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Regulatory Nexus of Synthesis and Degradation Deciphers Cellular
Nrf2 Expression Levels

Takafumi Suzuki,? Tatsuhiro Shibata,® Kai Takaya,® Kouya Shiraishi, Takashi Kohno,® Hideo Kunitoh, Koji Tsuta,® Koh Furuta,®
Koichi Goto,’ Fumie Hosoda,? Hiromi Sakamoto,? Hozumi Motohashi," Masayuki Yamamoto®

Department of Medical Biochemistry® and Center for Radioisotope Sciences,” Tohoku University Graduate School of Medicine, and Tohoku Medical-Megabank
Organization,’ Sendai, Japan; Divisions of Cancer Genomics,® Genome Biology,© and Genetics,2 National Cancer Center Research Institute, and Divisions of Pathology and
Clinical Laboratories, National Cancer Center Hospital,® Tokyo, Japan; Department of Respiratory Medicine, Mitsui Memorial Hospital, Tokyo, Japan®; Division of Thoracic
Oncology, National Cancer Center Hospital East, Kashiwa City, Chiba, Japan'

Transcription factor Nrf2 (NF-E2-related factor 2) is essential for oxidative and electrophilic stress responses. While it has been
well characterized that Nrf2 activity is tightly regulated at the protein level through proteasomal degradation via Keap1 (Kelch-
like ECH-associated protein 1)-mediated ubiquitination, not much attention has been paid to the supply side of Nrf2, especially
regulation of Nrf2 gene transcription. Here we report that manipulation of Nrf2 transcription is effective in changing the final
Nrf2 protein level and activity of cellular defense against oxidative stress even in the presence of Keapl and under efficient Nrf2
degradation, determined using genetically engineered mouse models. In excellent agreement with this finding, we found that
minor A/A homozygotes of a single nucleotide polymorphism (SNP) in the human NRF2 upstream promoter region (rs6721961)
exhibited significantly diminished NRE2 gene expression and, consequently, an increased risk of lung cancer, especially those
who had ever smoked. Our results support the notion that in addition to control over proteasomal degradation and derepression
from degradation/repression, the transcriptional level of the Nrf2 gene acts as another important regulatory point to define cel-
lular Nr£2 levels. These results thus verify the critical importance of human SNPs that influence the levels of transcription of the

NRF2 gene for future personalized medicine.

he Nrf2 (NF-E2-related factor 2; or Nfe2l2) gene encodes a

basic leucine zipper-type transcription factor that belongs to
the CNC (cap’n’collar) family (1). Nrf2 displays its transactivation
activity through dimerization with one of the small Maf (sMaf)
proteins, and the Nrf2-sMaf heterodimer recognizes a specific
DNA sequence known as the antioxidant (ARE)/electrophile re-
sponse element (EpRE) (2, 3). Downstream target genes of Nrf2
include enzymes that act in detoxifying and antioxidative stress
responses, enzymes related to glutathione synthesis, and trans-
porters, which together constitute a network to facilitate the
cellular adaptation to oxidative and xenobiotic stresses (4, 43).
Studies with the N7f2 gene knockout (Nrf2~'") mouse clearly
demonstrate that Nrf2 deficiency attenuates the response to oxi-
dative and electrophilic stresses (5, 6), resulting in high-level sus-
ceptibility to a variety of toxic chemicals and carcinogens (7-9).
Similarly, Nrf2-deficient mice are prone to the initiation of car-
cinogenesis, demonstrating that Nrf2 contributes to cancer
chemoprevention (10-12). Conversely, large numbers of can-
cer cells express high levels of Nrf2, and this fact indicates that
cancer cells hijack and exploit Nrf2 activity for their malignant
growth (13-15).

One of the important characteristics of Nrf2 is the inducible na-
ture of its function in response to oxidative and electrophilic stresses
(16). Under homeostatic and stress-free conditions, cellular Nrf2
abundance is maintained at a very low level, as the ubiquitin E3 ligase
complex composed of Keapl (Kelch-like ECH-associated protein 1)
and cullin 3 specifically promotes ubiquitination and proteasomal
degradation of Nrf2 (16, 44). Notably, Keapl acts as a sensor for
electrophilic and oxidative stresses by using reactive cysteine residues
within the protein (17). Exposure to electrophiles or reactive oxygen
species hampers Keapl activity, reducing Nrf2 ubiquitination and
leading to the stabilization and nuclear translocation/accumulation
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of Nrf2 (17). Subsequently, the expression of a battery of Nrf2 target
genes is induced for cytoprotection against these insults. Thus, cellu-
lar Nrf2 activity is induced by a derepression mechanism utilizing the
proteasomal protein degradation machinery (4).

