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Abstract

Rationale: Genetic studies of idiopathic pulmonary fibrosis
(IPF) have improved our understanding of this disease, but not
all causal loci have been identified.

Objectives: To identify genes enriched with rare deleterious
variants in IPF and familial pulmonary fibrosis.

Methods: We performed gene burden analysis of whole-exome
data, tested single variants for disease association, conducted
KIF15 (kinesin family member 15) functional studies, and
examined human lung single-cell RNA sequencing data.

Measurements and Main Results: Gene burden analysis of
1,725 cases and 23,509 control subjects identified heterozygous rare
deleterious variants in KIFI5, a kinesin involved in spindle separation
during mitosis, and three telomere-related genes (TERT [telomerase
reverse transcriptase], RTELI [regulator of telomere elongation
helicase 1], and PARN [poly(A)-specific ribonuclease]). KIF15 was
implicated in autosomal-dominant models of rare deleterious variants

(odds ratio [OR], 4.9; 95% confidence interval [CI], 2.7-8.8;
P=2.55X%10"") and rare protein-truncating variants (OR, 7.6; 95%
CIL, 3.3-17.1; P=8.12 X 10" 7). Meta-analyses of the discovery and
replication cohorts, including 2,966 cases and 29,817 control
subjects, confirm the involvement of KIF15 plus the three telomere-
related genes. A common variant within a KIF15 intron
(rs74341405; OR, 1.6; 95% CI, 1.4-1.9; P=5.63 X 10~ ') is
associated with IPF risk, confirming a prior report. Lymphoblastoid
cells from individuals heterozygous for the common variant have
decreased KIF15 and reduced rates of cell growth. Cell proliferation
is dependent on KIF15 in the presence of an inhibitor of Eg5/KIF11,
which has partially redundant function. KIF15 is expressed
specifically in replicating human lung cells and shows diminished
expression in replicating epithelial cells of patients with IPF.

Conclusions: Both rare deleterious variants and common
variants in KIF15 link a nontelomerase pathway of cell
proliferation with IPF susceptibility.
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At a Glance Commentary

Scientific Knowledge on the
Subject: Identification of rare
pathologic variants provides
personalized genetic information for
patients and their family members.
Studies to find these rare variants are
hampered by their low frequencies
and the need for whole-exome
sequencing data and specialized
analytic tools.

What this Study Adds to the field:
In this study, collapsing analysis of
patients with idiopathic pulmonary
fibrosis (IPF) and familial pulmonary
fibrosis from large, international,
multisite cohorts provides evidence of
rare variants in KIF15 (kinesin family
member 15) exceeding genome- and
study-wide significance. A nearby
common variant was previously
implicated in a genome-wide association
study. In vitro studies demonstrate that
the common and rare variants lead to
decreased KIF15 protein expression and
reduced rates of cell proliferation. KIF15
is a kinesin that, together with KIF11, is
involved with spindle separation during
mitosis. Single-cell RNA sequencing of
human lung demonstrates that KIFI5 is
specifically expressed in replicating cells,
with decreased expression in
proliferating epithelial cells from
patients with IPE. These findings
suggest that decreased replicative
reserves, especially in epithelial cells,
underlies genetic susceptibility to IPF.
Evidence of joint effects of rare and
common variants in the same gene,
although rare in medicine, provides a
strong framework of integrated effects
from a telomerase-independent pathway
of cell proliferation to IPF susceptibility.

Idiopathic pulmonary fibrosis (IPF) is the
prototypic fibrotic interstitial lung disease
that affects older adults (1). It is characterized
by unrelenting progression and reduced life
expectancy (2). Antifibrotic medications
decrease the rate of disease progression but
do not stop or reverse the fibrotic process.
Better understanding of the genetic basis of
IPF provides insights into disease
pathogenesis that may lead to more effective
treatments targeting its underlying etiology.

Genome-wide association studies
(GWASs) have reported associations
between a number of different loci and
IPF (3, 4). Of these, the common variant
with the largest effect is the SNP residing
in the MUC5B (mucin 5B, oligomeric
mucus/gel-forming) promoter
(rs35705950). Another SNP located
between KIF15 (kinesin family member
15) and an adjacent gene, TMEM42
(transmembrane protein 42)
(rs78238620), was recently identified (4).
Like other GWAS hits in noncoding
regions, the function of this disease-
associated risk allele is unclear.

Genetic predisposition to pulmonary
fibrosis is strongly supported by families
with multiple individuals affected with
various forms of pulmonary fibrosis,
typically demonstrating an autosomal-
dominant pattern of inheritance and
incomplete penetrance (5). Early studies
identified mutations in the surfactant
genes (SFTPC [surfactant protein C],
SFTPA1/2 [surfactant protein A1/A2]),
but these explain a very small percentage
of familial pulmonary fibrosis (FPF) or
IPF cases. Rare coding, heterozygous,
deleterious variants in telomere-related
genes (TERT [telomerase reverse
transcriptase], TERC [telomerase RNA
component], RTELI [regulator of
telomere elongation helicase 1], and
PARN [poly(A)-specific ribonuclease],
among others) are found in ~25% of
FPF probands and ~10% of sporadic

cases (6, 7). Both rare and common
variants in telomerase (TERT or TERC)
result in telomere shortening and have
been linked to IPF susceptibility in
linkage, candidate gene, genome-wide
association, Mendelian randomization,
and next-generation sequencing studies
(3, 6-10).

