66 × 10 −6

TERT common - AA 3⋅12 2806 0⋅10 3⋅11 2⋅6 × 10 −7

TERT common - AC 3⋅14 4888 0⋅08 2⋅48 1⋅01 × 10 −6

TERT common - CC 3⋅22 2292 reference reference reference
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