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Abstract

Idiopathic pulmonary fibrosis (IPF), a fatal disease that is a result of
complex interactions between genetics and the environment, has
limited treatment options. We have identified theMUC5B promoter
polymorphism and other common genetic variants that in
aggregate explain roughly one-third of disease risk. The
MUC5B promoter polymorphism is the strongest and the most
replicated genetic risk factor for IPF, appears to be protective and
predictive in this disease, and is likely involved in disease
pathogenesis through an increase in MUC5B expression in

terminal bronchi and honeycombed cysts. Expression of MUC5B is
also highly correlated with expression of cilium genes in IPF lung.
Our work suggests that mucociliary dysfunction in the distal
airway may play a role in the development of progressive
fibroproliferative lung disease. In addition, our work has
important implications for secondary prevention, early
detection, and future early and personalized treatment based on
genetic profiles.
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Idiopathic pulmonary fibrosis (IPF) is
characterized by progressive scarring of
the pulmonary parenchyma that leads to
progressive loss of lung function with
dyspnea and hypoxemia, and ultimately
respiratory failure and death. The
prevalence of IPF is currently estimated at
63 individuals in 100,000 in the United
States (1), the median survival is 3 years,
and only limited treatment options exist (2,
3). IPF increases in prevalence with age (1)
and as our population ages, IPF will affect
a larger proportion of individuals. Disease
prevalence is highly dependent on the
racial/ethnic background of the individual;
whites appear to be at higher risk of
developing IPF than Hispanics and Asians,
and this disease is rare in populations of
African descent (1).

It is currently believed that IPF results
from aberrant activation of injured alveolar
epithelial cells, which produce mediators

that lead to proliferation of resident
fibroblasts, fibrocyte recruitment, and
epithelial–mesenchymal transition
(EMT) resulting in the formation of
myofibroblastic foci, followed by
accumulation of extracellular matrix
(ECM), dysregulated wound repair, and
lung remodeling (4). Fibroblasts from
these sources are thought to be the key cell
type in the disease pathophysiology (4);
however, the extensive work that has been
performed on fibroblast biology has not
resulted in many promising therapeutic
strategies so far. It is becoming
increasingly clear that the disease process
underlying the IPF phenotype is
heterogeneous and many different
molecular processes may be involved. In
addition to EMT (5–7), other potential
processes include growth factor regulation
(8), apoptosis (9, 10), oxidative stress (11),
endoplasmic reticulum (ER) stress (12,

13), cellular senescence associated with
aging/telomere shortening (14–16),
epithelial stem cell exhaustion (17),
intraalveolar coagulation (18), and
aberrant recapitulation of developmental
pathways (19).

Genetic Basis of
Pulmonary Fibrosis

IPF is likely the result of complex
interactions between genetic and
environmental factors, such as cigarette
smoke (20, 21). Evidence of the genetic
basis for pulmonary fibrosis is substantial;
familial aggregation has been confirmed
through a variety of studies in twins,
siblings raised apart, and multigenerational
families (22, 23). Pulmonary fibrosis is
associated with mutations in surfactant
protein C (24–26), surfactant protein A2
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(27), and in genes that maintain telomere
length (14, 28–31).

Beginning with a genome-wide linkage
screen in 82 families with IPF, our group
identified a 3.4-Mb region of chromosome
11p15 that was associated with the presence
of the disease. To narrow the genomic
interval to the gene(s) that harbor genetic
variants associated with disease, we
performed fine mapping using association
analysis in 492 subjects with IPF and 322
control subjects. This led to the discovery of
a common variant in the promoter region
of MUC5B (allelic frequency of 33.8% of
familial idiopathic interstitial pneumonia
[FIP] case subjects, 37.5% of IPF case
subjects, and 9.1% of control subjects)
that has a profound effect on the risk of
developing either familial or sporadic forms
of idiopathic interstitial pneumonia (IIP)
(32). Odds ratios for disease in subjects
heterozygous (GT) and homozygous (TT) for
the minor allele of thisMUC5B polymorphism
(rs35705950) were 6.8 (95% confidence
interval [CI], 3.9–12.0) and 20.8 (95% CI,
3.8–113.7) for FIP (P= 1.23 10215), and 9.0
(95% CI, 6.2–13.1) and 21.8 (95% CI, 5.1–93.5)
for IPF (P = 2.53 10237) in the original
study. This finding has been validated in
seven independent non-Hispanic white
(NHW) cohorts (33–39), and this promoter
polymorphism remains the strongest
risk factor (genetic and otherwise) for
pulmonary fibrosis.