Multiple lines of evidence support the mechanism of Nrf2 de-
repression from proteasomal degradation, which accounts for the
inducible expression of Nrf2 target genes. On the contrary,
changes in the supply side of Nrf2 seem to be less significant under
these stress conditions than the derepression/accumulation
mechanism of the Nrf2 protein (18). Thus, not much attention
has been paid to the contribution of transcriptional regulation of
the Nrf2 gene to the accumulation of Nrf2 protein and inducible
expression of its target genes. However, several lines of evidence
suggest the importance of the transcriptional regulation of the
Nrf2 gene. For instance, the Nrf2 mRNA level was found to in-
crease approximately 2-fold 6 h after treatment of an electrophile
in murine keratinocytes (19).

A promoter single nucleotide polymorphism (SNP) of the
mouse Nrf2 gene was found to be tightly linked to the sensitivity/
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resistance of various inbred mouse lines to the toxicity of high
concentrations (95%) of oxygen (8). Similarly, a variant of the
NREF2 gene in the upstream promoter region (rs6721961) (20) is
associated with susceptibility to acute lung injury in humans (21).
This human SNP is located in the middle of the ARE motif and
weakens the affinity of NRF2 binding to the ARE. This regulatory
SNP (rSNP) appears to disrupt the positive-feedback regulation of
NRE2 expression by NRF2 itself (21). Other consequences of this
NRF2 rSNP have also been reported, including the risk of venous
thromboembolism (22), reduced vital capacity (23), and an im-
paired forearm vasodilator response (24).

However, it remains to be determined how significantly the
Nrf2 transcript level affects Nrf2 definitive activity in vivo. This is
the most critical issue for the future use of this and related NRF2
SNPs in risk assessment and personalized medicine. Therefore, to
address this critical issue, we have exploited genetically engineered
mouse models. Our present results unequivocally demonstrate
the importance of the level of the Nrf2 supply in both the presence
and absence of Keapl-mediated protein degradation regulation.
In addition, in order to clarify how significantly the reduction of
the NRF2 mRNA level is linked to the pathogenesis of human
diseases, we explored whether the NRF2 rSNP rs6721961 contrib-
utes to the increased risk of non-small-cell lung carcinomas. We
compared the incidence of each genotype of the NRF2 rSNP in a
lung cancer population and a control population. We also mea-
sured the endogenous expression of NRF2 in immortalized lym-
phocytes. We found that the rSNP genotype indeed affects the
NRF2 mRNA level in peripheral lymphocytes and also brings
about an increased risk of non-small-cell lung cancers. These re-
sults strongly argue that transcription of the NRF2 gene is an im-
portant regulatory point for cellular NRF2 activity.

MATERIALS AND METHODS

Mice. Nrf2™/~ and Keapl gene knockout (Keapl ™) mice were pro-
duced and characterized as described previously (6, 25). Transgene con-
struct KRD-Nrf2 was generated by subcloning the Flag-hemagglutinin
(HA)-tagged mouse Nrf2 cDNA into the vector harboring a 5.7-kb Keapl
gene regulatory domain (KRD) (26). Transgenic mice were generated as
described previously (26). Four independent lines were established for
KRD-Nrf2. All compound mutant mice examined in this study were from
a mixed genetic background, with contributions from 1295v/J, C57BL/6],
and ICR strains. For hematoxylin-eosin (H&E) staining, the esophagi of
P10 pups or adult mice were fixed in 3.7% formalin and embedded in
paraffin.