By focusing on protein-coding
variants, a more direct link can be made
between variants and their functional
consequences. The contribution of rare
variants to human disease has been
revolutionized by next-generation
sequencing and refined methods for
analyzing these data (11, 12). In this
study, which represents the largest IPF
whole-exome sequencing (WES) study to
date, we identify KIF15 as a novel IPF
gene. This finding is robust, as it is seen
in two different genetic models, exceeds
genome- and study-wide significance,
and is confirmed by the analysis of both
discovery and replication cohorts. A
common variant within a KIFI5 intron
(rs74341405) is associated with IPF risk,
confirming a prior study. We evaluated
the functional consequences of both
common and rare KIF15 risk alleles and
found that both result in decreased
cellular proliferation. KIF15 is
specifically expressed in replicating cells
in the human lung; thus, KIF15 links a
nontelomerase pathway of cell
proliferation with IPF susceptibility.

Methods

More detailed methods are provided in the
online supplement.

Patient Cohorts

The institutional review board at Columbia
University Medical Center (CUMGC;
#AAAS0753 and #AAAAS7495) approved

Data sharing: The position of the DNA and protein variants are described using KIF15 (kinesin family member 15) NM_020242.3 and
NP_064627.1. Accession numbers for whole-genome sequencing data from the Database of Genotypes and Phenotypes are as follows:
phs002692 (portion of discovery cohort), phs001607.v2 (pulmonary fibrosis), phs0001416.v2 (MESA), and phs000974.v4 (Framingham Heart
Study). Accession numbers for the human lung single-cell data are GSE132771 and GSE135893. Data from third parties are available under the
terms of a data-use agreement compliant with ethical and legal requirements.

Correspondence and requests for reprints should be addressed to Christine Kim Garcia, M.D., Ph.D., Division of Pulmonary, Allergy, and Critical Care,
Department of Medicine, Columbia University Medical Center, 630 West 168th Street, New York, NY 10032. E-mail: ckg2116@cumc.columbia.edu.

This article has a related editorial.
This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org.
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Figure 1. Deleterious KIF15 (kinesin family member 15) variants found in patients with familial pulmonary fibrosis and those with idiopathic
pulmonary fibrosis (IPF). (A) Quantile-quantile plot of observed versus expected P values comparing the burden of rare deleterious variants in
protein-coding genes in familial pulmonary fibrosis and IPF cases and control subjects from the discovery cohort. Collapsing analysis of 1,725
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this study. Patients collected by the
University of Texas Southwestern
(2003-2020), CUMC (2019-2020), Imperial
College London (2009-2019), Duke
University Medical Center (2000-2015), and
the IPF Clinical Research Network
PANTHER-IPF (Evaluating the Effectiveness
of Prednisone, Azathioprine, and
N-acetylcysteine in Patients With IPF; NCT
00650091) and ACE (Anticoagulant
Effectiveness in Idiopathic Pulmonary
Fibrosis; NCT 00957242) clinical trials
(2009-2011; including only those individuals
who consented to participate in both the
parent study and the optional genetic
substudy) constituted the discovery cohort
(see Figure E1 in the online supplement).
Written informed consent was obtained
from all participants. At the time of
recruitment, all subjects carried a diagnosis
of IPF or FPF. Individuals were followed
longitudinally at two of the sites; some
diagnoses changed over time because of the
subjects’ clinical manifestations or because of
revised guidelines (see Table E3). Genomic
DNA was isolated from blood leukocytes.
Cases (n=989) underwent whole-genome
sequencing (WGS) by the Institute for
Genomic Medicine (IGM) at CUMC
according to standard protocols using
Ilumina’s NovaSeq 6000 platform with
150-bp paired-end reads. WES of patients
with IPF from Duke (see Table E1) was
previously performed (6), and the data were
reanalyzed for this study. IGM discovery
cohort control subjects underwent WGS or
WES by the IGM as control subjects, healthy
family members, or individuals participating
in nonpulmonary studies (see Table E2)
using Illumina’s HiSeq 2000, HiSeq 2500,
and NovaSeq 6000.

The replication cohorts were obtained
as WGS data with permission from the
Database of Genotypes and Phenotypes. The
replication cases include an IPF case cohort
(phs001607); the replication control subjects
include participants of MESA (Multi-Ethnic
Study of Atherosclerosis) (phs001416) and
the Framingham Heart Study (phs000974).

Sequence Data Quality Control,
Variant Calling, Ancestral Clustering,
and Collapsing Analysis

Sequence data for cases and control subjects
were processed using the same
bioinformatics pipeline for quality control
and variant calling (see the online
supplement for details specific to the
discovery and replication cohorts). We
performed variant annotation by including
population-based allele frequencies, variant
pathogenicity predictors, and clinical
annotations.