The association of the MUC5B
promoter polymorphism appears to be
specific to pulmonary fibrosis; we have not
detected significant associations with other
lung diseases, specifically systemic sclerosis
interstitial lung disease (37, 40), asbestosis,
sarcoidosis, acute lung injury/acute
respiratory distress syndrome, chronic
obstructive pulmonary disease, and asthma
(our unpublished data). The relationship
of the MUC5B promoter single-nucleotide
polymorphism (SNP) and cough and
mucus production has been investigated,
and patients with IPF with the rs35705950
allele are more likely to have cough-related
symptomatology (41).

Analogous to disease prevalence, the
association of the MUC5B promoter
polymorphism depends greatly on racial/
ethnic background. In addition to being the
strongest genetic risk factor for pulmonary
fibrosis among NHW patients, this SNP is
also a strong genetic risk factor for Mexican
patients with IPF (odds ratio, 7.36; P =
0.0001) (42). Similar to the findings from

the 1000 Genomes Project (43), we found
that the MUC5B promoter SNP is rare
among Korean case subjects with IPF (42)
and was absent in nondiseased Korean
control subjects. Other studies showed
a slightly higher prevalence of the SNP among
Japanese case subjects with IPF (3.4%)
compared with healthy Japanese subjects
(0.8%) (39) as well as Chinese case subjects
with IPF (3.3%) compared with control
subjects (0.7%) (44), extending the risk of the
MUC5B promoter allele to Asian populations.
However, the prevalence of rs35705950 is
clearly higher in both the NHW control
and case populations, suggesting a selective
advantage of the allele. Interestingly, the
MUC5B polymorphism is not present in
African populations, also mirroring the fact
that populations of African descent are rarely
diagnosed with IPF (1).

MUC5B Promoter Polymorphism
and Clinical Outcomes of
Pulmonary Fibrosis

The MUC5B promoter polymorphism
appears to be predictive (45) and
prognostic (46) in IPF. Using the
Framingham Heart Study population, we
have shown that rs35705950 is associated
with interstitial lung abnormalities on chest
computed tomography (CT) scan; for
carriers of the T (minor) allele, we observed
a 2.8-fold increase in the odds of having
interstitial lung abnormalities (95% CI, 2.0–
3.9; P, 0.001) and a 6.3-fold increase in
the odds of having definite CT evidence
of pulmonary fibrosis (95% CI, 3.1–12.7;
P, 0.001) (45), suggesting that the
MUC5B promoter SNP may prove useful to
identify individuals with preclinical forms
of IPF. Moreover, in two independent
cohorts of patients with IPF, we have
demonstrated that the MUC5B promoter
polymorphism is associated with twofold
improved survival (46), suggesting that
the MUC5B genotype (and possibly other
genotypes) may be helpful in identifying
unique clinical phenotypes of this
heterogeneous disease. The survival
differences may be explained by enhanced
host defense, as suggested by our
collaborative work in mice (47) and
humans (48) that suggests that enhanced
mucin production is associated with
improved microbial host defense. Although
these findings may help explain the survival
advantage associated with the MUC5B

promoter variant, these findings also
suggest that enhanced host defense may
positively select for individuals with this
allele and explain the high prevalence of
this allele in NHW populations. Moreover,
the MUC5B promoter variant appears to be
identifying a subtype of IPF that can be
diagnosed earlier and has a more benign
course, further affirming the genotype–
phenotype relationship.