Cell culture. Peritoneal macrophages were isolated as described pre-
viously (5). Whole-cell extracts were prepared in a lysis buffer (26) and
subjected to immunoblot analysis using anti-Nrf2 (27), anti-Flag (Sigma-
Aldrich), anti-HA (Roche), and anti-a-tubulin (Sigma-Aldrich) antibod-
ies. Cell viability after 1-chloro-2,4-dinitrobenzene (CDNB) treatment
was determined using a Cell Counting Kit-8 (Dojin Laboratories) accord-
ing to the manufacturer’s protocol. Diethyl maleate (DEM) and CDNB
were purchased from Wako Pure Chemicals. Menadione and benzyl iso-
thiocyanate (BITC) were purchased from Sigma-Aldrich.

Real-time PCR. Total RNA was prepared from forestomachs or mac-
rophages using an Isogen RNA extraction kit (Nippon Gene) or from
immortalized lymphocytes using an RNeasy kit (Qiagen). The cDNAs
were synthesized from the total RNA using SuperScript III reverse trans-
criptase (Invitrogen by Life Technology). Real-time quantitative PCR was
performed usingan ABI 7300 (Applied Biosystems by Life Technology) or
LightCycler 480 (Roche) system. Primer and probe sequences are avail-
able upon request.
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Study participants. All lung cancer cases and controls were Japanese.
These cases received treatments at the National Cancer Center Hospitals
(NCCH), Japan, from 2000 to 2008. All surgically collected lung cancer
specimens were pathologically examined by at least two board-certified
pathologists in the NCCH. Histological diagnosis is based on the WHO
classification of lung tumors (28). The controls were volunteers enrolled
at the NCCH and at Keio University, located in Tokyo, Japan, with the
following inclusion criteria: they could not have lung or other cancersor a
history of cancer. All cases and controls, all of whom provided informed
consent, were consecutively included in this study without any exclusion
criteria. This study was approved by the institutional review boards of the
National Cancer Center. Smoking habit was expressed by the number of
pack-years, which was defined as the number of cigarette packs smoked
daily multiplied by the number of years of smoking. Those who had never
smoked (never smokers) were defined as individuals for whom the num-
ber of pack-years was 0. Those who had ever smoked (ever smokers) were
defined as individuals for whom the number of pack-years was >0 and
included both former and current smokers.

SNP analysis. Genomic DNA was extracted from whole blood from
lung cancer cases and controls enrolied in the NCCH. Genomic DNA was
extracted from Epstein-Barr virus-transformed B lymphocytes derived
from whole blood collected from volunteers enrolled at Keio University.
Genomic DNA was extracted using a blood maxikit or a QlAamp DNA
minikit (Qiagen). The genotypes of NRE2 rSNP 156721961 (referred to
here as NRF2 rSNP-617) were determined by TagMan SNP genotyping
assays (Applied Biosystems by Life Technology).

Detection of somatic EGFR and KRAS mutations in lung tumors.
Tumor samples were obtained at the time of surgery, rapidly frozen in
liquid nitrogen, and stored at —80°C. Genomic DNA from the tissues was
extracted using a QIAamp DNA minikit (Qiagen). Somatic mutations in
the EGFR and KRAS genes were examined by high-resolution melting
analysis (HRMA) as previously described (29).

Statistical analysis. Odds ratios (ORs) and 95% confidence intervals
(CIs) for lung adenocarcinoma (ADC) risk were calculated after adjusting
for gender, age (=49, 50 to 59, 60 to 69, and =70 years), and smoking
(never smoker versus ever smoker) by unconditional logistic regression
analysis. These analyses were performed using JMP (version 8.0) software
(SAS Institute Inc., Cary, NC).

