Noblesse Oblige: NRF2 Functions in the Airways
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Abstract

The transcription factor, nuclear factor (NF), erythroid-derived
2-related factor 2 (NRF2), was discovered nearly 2 decades ago.
Since then, over 4,000 papers have been published on NRF2 function
in diverse biological systems, and it has been found to be a critical
regulator of antioxidant and defense genes with antioxidant response
elements in their promoters. NRF2 is particularly important

in protecting cells and tissues under highly oxidative
microenvironments, including the airways that interface with the
external environment and are exposed to pollutants and other
oxidant stressors. Using mice with targeted deletion of Nrf2,

a protective role for this transcription factor has been determined in
many model diseases, including acute lung injury, emphysema,
allergy and asthma, pulmonary fibrosis, and respiratory syncytial
virus disease. Recent studies have also found that murine Nrf2 is

important in lung development and protection against neonatal
lung injury. Moreover, functional polymorphisms in human
NRF2 have been known to associate with disease severity,
indicating a potentially important protective function. However,
there is also a “dark side” to NRF2 function, as it has been found
to enhance advanced stages of carcinogenesis in the lung and
some other tissues. NRF2 inducers such as phytochemical
isothyocyanates and synthetic triterpenoids, have been discovered
and used in model systems of oxidant-induced lung diseases,
and data suggest a potential for clinical interventions. Future
investigations of NRF2 should yield further insight into its
contribution to normal and pathophysiological conditions in the
airways, and alternative treatment strategies to protect against
oxidative respiratory disease.
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Nuclear factor (NF), erythroid-derived 2
(E2), like 2 (NFE2L2; or Nfe2l2 for rodents)
or NF-E2-related factor 2 (NRF2; or

Nrf2 for rodents) was discovered about 2
decades ago as a novel transcription factor
for cytoprotective genes bearing cis-acting
antioxidant response element (ARE; also
called electrophile response element) in
their promoters (1, 2). Research on NRF2
has accelerated in parallel with evolving
interest in reactive oxygen species and
oxidative stress that are implicated in the
pathogenesis of many pulmonary diseases.
A broad spectrum of NRF2 functions

has been compiled from animal studies

as well as in clinical settings, and NRF2
fulfills host defense not only by maintaining

cellular redox balance, but also by
controlling gene networks for cell cycle
and death, metabolism, immunity, selective
protein degradation, development, and
carcinogenesis. Considerable effort has

also been directed to understanding

the role of Kelch-like erythroid-cell-derived
protein with CNC homology-associated
protein 1 (KEAP1; INrf2 for rodents), a
cytoplasmic suppressor of NRF2. The “hinge
and latch”-like NRF2-KEAP1 affinity binding
model was described to explain homeostasis
and transactivation of NRF2 in response
to housekeeping proteolytic demands

or cellular stimuli, including oxidants,
xenobiotics, carcinogens, antioxidants, and
chemopreventive agents (3).

NRF?2 is ubiquitous and relatively
abundant in tissues such as liver, kidney,
and lung, where routine detoxification
processes occur. The airways are
particularly vulnerable to oxidant injury,
as they are continuously exposed to
environmental airborne toxicants, and
thus redox balance needs to be tightly
controlled. To date, mice with targeted
deletion of Nrf2 (Nrf2~'7) in three different
genetic backgrounds (ICR, C57BL6/J,
Balbc/]) as well as lung-specific conditional
knockout mice have been developed (1,
4-6) and widely applied to determine the
role of Nrf2 and its therapeutic potential in
respiratory disorders (Figure 1). Although
the genetic sequence is evolutionally
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Figure 1. Functional roles of nuclear factor (NF), erythroid-derived 2-related factor 2 (NRF2) in upper and lower airway disorders learned from model
studies using mice genetically deficient in Nrf2 or from human translational studies and exogenous NRF2 agonists for potential therapeutic intervention.
Plus signs indicate protective or beneficial effects; minus sign indicates aberrant roles; crosses in circle indicate Nrf2 induction.

conserved with high sequence homology
among vertebrate species, NRF2 or Nrf2

is highly mutable, and diverse genetic
variants have been reported in human
ethnic groups as well as inbred mouse
strains (7). Importantly, single-nucleotide
polymorphisms (SNPs) or haplotypes as
well as somatic mutations of NRF2 have
been determined to be related to functional
alterations and as “at-risk” alleles in various
cohorts (see review in Ref. 7).