MUC5B Promoter Polymorphism
and Expression of MUC5B in
Pulmonary Fibrosis

rs35705950 is located approximately 3 kb
upstream of the MUC5B transcription start
site in a highly conserved sequence region
that is predicted to be regulatory (49) The
G-to-T transversion was predicted in our
original publication (32) to disrupt an E2F
binding site and create two new binding
sites (HOX9 and PAX2). This area of the
promoter was also demonstrated to bind
NF-kB in airway epithelial cells (50) and
has been more recently shown to bind the
glucocorticoid receptor in dexamethasone-
stimulated A549 cells in ENCODE
(Encyclopedia of DNA Elements) data (51).
Moreover, ENCODE analysis of 125 cell
lines shows the SNP to be in an area
of open chromatin as evidenced by
DNase I hypersensitivity analysis as
well as synthesized results of FAIRE
(Formaldehyde-Assisted Isolation of
Regulatory Elements)-seq and ChIP
(Chromatin Immunoprecipitation)-seq
analyses of chromatin marks. Finally,
ChromHMM analysis (52) of ENCODE
data predicted the SNP to be in the
area of the promoter that is poised for
transcription on stimulation. Collectively,
these observations suggest that the MUC5B
promoter SNP rs35705950 is highly likely
to be regulatory in IPF lung. Consistent
with these observations, we found that the
MUC5B promoter variant is associated with
a 34.1-fold increase in MUC5B expression
in lung tissue among unaffected subjects
(32, 53) and with a 5.3-fold increase among
patients with IPF (53), with patients with
IPF expressing 14.1-fold more MUC5B
than unaffected control subjects (32).
MUC5B immunohistochemical staining
showed dense accumulation of MUC5B
in terminal bronchioles as well as the
pseudostratified bronchial epithelium and
lumen of honeycomb cysts (Figure 1)
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(32, 54), a prominent pathologic lesion in
IPF lung.

We also identified two molecular
subtypes of IPF based on a strong gene
expression signature of cilium-associated
genes (Gene Ontology [GO] category
0005929; Benjamini-corrected P = 3.73
10211) and their structural components
(axoneme, P = 3.93 10211; dynein,
P = 9.43 1027) (55) in IPF lung tissue
(Figure 2). The most significant network
of genes contains cilium genes as well
as transcription factors that regulate
expression of cilium genes (FOXJ1, RFX2,
and RFX3). The cilium gene signature was
associated with the presence of microscopic
honeycombing (P, 0.0001), the pathologic
lesion in the IPF lung in which MUC5B
is overproduced (32, 54), but not with
fibroblastic foci, another characteristic
histological feature of IPF. Importantly, the
signature was validated in multiple lung
specimens from the same subjects and in an
independent cohort of subjects with IPF.
Moreover, the signature is unique to
IPF (not present in chronic obstructive
pulmonary disease) and it contains both
motile and nonmotile primary cilium
genes. MUC5B expression is highly
correlated to expression of cilium genes
(r = 0.76–0.90; P = 6.33 10233–8.43
10245). This is also the case for MMP7
(r = 0.71–0.83; P = 1.13 10225–8.43
10245), an extracellular matrix gene that
has emerged as the main expression
biomarker for IPF (56–58) and was shown
to play a role in attenuating ciliated cell
differentiation during wound repair (59).
A follow-up study to our publication
demonstrated that BPIFB1/LPLUNC1, the
most differentially expressed gene in two
molecular subtypes of IPF, colocalizes with
MUC5B to the bronchiolized epithelium in

the honeycomb cysts in IPF lung (60).
Fifteen cilium genes from the GO category
0005929 also have a small but significant
(P, 0.05) change in expression in the lung
tissue of individuals with IPF who are
polymorphic for the MUC5B promoter
SNP (GT and TT) compared with wild-type
(GG) individuals (our unpublished data).

MUC5B Promoter Polymorphism
and Pathogenesis of Pulmonary
Fibrosis

In the absence of direct evidence from cell or
animal models, we can only speculate on the
role that MUC5B plays in the pathogenesis
of IPF. We believe that at least two distinct
mechanisms fit the current evidence, that
they are not mutually exclusive, and
that they could both contribute to the
pathogenesis of IPF. One possible
mechanism is that MUC5B overexpression
results in chronic mucus hypersecretion and
accumulation in the peripheral airspace,
which in turn impairs mucociliary
transport, results in mucus adhesion in the
bronchoalveolar region, and consequently
induces and potentiates chronic
inflammation and injury (61). Supporting
this, MUC5B accumulates in terminal
bronchioles and areas of microscopic
honeycombing in IPF lung (Figure 1) (32,
54). Given the critical role of the Muc5b
gene in acute microbial host defense in
mice (47), it is feasible that excess mucus
adversely alters host defense response
to chronic, persistent exposure to
microorganisms. These could include
gammaherpesviral infections that have been
associated with IPF (62) or other persistent
infections that have not yet been associated
with IPF (63).

