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Supplementary Methods 

Ethics approval and consent to participate: Discovery study. Institutional review boards and 

ethics committees at each participating centre approved the study. All participants provided written 

informed consent. Patients with IPF were clinically characterized at the University of Chicago, 

from the Correlating Outcomes with biomedical Markers to Estimate Time-progression in IPF 

(COMET) study, and from and the AntiCoagulant Effectiveness in Idiopathic Pulmonary Fibrosis 

(ACE-IPF) study. DNA samples were obtained from each individual. The timeframe of sample 

collection varied by cohort. All DNA samples of individuals with IPF used for association studies 

were of European-American descent. ACE-IPF and COMET had guidelines for diagnosis of IPF, 

all of which were adapted from 2000 guidelines from the American Thoracic Society and European 

Respiratory Society. All patients from the University of Chicago underwent similar diagnostic 

review in accordance with the 2000 and 2011 guidelines, with each institution engaging in the 

recommended multidisciplinary (radiology, pathology, and clinical) approach to exclude an 

alternative diagnosis, as recommended by the 2011 guidelines.  All eligible patients were at least 

35-years-old and reported having symptoms of idiopathic interstitial pneumonia for at least 3 

months. A high-resolution CT scan that showed definite or probable usual interstitial pneumonitis 

was necessary for inclusion. A surgical lung biopsy sample to confirm usual interstitial 

pneumonitis could be obtained if the diagnosis was in doubt. Patients with clinically significant 

exposure to known fibrogenic agents and those with other known causes of interstitial lung disease 

were excluded before study entry. 

Ethics approval and consent to participate: Replication study. The IPF cases and UK Biobank 

controls used for replication have been previously described [1]. In brief, the IPF cases were 
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recruited from nine different centres across the UK. IPF diagnoses were made according to the 

2002 and 2011 guidelines. Controls from UK Biobank were selected according to the following 

criteria; they had genome-wide genotype data, were not related to any other individual selected, 

and presented similar age, sex and smoking distributions to the IPF cases. Additionally, controls 

with the codes J84.0-J84.9 of the 10th revision of the International Statistical Classification of 

Diseases and Related Health Problems (ICD10) in the linked Hospital Episodes Statistics data 

were removed. All individuals were of European ancestry. All the studies were reviewed and 

approved by the corresponding institution and ethical committee. Informed consent was obtained 

from all individuals. 

Sequencing of the regions-of-interest (ROIs). Genomic DNA (gDNA) was extracted from 

peripheral blood and the integrity and quantity were assessed. All library preparation reagents were 

purchased from Agilent Technologies and performed at the Research Resources Centre of 

University of Illinois at Chicago (Chicago, IL). gDNA was sheared to ~200 bp using Covaris S-

220 (Covaris Inc.), and size distribution confirmed by TapeStation analysis. Sequencing (>100X) 

was performed using the SureSelect™ Target Enrichment System XT2 kit ILM with a custom-

designed capture of 1.7 Mb (Table S1). Sheared gDNA was then end-repaired, A-tailed and ligated 

with pre-capture indexing adaptors and PCR amplified. Library sizes and concentration were 

rechecked. Eight individual indexed libraries were pooled together with equal molar contribution 

and PCR amplified. The final library pools were quantified by quantitative PCR with the KAPA 

Biosystems Library Quantification kit (Kapa Biosystems Inc.). Paired-end reads of 100 bases were 

generated on HiSeq 2500 (Illumina, Inc.). 

NGS data processing, variant calling and annotation. SeqPrep 0.4 was used to remove 

sequence adaptors and merge overlapping reads. NovoAlign 3.02.00 (Novocraft Technologies Sdn 
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Bhd, Malaysia) was used for read-mapping to the hg19 human genome. Picard 1.7 and SAMtools 

0.1.18 [2] were used for BAM file manipulation and to mark duplicates. Qualimap 2.1 [3] indicated 

that >98% of genomic locations within ROIs were covered at a minimum depth of 90X. GATK 

3.3 [4] was used for joint genotyping of small indels and SNVs identified with the HaplotypeCaller 

following the best practices workflow recommendations. GATK was also used to calculate the 

transition-to-transversion (Ti/Tv) ratio using the 1000 Genomes Project data (1KGP) as a 

reference. A false discovery rate (FDR) was calculated to estimate the proportion of false variants 

declared, assuming a Ti/Tv of 2.25 according to previous whole genome sequencing data [5]. Since 

the samples were previously genotyped with the Genome-Wide Human SNP Array 6.0 

(Affymetrix Inc.) [6], we also evaluated genotyping concordance between array and NGS data. 

Finally, variant annotation was conducted with ANNOVAR [7] and snpEff4_1h [8] based on data 

from different sources including the NHLBI Grand Opportunity Exome Sequencing Project, 

1KGP, Complete Genomics, COSMIC, dbSNP, and PolyPhen predictions. This information was 

further supplemented with empirical data generated by the ENCODE project [9] as reported by 

HaploReg v4.1 [10] and RegulomeDB [11]. Conserved regions that exhibit evidence of selective 

constraint were also scored by GERP [12] and SiPhy [13].  