To account for population substructure,
we performed clustering using principal-
component analysis and community
detection methods to determine ancestral
clusters of cases and control subjects. Cluster-
specific site-based pruning was performed for
coverage harmonization between cases and
control subjects to reduce the influence of
coverage differences on the analysis (12).
Extensive sample pruning was performed
(described in the online supplement) to avoid
inclusion of the same individual or related
individuals more than once in any of the
cohorts included in this study.

Gene-based rare-variant collapsing
was performed to find genes with
differences in the proportion of cases
versus control subjects in the discovery
cohort that carry at least one qualifying
variant (QV) in the gene. We used three
different autosomal-dominant models to
evaluate gene burden analysis of QVs: 1) a
rare deleterious (ensemble) model, 2) a
rare protein-truncating variant (PTV)
model, and 3) a rare synonymous model as
a negative control. Each gene was tested for
an association between QV status and the
pulmonary fibrosis phenotype using the
exact two-sided Cochran-Mantel-Haenszel
test. Genomic inflation was assessed by
means of a quantile-quantile plot for each
genetic model. Meta-analysis of the
collapsing analyses from the discovery and
replication cohorts was performed using
the Cochran-Mantel-Haenszel test across
all ancestry-matched clusters in both

cohorts (see the online supplement for
details).

Single-Variant Association Study
To confirm the contributions of common
variants to risk of IPF, we performed a
targeted single-variant association study in
the genetic region surrounding KIF15. We
included analyses of WGS data from
discovery and replication cohorts to identify
significant single variants, both rare and
common, associated with IPF. We focused
on the 1.1 MB region of chromosome 3
surrounding KIF15 spanning
3:44,303,435-45,394,208.

Variant selected for inclusion met the
following criteria: 1) single nonmultiallelic
variants, 2) variants called by both discovery
and replication data sets, 3) variants that
passed NHLBI Trans-Omics for Precision
Medicine (TOPMed) Freeze 8 hard filters
(support vector machine quality filter, excess
heterozygosity filter if Hardy-Weinberg
disequilibrium P < 1 X 10~%, and Mendelian
discordance filter), and 4) P>1 X 10" on
Hardy-Weinberg equilibrium score test after
correcting for population structure. A total of
7,205 single variants met inclusion criteria
and were analyzed.

We used principal-component analysis
to adjust for population substructure and
performed an association study of IPF
susceptibility for discovery and replication
cohorts separately. Meta-analysis was
performed by combining discovery and
replication analyses using a fixed-effect,
inverse variance-weighted analysis (see the
online supplement for details).

Cell Lines

Lymphocytes were isolated from blood
drawn in acid citrate dextrose tubes

using lymphocyte separation medium

(MP Biomedicals). Epstein-Barr
virus—transformed lymphoblastoid cell
lines (LCLs) were established by incubating
~1 X 10° lymphocytes, either freshly
isolated or previously stored in liquid
nitrogen, with Epstein-Barr virus

Figure 1. (Continued). cases and 23,509 matched control subjects identifies study-wide significant enrichment of rare deleterious variants in
TERT, PARN, RTEL1, and KIF15 using a model of autosomal-dominant inheritance (left). The distribution of observed P values for each gene
was compared with the distribution of expected P values (see MetHobs for more details). Analysis of models analyzing rare PTVs (center) and
rare synonymous variants (right) is also shown. (B and C) Distribution and frequency of rare deleterious variants found in cases (red) and
control subjects (gray) from the discovery (B) and replication (C) cohorts. The variants distribute across the full length of the cDNA and predict
alterations that affect the motor domain, the coiled-coil region, and the Ki67 interaction domain of the protein. The allele frequencies are displayed
on a logarithmic scale. Details regarding individual deleterious variants are shown in Table E5. cDNA = complementary DNA; PARN = poly(A)-specific
ribonuclease; PTV = protein-truncating variant; RTEL 1= regulator of telomere elongation helicase 1; TERT = telomerase reverse transcriptase.
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Figure 2. Clinical characterization of individuals from the discovery cohort with deleterious KIF15 (kinesin family member 15) variants.

(A) Abridged pedigrees of eight kindreds with familial pulmonary fibrosis and deleterious rare variants in KIF15. Each complementary DNA
variant and predicted amino acid change is listed above the family. Individuals with pulmonary fibrosis or lung disease not otherwise specified
are indicated by red and blue symbols, respectively. Open symbols represent individuals with no self-reported lung disease. Arrows indicate
probands. Numbers in parentheses indicate individuals for whom no DNA samples were available. The presence of the rare variant is indicated
by the plus sign. Age (in years) at the time of blood draw or death is indicated to the upper right of each symbol. Two kindreds were found to
have the same loss-of-function variant (c.94C>T) predicting a substitution of arginine at amino acid 32 with a stop codon. There is no known or
cryptic relatedness between these two probands. (B) Coronal and axial computed tomography imaging of the chest from a patient with IPF (left,
proband with p.Ser180fs variant) and unclassifiable pulmonary fibrosis (right, sister of proband with ¢.362-1g>a variant). (C) Telomere length of
individuals as measured by quantitative PCR assay. Individuals without a rare deleterious variant (n=2805) are compared with those with rare
deleterious variants in TERT (n=60), RTEL1 (n=18), PARN (n=14), any one of six telomere-related genes (TERT, RTEL1, PARN, and TINF2
[n=1]; DKC1[n=2]; and NAF1 [n=4]), KIF15 (n=10), and the surfactant genes (SFTPC [n=7] and SFTPA2 [n=1]). Analysis was performed
using the Kruskal-Wallis rank sum test; **P<0.005 and ***P<0.0001. B = bilateral; DKC1 = dyskerin pseudouridine synthase 1; IPF = idiopathic
pulmonary fibrosis; NAF1=nuclear assembly factor 1 ribonucleoprotein; n.s. = not significant; PARN = poly(A)-specific ribonuclease;