The other distinct possibility is that
MUC5B overexpression results in an
aberrant repair process after injury to the
bronchoalveolar regions of the lung. In this
case, honeycomb cysts in IPF lung would
represent a failed regenerative process after
injury. A body of evidence demonstrates
that various populations of cells in the distal
lung may contribute to fibroproliferation
after injury (64). Using lineage tracing
experiments in mice, Rock and colleagues
showed that airway epithelial cells give rise
to alveolar type I and alveolar type II
epithelial cells in bleomycin-induced
pulmonary fibrosis (65). Another study
demonstrated that distal airway stem cells
proliferate into interbronchial regions of
alveolar ablation after H1N1 infection and
assemble into alveolus-like structures (66).
Finally, it was shown that distinct stem/
progenitor cell pools repopulate injured
tissue depending on the extent of the
injury (67). This study identified a rare,
undifferentiated lineage-negative epithelial
stem/progenitor (LNEP) cell population
that is the major responder in distal lung
after severe damage and whose activation
and differentiation state is modulated by
Notch signaling. Moreover, Notch signaling
promoted the presence of abnormal
parenchymal structures that derive from
LNEPs in mice after H1N1 infection that
resembled honeycomb cysts in human IPF
lung.

The cilium gene expression signature
we identified contains both motile and
primary cilium genes (55). It is feasible that
aberrant expression of cilium genes in the
multiciliated cells in distal airways and
terminal bronchioles and/or primary cilium
genes in any of the cells in the distal lung
may play a role in the pathogenesis of IPF.
A role for cilium gene expression and

Figure 1. Immunohistochemical staining for MUC5B protein (brown) in cystic structures in idiopathic pulmonary fibrosis (IPF) lung. Left: An area of IPF lung
tissue containing histologically normal airway and honeycomb cysts.Middle and right: Honeycomb cysts, exclusively. In all three panels, honeycomb cysts
are filled with mucus. Tissue was counterstained with hematoxylin.
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function in multiciliated airway epithelial
cells in the distal airways and bronchioles
would be consistent with the idea
that accumulation of mucus in the
bronchoalveolar region induces and
potentiates chronic inflammation and
injury. On the other hand, developmental
pathways have been shown to signal in the
primary cilium (68), and their aberrant
recapitulation is prominent in IPF lung
(19). It has been shown that primary
ciliogenesis precedes motile cilia during

development and that primary cilia are
transiently present in adult mouse airway
during repair after respiratory virus injury
(69). A role for primary cilia in the
pathogenesis of IPF would be consistent
with the aberrant repair process after injury
to the bronchoalveolar regions of the lung.

Regardless of the mechanism(s) by
which MUC5B overexpression influences
the development of IPF, our findings suggest
that the pseudostratified airway epithelium
in the distal lung may play a role in this

disease. It is therefore important to start
examining the role of injury and repair in
bronchoalveolar regions of the lung in the
pathogenesis of pulmonary fibrosis.