Validation of low-frequency variants. DNA samples from carriers of the significantly associated 

rare variants were subjected to direct Sanger sequencing for validation purposes. To overcome the 

difficulties of the low-complexity sequences within the targeted regions, we used two sets of 

primer pairs to target the variants in each region: one pair for the amplification step (boost primers) 

that followed standard PCR protocols, and another pair for sequencing (nested primers), which 

were used for sequencing both strands of the amplicon to ensure optimal sequencing results. 

Sequencing was performed by Eurofins Genomics (Louisville, KY) and the resulting traces were 

https://paperpile.com/c/H34z0q/dmywZ
https://paperpile.com/c/H34z0q/IAhlW
https://paperpile.com/c/H34z0q/WvVER
https://paperpile.com/c/H34z0q/HLKRo
https://paperpile.com/c/H34z0q/6j2bF
https://paperpile.com/c/H34z0q/7Z8Zg
https://paperpile.com/c/H34z0q/Dv2KD
https://paperpile.com/c/H34z0q/O4imf
https://paperpile.com/c/H34z0q/VHRbj
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manually revised using 4Peaks v1.8 (Nucleobytes). A list of the primer pairs utilized is provided 

in Table S2. 

Replication study. Around 800,000 variants were genotyped in these samples and subjected to 

strict quality controls. The cases and one third of the controls were genotyped using the Affymetrix 

Axiom UK BiLEVE array (Affymetrix). The rest of controls were genotyped using the Affymetrix 

Axiom UK Biobank array (Affymetrix). Phasing and imputation were performed with SHAPEIT 

v2 [14] and IMPUTE2 v2.3.2 [15], using 1KGP Phase 3 and UK10K as reference panels. 

Association testing was conducted assuming an additive genetic effect, considering age, sex and 

the first 10 PCs as covariates. Additional genotyping, imputation and association study details have 

been described elsewhere [1]. 
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Supplementary Tables 

 

 

 

Table S1. Three genomic region-of-interest (ROI) and the genes covered by the targeted enrichment design*. 

ROI Size (bp) Description of targeted region Genes in the ROI 

chr11: 1,213,244-1,430,917$ 217,674 Centred at TOLLIP plus 100 kb 

upstream and 100 kb downstream 

MUC5AC, MUC5B, TOLLIP, 

TOLLIP-AS1, BRSK2 

chr14:47,308,828-48,144,457 835,630 Entire MDGA2 gene MDGA2 

chr17:43,672,710-44,327,740 655,031 Centred at CRHR1, SPPL2C, and 

MAPT genes plus 25 kb on both ends 

CRHR1, MAPT-AS1, 

SPPL2C, MAPT, MAPT-IT1, 

STH, KANSL1 

*Assembled from RefSeq, Ensembl, CCDS, GenCode, and VEGA. 
$Enrichment excluded the following regions because of design problems due to perfect repeats: chr11:1,307,700-1,309,300 

(1600 bp), chr11:1,315,400- 1,316,300 (900 bp), and chr11:1,317,700-1,318,400 (700 bp). 
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Table S2. Design of amplicons and sequencing primers used to validate rare SNVs using Sanger sequencing. 

Targeted SNV(s) Primer name Sequence (5' → 3') Direction Amplicon size (bp) 

rs34474233, r34815853 

Boost_Muc5AC_rs4233-5853_F CTGACCTGCCGACCCAAG Forward 
600 

Boost_Muc5AC_rs4233-5853_R CTCAGTCCAGAGCCACAGAC Reverse 

Nest_Muc5AC_rs4233-5853_F CTTCCGCAACAGCCTCATC Forward 
301 

Nest_Muc5AC_rs4233-5853_R CCCCAAAATCCCAGGTGG Reverse 

rs371630624 

Boost_Muc5AC_rs0624_F CCCCTGTTTCAAAGACCAGC Forward 
543 

Boost_Muc5AC_rs0624_R AGCAGGTTTGGGTGGAGTAA Reverse 

Nest_Muc5AC_rs0624_F GTGACTGTCATCCTCTGTGC Forward 
197 

Nest_Muc5AC_rs0624_R ACCCAGGTGTTCAATGTTCAC Reverse 

rs55938136 

Boost_LINC-CRH_rs8136_F CTGGCTCTTCTCTCTGCTGT Forward 
681 

Boost_LINC-CRH_rs8136_R CCTGTAATCCCAGCACGTTG Reverse 

Nest_LINC-CRH_rs8136_F TAAGGCCCAATGACACTGTC Forward 
342 

Nest_LINC-CRH_rs8136_R ATGTAGTGAGACCCTGGCTC Reverse 

rs543453148 

Boost_MDGA2_rs3418_F CCCTCACTTCTCCTTCCTTTCT Forward 
718 

Boost_MDGA2_rs3418_R ACAGTTCACGAGGTCAGGAG Reverse 

Nest_MDGA2_rs3418_F CTCATTGCAGCCTCAACTCC Forward 
621 

Nest_MDGA2_rs3418_R ATCCTGGCTAACACGGTGAA Reverse 
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Table S3. Haplotype results for the top hits of the 11p15.5 region considering risk variants from MUC5AC, MUC5B, and TOLLIP genes. Risk 

alleles indicated in background grey colour (with and without adjusting for 5 principal components). 