Pulm. = pulmonary; RTEL 1= regulator of telomere elongation helicase 1; QV = qualifying variant; SFTPA2 = surfactant protein A2; s/p = status
post; TERT=telomerase reverse transcriptase; TINF2=TERF1 interacting nuclear factor 2.
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Figure 3. KIF15 (kinesin family member 15) common variant association with IPF. (A) Region plot of an IPF association signal near KIF15 from the
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(American Type Culture Collection) and
the mitogen phytohemagglutinin (Sigma-
Aldrich). The cell lines were cultured in
RPMI 1640 supplemented with 15% fetal
bovine serum (FBS), 25 mM N-2-
hydroxyethylpiperazine-N -ethane sulfonic
acid (HEPES), 2 mM L-glutamine, 1 mM
pyruvate, penicillin (100 U/ml), and
streptomycin (100 pg/ml) and expanded to
a suspension culture volume of at least 50
ml before storage and use.

Hapl cells deficient in KIF15
(HZGHC002439c010) and wild-type control
cells (C631) were obtained from Horizon
Discovery and cultured by serial passage
according to the manufacturer’s protocol in
Iscove’s modified Dulbecco’s medium
(IMDM) (Thermo Fisher Scientific) with
10% FBS, penicillin (100 U/ml), and
streptomycin (100 pg/ml). Flow cytometry
using propidium jodine-stained cells was
used to isolate diploid cells, which were used
for all subsequent experiments.

Crystal Violet Assay

Hap1 cells (3 X 10°) were plated in 2 ml
IMDM plus 10% FBS per well of a six-well
plate on Day 0. On Day 1, cells were
transfected with either mock plasmid or a
plasmid expressing KIF15 (3 ug) using
TurboFectin 8 (OriGene) (6 ul) in 250 pl
Opti-MEM (Thermo Fisher Scientific)
media. After 7 hours, either vehicle
(DMSO) or 2 nM Arry-520 trifluoroacetate
(catalog #4676; TOCIRS Bioscience) was
added to each well, and cells were stained
with crystal violet 48 hours later.

Proliferation Assays

Aliquots of LCL cells (2 X 10°) in 2 ml media
were plated per well of a 12-well culture plate
on Day 0. At each time point, triplicate
aliquots were removed, and the number of
viable cells was determined using trypan blue

exclusion. To determine cell proliferation by
carboxyfluorescein succinimidyl ester
(CFSE), 5 X 10 cells were cultured in 5 ml
RPMI medium overnight. Thymidine was
added to a final concentration of 2 mM, and
cells were incubated for 18 hours at 37°C,
then washed with Dulbecco’s phosphate-
buffered saline and released in fresh medium
for 9 hours before incubating the cells with 2
nM thymidine for 18 hours. Cells were
stained with 5 pM CFSE (CellTrace CFSE
Cell Proliferation Kit, catalog #C34554;
Invitrogen) in warm Dulbecco’s phosphate-
buffered saline for 7 minutes at 37°C, washed
twice with warm medium, incubated for 1
and 72 hours in complete medium, and
sorted by flow cytometry (LSRFortessa Flow
Cytometer; BD Biosciences).

Aliquots of Hapl1 cells (4 X 10°) were
plated per well of a 96-well microtiter plate
in 200 pl IMDM plus 10% FBS. A
transfection mix including either a mock
plasmid or a plasmid expressing KIF15
(0.3 pg) and TurboFectin 8 (0.6 pl) in 9 pl
Opti-MEM media was added to each well.
After 7 hours, either vehicle (DMSO) or
the Eg5 inhibitor Arry-520 trifluoroacetate
was added to each well. Cell proliferation
was measured by adding 20 pl 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium (MTS) reagent (Abcam) to each
well at the indicated time point, including
blank wells containing media alone. After
incubation at 37°C for 2 hours, optical
absorbance was determined using a plate
reader (BioTek) at 490 nm. Data were
plotted either as fold change in MTS
activity or percentage MTS activity.