Acute Lung Injury, Inflammation,
and Infectious Diseases

Acute lung injury (ALI) and the more severe
form, acute respiratory distress syndrome,
are the major acute airway diseases in adults,
with approximately 50-80% mortality.

ALI is caused by various clinical conditions,
including pneumonia, sepsis, and major
trauma. We initially became interested in
Nrf2 when we performed a genome-wide
linkage analysis in a murine model of
hyperoxia-induced ALI (8). Nrf2 was
located in a quantitative trait locus and
chosen as a candidate susceptibility gene
for the model, because 2 years earlier

it was demonstrated to bind AREs of

a number of antioxidant and phase 2
detoxification enzyme genes (4). Potentially
functional Nrf2 SNPs were found in
hyperoxia-susceptible C57BL/6] (B6) and
-resistant C3H/He]J (C3) strains of mice
(7, 8), and cosegregation of a promoter SNP
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with hyperoxia susceptibility in B6C3F,
progeny supported Nrf2 as a genetic
determinant of the ALI model (8).
Functional relevance of Nrf2 in ALI was
further determined using Nrf2™’~ mice,
which were significantly more susceptible
to development of ALI-like phenotypes
(e.g., edema, inflammation, lethality) caused
by hyperoxia or butylated hydroxytoluene
than similarly treated wild-type mice (9, 10).
Importantly, a significant increase in the
risk of ALI after major trauma was found
in European and African American
populations bearing a functional NRF2
SNP, which supported NRF2 as a signature
transcription factor associated with human
ALI risk (11).

Roles for murine Nrf2 in other
pulmonary diseases were subsequently
discovered (see review in Ref. 12 for early
studies). For example, Nrf2™/~ mice had
enhanced pulmonary fibrosis and lethality
after bleomycin or thoracic radiation
treatment relative to wild-type controls (12,
13). Airway toxicity caused by air pollutant
ultrafine particles and ozone, as well
as allergic airway inflammation and
hyperresponsiveness caused by allergens,
were also further augmented in Nrf2™/~
mice compared with Nrf2™/* mice (12, 14,
15). Antiviral and antibacterial activity of
murine Nrf2 were found in respiratory
syncytial virus disease of the lung and
nose, Haemophilus influenzae-induced
lung inflammation, and Staphylococcus
aureus—-induced pneumonia (16-18).

Functions of the Nrf2 pathway have been
studied extensively in models of chronic
obstructive airway disease (COPD) and
emphysema, where emphysema-like
phenotypes (e.g., enlargement of airspaces
and alveolar wall destruction) caused by
elastase or prolonged main-stream cigarette
smoke exposure were exacerbated in
Nrf2~/~ mice compared with those in
Nrf2+/ * mice (see review in Ref. 12).
Furthermore, epidemiology and association
studies have revealed significant effects

of NRF2 sequence variations on risk

of cigarette smoke-induced COPD and
asthma in diverse ethnic groups, and
interaction with environmental pollution
(e.g., particulate matter up to 10 pm) was
reported (7).