 MUC5AC  MUC5B  TOLLIP  Adjusted Unadjusted 

Ht# rs
3

4
4
7

4
2

3
3
 

rs
3

4
8
1

5
8

5
3
 

 rs
1

2
8
0

2
9

3
1
 

rs
3

5
7
0

5
9

5
0
 

 rs
1

1
1
5

2
1

8
8

7
 

rs
5

7
4
3

8
9

4
 

rs
5

7
4
3

8
9

0
 

Freq. 

(Ca/Co) OR P-value OR P-value 

1 A A   G T   C A A 0.108/0.028 5.66 (3.20-10.00) 2.4x10-9 5.08 (2.95-8.74) 4.5x10-9 

2 G C  G T   G G A 0.159/0.049 3.39 (2.15-5.34) 1.3x10-7 4.09 (2.64-6.33) 2.3x10-10 

3 G C  G T   C A A 0.064/0.026 3.66 (1.85-7.22) 1.8x10-4 3.54 (1.84-6.82) 1.6x10-4 

4 G C  G G  C A A 0.042/0.026 1.43 (0.67-3.05) 3.6x10-1 1.45 (0.70-3.02) 3.2x10-1 

5 G C  A G  C A A 0.394/0.576 0.44 (0.33-0.59) 5.7x10-8 0.40 (0.30-0.53) 3.8x10-10 

6 G C  A G  G G A 0.079/0.122 0.51 (0.32-0.83) 7.1x10-3 0.60 (0.38-0.94) 2.7x10-2 

7 G C  G G  C A G 0.021/0.033 0.65 (0.27-1.56) 3.4x10-1 0.65 (0.28-1.50) 3.1x10-1 

8 G C   A G   C A G 0.094/0.101 0.80 (0.51-1.27) 3.4x10-1 0.86 (0.55-1.32) 4.8x10-1 

               

9 A A   G T         0.131/0.027 6.44 (3.76-11.04) 1.3x10-11 5.77 (3.45-9.65) 2.3x10-11 

10 G C  G T       0.233/0.079 3.70 (2.52-5.43) 2.1x10-11 4.08 (2.83-5.88) 4.8x10-14 

11 G C  A G      0.565/0.805 0.27 (0.20-0.37) 1.2x10-15 0.26 (0.19-0.35) 9.0x10-18 

12 A A   A G      0.000/0.012 0.37 (0.06-2.33) 2.9x10-1 0.38 (0.06-2.25) 2.9x10-1 

13 G C   G G         0.064/0.071 0.83 (0.49-1.41) 5.0x10-1 0.86 (0.52-1.42) 5.4x10-1 

               

14 A A         C A A 0.112/0.042 3.97 (2.35-6.71) 2.6x10-7 3.62 (2.19-5.99) 5.6x10-7 

15 G C      G G A 0.241/0.185 1.23 (0.91-1.66) 1.8x10-1 1.45 (1.08-1.94) 1.2x10-2 

16 G C      C A A 0.504/0.630 0.62 (0.47-0.82) 6.4x10-4 0.56 (0.43-0.73) 1.4x10-5 

17 G C         C A G 0.113/0.138 0.76 (0.51-1.14) 1.8x10-1 0.80 (0.54-1.17) 2.4x10-1 

               

18       G T   C A A 0.176/0.052 6.27 (3.89-10.10) 4.3x10-14 5.76 (3.65-9.09) 5.7x10-14 

19    G T   G G A 0.179/0.051 4.03 (2.54-6.39) 3.0x10-9 4.79 (3.08-7.45) 3.9x10-12 

20    G G  C A A 0.043/0.026 1.39 (0.63-3.06) 4.1x10-1 1.40 (0.66-2.96) 3.8x10-1 

21    G G  G G A 0.000/0.015 0.10 (0.01-1.07) 5.7x10-2 0.15 (0.02-1.45) 1.0x10-1 

22    A G  C A A 0.388/0.589 0.42 (0.31-0.57) 1.3x10-8 0.38 (0.29-0.51) 6.8x10-11 

23    A G  G G A 0.085/0.120 0.53 (0.33-0.86) 9.8x10-3 0.62 (0.39-0.97) 3.6x10-2 

24    G G  C A G 0.021/0.034 0.61 (0.26-1.47) 2.7x10-1 0.62 (0.27-1.43) 2.6x10-1 

25       A G   C A G 0.095/0.103 0.81 (0.51-1.26) 3.5x10-1 0.86 (0.56-1.32) 4.9x10-1 

*Statistical significant combinations in bold. 
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Supplementary Figures 

 

 
Figure S1. Plot of the first two principal components representing the genetic ancestry scores for 

IPF cases and the 1000 Genomes Project (1KGP) individuals. IPF cases are indicated with orange 

circles. AFR, Africans; AMR, admixed Americans; EAS, East Asians; EUR, Europeans; SAS, 

South Asians. 

 

 

 

 

 

 

 

 