Cell Cycle Assay

Hapl cells (3 X 10°) were plated in 2 ml
IMDM plus 10% FBS in six-well plates on
Day 0. On Day 1, cells were incubated in

medium containing vehicle (DMSO) or
Arry-520 trifluoroacetate for 2 hours,
followed by a 2-hour 5-ethynyl-2'-
deoxyuridine (EdU) pulse labeling
(Click-iT EdU flow cytometry assay Kkit;
Thermo Fisher Scientific). Cells were
labeled with DAPI, and the proliferating
cells that had incorporated EAU were
visualized per the manufacturer’s
protocol and flow sorted using a
LSRFortessa Flow Cytometer. Data were
analyzed using FCS 7 Express software
(De Novo Software). When cells were
transfected with either mock plasmid or a
plasmid expressing KIF15 on Day 1, the
treatment with vehicle or Arry-520
trifluoroacetate and the EAU/DAPI
labeling was performed on Day 2.

Human Lung Single-Cell RNA
Sequencing Analysis

Publicly available single-cell RNA
sequencing data sets in Gene Expression
Omnibus of human lung cells derived
from fibrotic and control lung tissue were
used for analysis (GSE132771 and
GSE135893). For the data set derived from
GSE135893, analysis was performed using
cell-type designations assumed from the
primary report. Unsupervised clustering
and analysis of independent data from
GSE132771 was performed to identify a
distinct lung cell cluster with coexpression
of KIF15 with KIF11, KIF14, and cell-
division genes. Specific KIF15 expression
from proliferating epithelial cells,
macrophages, and lymphocytes was
compared among control subjects and
those with IPF, chronic hypersensitivity
pneumonitis, and nonspecific interstitial
pneumonitis. Cell-type proportion of
proliferating cell types was compared
between diseased and control subjects (see
the online supplement).

Figure 3. (Continued). The sentinel SNP identified by this study (rs74341405) is indicated by the blue box; the sentinel SNP previously linked to
IPF (rs78238620) is indicated by the red box. The boundary of KIF15 is indicated by the arrow (hg38 coordinates 3:44,803,209-44,894,753 on
the basis of the canonical KIF15 transcript, ENSTO0000326047). (C) Representative immunoblot (left) and analysis (right) of KIF15 expression in
lymphoblastoid cell lines (LCLs) derived from control subjects who do not have the risk KIF15 common variant (rs78238620) (wild type [WT]),
as well as those heterozygous (HET) or homozygous (HZ) for the KIF15 common variant. (D) Cell proliferation of LCLs derived from control
subjects who are WT, HET, and HZ for the KIF15 rs7823860 as determined by counting cells over 5 days. (E) Proliferation of LCLs derived from
control subjects who are WT, HET, and HZ for the KIF15rs7823860 as measured by in vitro labeling of cells using CFSE dye dilution and flow
cytometry. CFSE = carboxyfluorescein succinimidyl ester; CDCP1=CUB domain containing protein 1; chr3 =chromosome 3; CLEC3B= C-type
lectin domain family 3 member B; EXOSC7 = exosome component 7; FITC = fluorescein isothiocyanate; IPF = idiopathic pulmonary fibrosis;
KIAA1143=uncharacterized protein KIAA1143; LARS2=leucyl-TRNA synthetase 2, mitochondrial; MIR564 = microRNA 564; SSC = side scatter;
TCAIM=T cell activation inhibitor, mitochondrial; TGM4 =transglutaminase 4; TMEM =transmembrane protein; TOPAZ1=testis and ovary
specific TOPAZ 1; ZDHHC3= zinc finger DHHC-type palmitoyltransferase 3; ZKSCAN7 = zinc finger with KRAB and SCAN domains 7; ZNF=zinc

finger protein.
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Figure 4. Cellular proliferation impaired in Hap1 cells lacking KIF15 (kinesin family member 15). (A) Immunoblot analysis of Hap1 wild-type (WT) and
KIF15 knockout (KO) cell lines. The Hap1 KO cell line was transiently transfected with a plasmid expressing either the KIF15 WT cDNA or the KIF15
cDNA harboring a rare stop variant (c.94C>T; p.Arg32*) and analyzed 48 hours after transfection. Actin is shown as a loading control. (B) Crystal
violet staining of Hap1 WT or KO cells transiently transfected with the indicated plasmids (mock, KIF15 WT, or KIF15 p.Arg32*) and grown in the
presence of vehicle or 2 nM Arry-520. (C) Growth of Hap1 cells transiently transfected with the indicated plasmids and grown in the presence of

1 nM Arry-520 as determined by the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) cell proliferation
assay. (D) Growth of Hap1 cells transiently transfected with the indicated plasmids (mock, KIF15 WT, or KIF15 p.Arg32*) in the presence of vehicle
(DMSO) or Arry-520 at the indicated concentrations, as measured on Day 3 by the MTS assay. Data of triplicates are shown as mean = SD.
Comparison of all data except those at 3 nM Arry-520 was made using ordinary one-way ANOVA with multiple-comparison testing. (E) Cell cycle
analysis of cells treated with vehicle (DMSO) or Arry-520 at the indicated concentration. Quantification of 5-ethynyl-2'-deoxyuridine (Alexa Fluor
allophycocyanin fluorescence) on the y-axis and DNA content (DAPI) on x-axis, which allows resolution of G1, S, and G2/M cell cycle phases.
Comparison of the percentage of G1 and G2/M cells was made by two-way ANOVA with multiple-comparison testing. (F) Cell cycle analysis of cells
transiently transfected with the indicated plasmids (mock, KIF15 WT, or KIF15 p.Arg32*), treated with 1 nM Arry-520, and analyzed for cell cycle
phases as described in (E). Comparison of the percentage of G1 and G2/M cells was made by two-way ANOVA with multiple comparison testing.