RESULTS
Reflection of Nrf2 gene dosage on cellular Nrf2 activity. To clar-
ify how significantly reduction of Nrf2 synthesis affects Nrf2 ac-
tivity in vivo, we decided to exploit genetically engineered mouse
models and examine whether transcriptional regulation of the
Nrf2 gene makes a substantial contribution to Nrf2 activity. Be-
cause Keapl represses Nrf2 activity by accelerating the protea-
somal degradation of the Nrf2 protein, a KeapI-null background
provides an ideal model to analyze the gene dosage effect of N7f2.
Importantly, in this model system we can ignore the influence of
Nrf2 degradation provoked by the Keapl-based ubiquitination of
Nrf2. Indeed, Keapl gene knockout results in the constitutive ac-
cumulation of Nrf2, and the KeapI-null background is lethal in
pups due to severe hyperkeratosis of the upper digestive tract (25).
These phenotypes of the KeapI-null mice can be restored by si-
multaneous deletion of the Nrf2 gene, indicating that the Keap1-
null phenotype is attributable to the hyperactivation of Nrf2 (25).
When we deleted the Nrf2 gene heterozygously in Keapl-defi-
cient (i.e., Keapl™'":Nrf2*/7) mice, we found a partial rescue of
the severe phenotype of KeapI-null mice in the compound mu-
tant mice. In contrast to the Keapl-null (Keapl ™ =Nrf2™*)
mice, the KeapI ™'~ ::Nrf2™/™ mice survived to adulthood, as was
the case for KeapI-null mice with the complete knockout of Nrf2
(Keapl™~:Nrf2™/7). This indicates that deletion of a single allele
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FIG 1 Heterozygous deletion of the Nrf2 gene alleviates lethal phenotypes of Keap-deficient mice. (A to K) H&E staining of transverse sections of the esophagus
from P10 (A to H) and adult (I to K) mice. Lower (A to D) and higher (E to H) magnifications of the pictures are shown. Arrows indicate the thickened cornified
layer. (L to O) Relative expression levels of the Ngol, Glc, K6, and K16 genes compared with the level of 185 rRNA gene expression in the forestomachs of P10

mice. Data are the means = SDs (1 = 3). WT, wild type; N.D., no data.

of the Nrf2 gene is sufficient to rescue the lethality caused by the
Keap1 deficiency. We found that the average body weight of the
Keapl™~uNrf2*'~ mice was less than that of the Keapl™ =
Nif2™/" mice in both males and females (see Fig. S1A and B in the
supplemental material). Consistent with our previous observa-
tions (25), the Keap1 ™"~ :Nrf2" /" mice showed severe thickening
of the cornified layers in the esophagus at 10 days after birth (Fig.
1B and F). On the contrary, the Keapl ™ :Nrf2*’~ mice showed
clear improvement in the cornification and thickening (Fig. 1C
and G). In adult Keapl™/~:Nrf2*/~ mouse esophagi, however,
the thickening of the cornified layer became apparent (Fig. 1}). These
results thus demonstrate that while the Nrf2 level synthesized from a
single allele contributes to the esophageal phenotype to a certain ex-
tent in the Keapl knockout background (Keapl™ " :Nrf2*/"),
gives rise to a phenotype much milder than that resulting from the
Nrf2 level synthesized from two alleles in the Nrf2 wild-type back-
ground (Keapl ™/~ =:Nrf2*/*).

Consistent with the esophageal phenotypes, the levels of ex-
pression of Nrf2 target genes, such as Ngol [NAD(P)H:quinone

2404 mch.asm.org

oxidoreductase 1] and Gele (glutamate-cysteine ligase catalytic
subunit), and keratin-related genes, including K6 (keratin 6) and
K16 (keratin 16), were lower in the forestomachs of Keapl " ::
Nrf2*™/" mice than in those of Keapl ™~ :Nrf2*/* mice but were
higher than those in the forestomachs of Keapl ™~ =:Nrf2™/~ mice
(Fig. 1L to O). Specifically, the levels of expression in the fores-
tomachs of Keapl ™'~ :Nrf2*/~ mice were approximately half of
the levels in Keapl ™' :Nrf2™"* mice, indicating the presence of
haploinsufficiency in Nrf2 gene expression. These results thus in-
dicate that the Nrf2 gene dosage has an impact on Nrf2 activity in
vivo.