Lung Tumorigenesis

Although a protective effect of NRF2 has
been found for many pulmonary diseases, as
described previously here, the role of
NRF2 in cancer pathogenesis is less clear.
Experimental tumorigenesis models of
nonpulmonary tissues (e.g., gallbladder,
liver, stomach, colon, esophagus, skin, head/
neck, prostate, bladder, mammary) have
demonstrated that tumor incidence and/or
size was increased in Nrf2~’~ mice relative
to Nrf2*/* mice, supporting the hypothesis
that NRF2-mediated induction of phase 2
detoxification enzymes are pivotal in
opposing mutagenesis and carcinogenesis.
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In lung, DNA mutation and adduct
formation were enhanced in Nrf2™/"~

mice relative to wild-type mice after acute
exposure to environmental carcinogens,
diesel exhaust particles and benzo(a)pyrene
(19). However, a pulmonary carcinogenesis
study with chronic urethane treatment in
mice showed results that diverged from
those of other tissues as detrimental
functions of Nrf2 were demonstrated. That
is, lack of Nrf2-ARE responsiveness
enhanced lung inflammation, and injury
during the early, preneoplastic stages
significantly reduced lung tumor
development (20, 21). These findings
suggested that Nrf2-mediated cellular
defense processes are essential in protection
against tumor initiation, whereas, in
advanced stages of carcinogenesis,
enhanced Nrf2-ARE activity may create

a favorable intracellular environment for
cancer cells to grow and survive. This
concept has been supported by many
clinical investigations of Asian populations
in which aberrant activation of NRF2 by its
somatic (missense) mutation was associated
with increased risk of non-small cell

lung carcinoma cases (squamous cell

lung carcinoma, large cell carcinoma,
adenocarcinoma). Those studies
demonstrated that multiple somatic
mutations clustered in KEAP1 recognition
domain of NRF2 in cancer cells caused
persistent, uncontrolled transactivation of
NRF2; as a result, overexpression of
cytoprotective genes, including drug efflux
pumps, are thought to give selective
growth advantage and chemoresistance

of the metastatic cells (see review in

Ref. 7). Importantly, smoking history was
correlated with mutation occurrence in
all the cases. From these translational
observations in oncology, investigators
suggest that KEAPI may be a potential
“tumor suppressor” gene, whereas NRF2
may conversely be “oncogenic” in
chemotherapy-resistant cancers by its
excess “gain of function.”

NRF2 in Neonatal Lung
Development and ALI

Relevance of Nrf2 in immature lung
development and injury has also been
recently investigated. Nrf2 deficiency did
not affect saccular-to-alveolar transition
of lung development, but augmented
pulmonary injury and arrest of
alveolarization when saccular phase of
murine lung was exposed to hyperoxia
(22, 23). Therapeutically administered
oxygen (hyperoxia) has been known

to contribute paradoxically to the
development or exacerbation of
bronchopulmonary dysplasia, a chronic
lung disease and common outcome of
susceptible preterm infants. The findings in
murine models thus suggest a therapeutic
potential for NRF2 inducers in prevention
of bronchopulmonary dysplasia in preterm
infants. Evidence has also indicated an
effect of prenatal stimuli to postnatal lung
symptoms in NRF2 variants. That is, early
gestational acetaminophen exposure
significantly enhanced the risk of asthma

and wheezing when maternal copies of
a promoter SNP enhanced the association
at age 7 years (see review in Ref. 7).

Conclusions

Where is NRF2 and pulmonary biology
research heading in the next decade? In
lung cancer biology, as gain-of-function
mutations in NRF2 are suggested to be
predictive markers for poor responsiveness
to chemotherapy and radiation therapy,
further studies on effective personalized
medicine may be warranted in patients
with lung cancer with NRF2 mutations. In
the field of preventive medicine, current
applications of potent NRF2 agonists, such
as phytochemical isothyocyanates and
synthetic triterpenoids (e.g., 1-[2-cyano-
3,12-dioxooleana-1,9(11)-dien-28-oyl]
[COOD]) to experimental disease systems
(Figure 1), have supported their efficacy
on certain phenotypes of respiratory
syncytial virus disease, COPD, and ALI in
mice (16, 24-26). Continued growth in
knowledge and understanding of NRF2-
mediated molecular and cellular events
should add novel insights into therapeutic
intervention strategies of NRF2 agonists or
antagonists in critical respiratory
disorders. W
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