*P<0.05, **P<0.005, and ***P<0.0001. cDNA = complementary DNA; n.s. = not significant.

(n=251) (see Table E1 and Figure E1).
Given the population-based frequency of
these diseases (13, 14), we expected that
dominant alleles of large effect would be
rare, with a population-based allele
frequency of less than 0.001. To enrich for

Results

Collapsing Analysis

WGS was performed on genomic DNA
samples from patients with FPF or sporadic
IPF (n=1,518) and analyzed with WES data

variants likely to be deleterious, we
identified those predicted to be protein
truncating (premature termination, splice
site, and frameshift) or to cause a deleterious
missense change as assessed using in silico
tools. After sample-level pruning, ancestry
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Figure 5. KIF15 (kinesin family member 15) expression in human lung. (A) Human lung single-cell RNA sequencing data UMAP plot with
annotated cell types (40). (B and C) KIF15 is specifically expressed in replicating epithelial cells, T cells, and macrophages (B) and is
coexpressed with several genes, including KIF11 (encoding Eg5), and other cell cycle genes (C). (D) Relative expression of KIF15in
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matching (see Figure E2 and Table E3), and
sequence coverage harmonization, we
performed collapsing analysis of cases
(n=1,769; n= 1,725 after pruning) and
control subjects (n =26,714; n = 23,509 after
pruning) (see Table E2). As expected from
prior studies (6, 7, 15, 16), we find
significant enrichment of rare deleterious
variants in three telomere-related genes,
TERT, PARN, and RTELI (Figure 1A), using
an autosomal-dominant model. In addition,
we make the novel observation of an excess
number of rare deleterious KIF15 variants
(odds ratio [OR], 4.9; 95% confidence
interval [CI], 2.7-8.8; P=2.55 X 10"")
(Table 1). A separate model of rare PTVs
(representing a subset of deleterious
variants) demonstrates the novel
observation of study-wide enrichment of
KIF15 alleles (OR, 7.6; 95% CI, 3.3-17.1;
P=8.12X10"7), as well as PARN and
RTELI alleles. There was no enrichment of
genes using a rare synonymous model
(Figure 1A).

After sample-level pruning and ancestry
matching (see Figure E3), we performed
collapsing analysis of WGS data from
independent IPF (n = 1,241 after pruning)
and control (n = 6,308 after pruning) cohorts
obtained from the Database of Genotypes
and Phenotypes (see Table E1). Rare
deleterious and PTVs in KIF15 were
enriched in cases, to a lesser degree than
TERT, RTEL1, and PARN variants (Table 1
and Figure E4). We observe a trend in
enrichment of rare KIF15 variants in the
replication cohort for both the deleterious
and PTV models (ORs, 6.8 [95% CI,
1.8-28.0], and 9.4 [95% CI, 1.4-83.3],
respectively) in the same direction as the
discovery cohort. Meta-analysis across both
discovery and replication cohorts, including
a total of 2,966 cases and 29,817 control
subjects, implicates four genes: KIF15 plus
TERT, PARN, and RTELI (Table 1). No
other genes exceeded study-wide significance
in the meta-analysis (see Table E4), although
two genes, SFTPC (surfactant protein C) and
NAFI (nuclear assembly factor 1

ribonucleoprotein), have been linked
previously to FPF (17, 18).

In the autosomal-dominant model,
qualifying rare KIF15 PTVs and deleterious
missense alleles span the length of the
protein, disrupting the N-terminal motor
domain and the C-terminal coiled-coil
region (Figures 1B and 1C and Table E5).
We find that some unrelated affected cases
share the same rare loss-of-function variant
(p-Arg32”, ¢.362-1g>a splice acceptor,
p.Glul174fs, and p.Glu1314*), even though
there is no known or detectable
interrelatedness between them. In the
discovery and replication cohorts, there are
8.3- and 12.7-fold, respectively, more PTVs
in cases than control subjects (Figure 1B
and Table E7) as well as 3.1- and 3.0-fold,
respectively, more deleterious missense
alleles in cases than control subjects.
Familial cases have a higher prevalence of
rare deleterious variants (1.9%) and PTVs
(1.6%) in KIF15 than those with sporadic
disease (0.90% and 0.30%, respectively)

(see Table E8).

Most individuals with rare
deleterious KIF15 variants from the
discovery cohort are male, are former
smokers, and carry a diagnosis of IPF (see
Table E9). FPF pedigrees are notable for a
high frequency of twinning, with a twin
birth rate of 10.9% (7 twin births per 64
births) (Figure 2A). Within these
kindreds, female subjects are more likely
to carry a diagnosis of unclassifiable
pulmonary fibrosis and to have less severe
disease (Figure 2B). Patients carrying rare
deleterious alleles do not have evidence of
telomere shortening (Figure 2C). One of
29 cases heterozygous for a rare
deleterious KIF15 variant was also found
to carry a rare variant in TERT (see Table
E5), suggesting possible oligogenic
contributions.