Additional Genetic Risk Loci
for Pulmonary Fibrosis

Although the MUC5B promoter variant
is a strong risk factor for IPF, it is likely
that other genetic variants, alone or
in combination with each other (gene3
gene) or environmental exposures
(gene3 environment), contribute to the
development of this disease. This is
supported by the fact that the minor allele
of MUC5B is present in the heterozygote or
homozygote state in 19% of the NHW
population and that IPF occurs in far less
than 1% of the population (70, 71). With
the goal of identifying additional genetic
risk factors for pulmonary fibrosis, we
conducted a case–control genome-wide
association study (GWAS) in 1,616
NHW case subjects of fibrotic idiopathic
interstitial pneumonias (fIIP) (IPF, 1,251
[77%]) and 4,683 control subjects followed
by a replication study of 876 NHW case
subjects (IPF, 774 [88%]) and 1,890 control
subjects (35). We performed a meta-
analysis of the discovery and replication
phases to identify the SNPs with genome-
wide evidence for association with fIIP
(P, 53 1028). In addition to confirming
the association with TERT at 5p15, MUC5B
at 11p15, and the 3q26 region near TERC,
we also identified seven new loci, including
FAM13A (4q22), DSP (6p24), OBFC1
(10q24), ATP11A (13q34), DPP9 (19p13),
and chromosomal regions 7q22 and 15q14–
15. In aggregate, the common risk variants
associated with IIP in our GWAS point to
the role of host defense (MUC5B, ATP11A),
cell–cell adhesion (DSP and DPP9), and
DNA repair (TERT, TERC, and OBFC1)
in the initiation of this disease. We also
identified an association at 17q21, but the
association at that locus is confounded by
the H2 1-Mb inversion polymorphism
haplotype (72, 73) that is present at high
frequencies among Europeans. Among
those that did not carry the H2 haplotype,
we did not observe enough variation in
SNPs in this region variation to allow
robust tests of association, and it was
therefore not possible to determine whether
it is truly a risk factor for pulmonary
fibrosis (35).
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Figure 2. Gene expression profiling identifies two subtypes of idiopathic pulmonary fibrosis/usual
interstitial pneumonia (IPF/UIP). mRNA profiles from 119 IPF/UIP lungs were subject to hierarchical
clustering based on the expression of 472 transcripts that are differentially expressed at a 5% false
discovery rate and with a greater than 2-fold change in IPF/UIP compared with control lung. The
distance metric is Euclidean, with complete linkage across samples and Ward’s linkage across
genes. Extent of honeycombing and fibroblastic foci in each sample as assessed by pathology is
depicted by the color: yellow (unscored/not present), orange (rare), red (present). Reprinted by
permission from Reference 55.
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Importantly, the 10 genetic risk loci
we identified (excluding rs35705950) in
aggregate account for approximately one-
third of disease risk, demonstrating the
importance of common genetic variation in
the development of IIPs. There were no
substantial differences in odds ratios for
familial and sporadic forms of the disease or
for IPF and non-IPF IIPs, suggesting that
the genetic etiology of various forms of IIP is
similar.

Implications for
Personalized Medicine

Our work on understanding the genetic basis
of pulmonary fibrosis has resulted in several
important observations. First, pulmonary
fibrosis is a complex genetic disease with
common variants identified so far accounting
for approximately one-third of the disease

risk. The odds ratios for many of the variants
we identified and especially the MUC5B
promoter SNP are substantially higher than
those observed in other complex diseases.
Second, familial and sporadic forms of
pulmonary fibrosis have similar genetic risks,
suggesting that siblings of individuals with
either familial or sporadic IPF could be
detected at an earlier stage. Moreover, the
MUC5B promoter variant appears to be
predictive of IPF in the general population,
opening up an additional potential avenue
for early disease detection. Third, although
mechanistic studies on the role of the genetic
variants in disease pathogenesis are so far
limited, they are beginning to point to the
role for MUC5B overexpression, driven
by the promoter polymorphism, in the
development of pulmonary fibrosis. Finally,
localization of MUC5B expression in IPF
lung and the cilium gene expression
fingerprint suggest a prominent role of injury

and disrupted repair to the distal airway
epithelium in IPF, a condition that has
traditionally been viewed as a disease of the
alveolar epithelium. These findings suggest
that mucociliary dysfunction in the distal
airway may play a role in the development of
progressive fibroproliferative lung disease.

Collectively, our findings have
important implications for future diagnosis
and treatment in a fatal disease with limited
treatment options. We envision that genetic
variants, alone or in combination with gene
expression fingerprints and/or peripheral
blood biomarkers, will allow us to treat
patients on the basis of the genetic subtype
of IPF they have, and moreover to initiate
treatment in the preclinical stages of their
disease rather than at a late stage when
prognosis is poor. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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