Common Variant Association

An IPF GWAS previously reported the
association of a SNP (rs78238620) residing
between KIF15 and TMEM42

(transmembrane protein 42) (4). We verify
that this SNP and 34 linked SNPs (R* > 0.5)
are overrepresented in IPF cases from the
discovery and replication cohorts with an OR
of more than 1.4 (Figure 3A and Table E10).
The SNP with the most significant
association, rs74341405 (OR, 1.6; 95% CI,
14-1.9; P=563 X 10~ '), is located within
a KIF15 intron, has an allele frequency of
6.2-6.9% in cases and 4.0-4.1% in control
subjects, and is in linkage disequilibrium
with the previously reported sentinel SNP
(Figures 3B and E6). The effects of the rare
and common variants appear to be
independent of each other (see Figures E7
and E8) in the discovery and replication
cohorts.

KIF15 Expression and Cellular
Replication
Analysis of Genotype-Tissue Expression data
did not indicate a high likelihood that the
SNPs linked to IPF risk affect expression of
KIF15 or the adjacent genes in the lung,
although analysis of brain showed
colocalization (see Figures E9 and E10) (4).
To test for an association of the SNPs with
KIF15 protein expression, we generated
LCLs from control subjects who have no
lung disease but who carry the KIF15 SNP
rs78238620. These LCLs show reduced
amounts of KIF15 protein (Figure 3C) and
reduced rates of cell proliferation (Figure 3D)
compared with control subjects. Of nine
attempts to derive LCLs from individuals
with KIF15 rare PTVs, none was successful.
We obtained Hapl cells deficient in
KIF15 and confirmed absence of the protein
by immunoblot analysis (Figure 4A).
Consistent with the partially redundant
function of KIF15 and Eg5 (kinesin-5,
KIF11), cell proliferation of the knockout
Hapl cells was sensitive to an Eg5 inhibitor,
Arry-520, and was restored after transfection
with the wild-type KIF15 complementary
DNA (cDNA) but not the KIF15 cDNA
encoding a premature stop codon p.Arg32*
(Figures 4B-4D). Eg5 inhibitor—treated cells
deficient in KIF15 exhibited a block in

Figure 5. (Continued). proliferating epithelial cells, proliferating macrophages, and proliferating T cells from control samples or samples from
patients with IPF, CHP, or NSIP. (E) Relative proportion of each cell type by patient diagnosis. AT1=type | alveolar cells; AT2 =type Il alveolar
cells; CCNA2=cyclin A2; cDC = classical dendritic cell; CDC20= cell division cycle 20; CDCA8= cell division cycle associated 8;
CENPA = centromere protein A; CENPF = centromere protein F; CHP = chronic hypersensitivity pneumonitis; Diff. = differentiated;
HAS1=hyaluronan synthase 1; HP = hypersensitivity pneumonitis; IPF = idiopathic pulmonary fibrosis; KRT = keratin; Lymph. = lymphatic;
Mast = Mast cells; MUC5AC =mucin 5AC, oligomeric mucus/gel-forming; MUC5B = mucin 5B, oligomeric mucus/gel-forming; NK = natural killer;
NSIP = nonspecific interstitial pneumonitis; pDC = plasmacytoid dendritic cell; PLIN2= perilipin 2; SCGB = secretoglobin family; TOP2A=DNA
topoisomerase Il a; UMAP = uniform manifold approximation and projection.
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mitosis with an accumulation of cells in
G2/M and a reduction of cells in G1

(Figures 4E and 4F). This mitotic block was
alleviated after transfection of wild-type
KIF15 cDNA but not the mutant KIF15 with
the premature stop.

Analysis of human lung single-cell
RNA sequencing data revealed that KIF15
is expressed specifically in replicating
epithelial cells, macrophages, and T cells
(Figures 5A-5C and E11) and is
coexpressed with other kinesins (KIF11
and KIF14), DNA topoisomerase
(TOP2A), cyclin A (CCNA2), and proteins
required for mitotic spindle stability
(CDCAS [cell division cycle associated 8])
or chromosomal segregation (CDC20,
CENPF [centromere protein F] and
CENPA [centromere protein A]). Patients
with IPF and chronic hypersensitivity
pneumonitis (another subtype of
pulmonary fibrosis) express less KIF15
in proliferating epithelial cells, despite
abundant representation of this cell
type in diseased lung tissue (Figures 5D
and 5E).

Discussion

KIF15 (Hklp2, kinesin-12) is a
microtubule-associated kinesin first
identified by its interaction with the cell
proliferation marker Ki-67 in a yeast two-
hybrid screen (19). Both KIF15 and Eg5/
KIF11 are capable of sliding microtubules
apart, promoting spindle elongation, and
ensuring segregation of chromatids
during mitosis (20, 21). However, each of
the chromosomal kinesins has
nonredundant functions, which include
distinct spatial and temporal interactions
with the mitotic spindle apparatus (22)
and different mechanical
force-generating behaviors (23). Of the
known chromokinesins, KIF15 has the
longest coiled-coil domain that extends
into a C-terminal leucine zipper, which is
essential for dimerization (24).

Both qualifying rare and common
genetic variants in KIF15 lead to decreased
protein expression and reduced cell
proliferation. Our analyses indicate that
KIF15 is expressed specifically by
replicating cells in the lung that coexpress
other cell cycle genes. Proliferating
epithelial cells isolated from patients with
two subtypes of fibrotic interstitial lung
disease appear to have reduced KIF15

expression. Data from this study and
others demonstrate the direct relationship
between KIF15 protein expression and cell
proliferation. Increased KIF15 leads to
increased proliferation and, in cancer, is a
poor prognostic marker (25, 26), whereas
reduction of KIF15 activity leads to
reduced proliferation (27-29).

Male individuals heterozygous for rare
deleterious KIF15 alleles develop IPF,
whereas female individuals appear to have
less severe disease and atypical radiographic
features, at least in familial kindreds. The
pedigrees are notable for the relatively high
prevalence of fraternal twinning, which has
not been observed in other FPF kindreds.
Observations regarding twinning and sex-
specific differences in severity are based on
observations of a few kindreds and may not
be generalizable to the entire cohort. Future
studies will be needed to define the sex- and
age-adjusted penetrance of disease, although
the frequency of rare qualified variants in
control populations suggests that there
will be incomplete penetrance, similar
to surfactant- and telomere-related FPF
(15, 30).

The collapsing analysis approach
used in this study has a number of
limitations, including the need for large
sample sizes. We note that the discovery
cohort, but not the replication cohort,
surpassed study-wide significance, even
though the meta-analysis of both cohorts
demonstrated increased ORs and more
significant enrichment of KIF15 variants
than the discovery cohort alone.
Differences in cohort size and
composition, especially regarding family
history, may have led to reduced power of
the replication cohort to detect the rare
variant associations. There was not
sufficient power to address whether KIF15
QVs are enriched in sex- or ancestry-
defined subgroups of each cohort.
Another limitation includes the potential
overlap of cases included in this study and
one that previously identified common
variants near KIF15 (4), leading to
redundant findings.

We cannot rule out the possibility that
the common variants are affecting
expression of another gene, although the
most parsimonious explanation suggests
that they affect KIF15 expression, given the
position of the top SNPs overlapping the
KIF15 gene boundary, their linkage
disequilibrium, the Genotype-Tissue
Expression colocalization studies, the
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lymphoblastoid immunoblot data, and the
discovery of loss-of-function rare variants
that directly affect KIF15 protein
concentrations. In addition, we
acknowledge that despite finding KIF15
expression restriction to replicating cells in
two independent single-cell data sets,
accurate quantification of its expression
may be limited by cell sparsity, cell cycle
phase, and heterogeneous effects from
different cell types. Analyses of KIF15
function in replicating lung cells will be
needed, as the human lymphoblastoid and
Hap1 cells were used to interrogate specific
phenotypes relevant to cell proliferation
and mitosis.

Postnatal type II alveolar cells have
the ability to self-renew and differentiate
into epithelial type 1 cells (31), thus
restoring the expansive alveolar surface
area needed to support gas exchange after
injury (32). Type II alveolar cells from
patients with IPF demonstrate reduced
capacity to proliferate (33), impaired
differentiation into type I alveolar cells
(34), and persistence of an intermediate
transitional state expressing DNA damage
response genes and markers of cellular
senescence (35). A relative decrease of
KIF15 expression in proliferating lung
epithelial cells in IPF and chronic
hypersensitivity pneumonitis suggests a
biologic mechanism for this decreased
proliferative capacity. KIF15 deficiency, in
the setting of impaired Eg5 function, leads
to a block in mitosis through its
maintenance of the bipolar spindle
assembly (21, 36). The recent association
between single variants in two spindle
assembly genes, MADILI (mitotic arrest
deficient 1 like 1) and SPDLI (spindle
apparatus coiled-coil protein 1) (4, 37),
and IPF provides collateral evidence of
impaired mitosis underpinning IPF
susceptibility.

Conclusions

There are a number of parallels between
KIF15- and telomerase-related pulmonary
fibrosis. Rare and common variants in
telomerase (TERT and TERC) result in
telomere shortening and have been linked
to IPF susceptibility. Both rare and
common variants in KIF15 increase IPF
susceptibility. Rare variants are
exceedingly rare and include PTVs or
missense variants predicted to impair
protein function. Common variants lead
to decreased gene expression. Patients

67



with heterozygous rare variants present
after the fifth decade of life, whereas
homozygous rare variants lead to
pediatric presentations (38, 39). All genes
function to maintain chromosomal
integrity during mitosis and are necessary
for robust cell division. Thus, the
convergence of rare and common KIF15
variants underscores the relevance of this

nontelomere pathway of impaired cell
proliferation in IPF.
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