Nrf2 synthesis is a critical determinant of cytoprotection ca-
pacity. Our next question was whether the Nrf2 transcription level
affects the cellular capacity of cytoprotection even in the presence
of Keapl-mediated Nrf2 degradation. To this end, we adopted
thioglycolate-elicited mouse peritoneal macrophages as an exper-
imental system, as this peritoneal macrophage system is well es-
tablished as a system for testing the roles played by Nrf2 in the
stress response (5). We first confirmed that in Nrf2 heterozygous
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FIG 2 Heterozygous deletion of the Nrf2 gene attenuates the ultimate activity of Nrf2 and impairs the oxidative stress response. (A) The Nrf2 protein level in
macrophages from wild-type, Nrf2™/~, and Nrf2™/~ mice during the basal and DEM-induced states. (B) A graphical representation of the results in panel A is
shown. Data are the means * SDs (n = 3). (Cand D) Relative Ngol (C) and Gstml (D) expression levels compared with the level of 185 rRNA gene expression
of macrophages from wild-type, Nrf2*/~, and Nrf2™/~ mice under basal and DEM-induced conditions. Data are the means * SDs (1 = 3). (E and F) Relative
viability of macrophages from wild-type, Nrf2" /™, and Nrf2™'~ mice after 12 h of treatment with menadione (E) or CONB (F). *, statistical significance compared

with the result for wild-type cells (P < 0.05). Data are the means = SDs (1 = 3).

(N7f2*'7) macrophages the Nrf2 transcript level was almost half
of that in wild-type cells (see Fig. S2A in the supplemental mate-
rial), corresponding to the allele number difference in the Nrf2
gene. Since Nrf2 is constitutively degraded in the basal state, we
expected that in Nrf2 heterozygous cells the Nrf2 protein level
would not change significantly from the wild-type level under
normal conditions. To our surprise, however, the Nrf2 protein
level in Nrf2*/~ macrophages was clearly decreased compared
with that in wild-type cells under basal conditions (Fig. 2A and B).
When cells were stimulated with DEM, an electrophilic Nrf2 in-
ducer, the Nrf2 protein level in Nrf2™/" cells became almost half
of that in wild-type cells. Consistent with the Nrf2 protein level,
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the Nqgol and Gstml (glutathione S-transferase, mu 1) mRNA
level was significantly reduced under both basal and induced con-
ditions (Fig. 2C and D). These results suggest that gene dosage
does influence cellular Nrf2 activity and cytoprotection under
both basal and induced conditions.

To test whether the decrease in the Nrf2 allele reduces cyto-
protective functions, we examined whether Nrf2™/~ macro-
phages are more susceptible to the cytotoxic effect of xenobi-
otics than wild-type cells. We employed menadione, CDNB,
and BITC, which are well-established stressors for testing the
roles played by Nrf2 in the stress response (30). Consistent with
the reduced expression of Ngol and Gstml in Nrf2 heterozy-

mch.asm.org 2405

YILNIO NVO NSLIMNMOM Ad 7102 ‘1 | Aenige uo /Bio wse gowy/:dpy wol papeojumod



Suzuki et al.

A KRD-NM2  piao i tag
KRD
B Nrfz+-
WT__ KRD-Nrf2

- DEM - DEM
Nrf2

Flag

HA

o-Tubulin

Ly ]

5 30
2 Ngot
s
3
e
.
b
2
£
&
- DEM ~ DEM
WT Nrf2"-
KRD-Nrf2

D Basal DEM

WT
Nri2++
KRD-Nif2

WT

: £
&

Nrf2

«~Tubulin

m
b b
e 8

o
(=]

Relative cell viability (%)

0 g T Y

0 10 20 30
Menadione (. \M)

FIG 3 Increase in Nrf2 synthesis enhances Nrf2 activity and makes cells resistant to oxidative stress. (A) Structure of the transgene KRD-Nrf2. The Flag-HA
double tag was fused to the N terminus of mouse Nrf2, and the fusion protein was expressed under the regulation of the Keap1 regulatory domain (KRD). (B)
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phages from wild-type and Nrf2™/* :KRD-Nrf2 mice after 12 h of treatment with menadione. Data are the means = SDs (1 = 3). *, statistical significance

compared with the result for wild-type cells (P < 0.05).

gous macrophages, the cells appeared to be more susceptible to
menadione, CDNB, and BITC than the wild-type cells but less
susceptible to the insult than Nrf2-null macrophages (Fig. 2E
and F; see Fig. S3 in the supplemental material), showing the
haploinsufficiency of the Nrf2 gene. These results thus demon-
strate that the Nrf2 mRNA expression level is critical for pro-
tecting cells from a wide range of xenobiotics.

Elevation of Nrf2 synthesis makes cells resistant to oxidative
stress. Keapl gene knockout in mice results in an increase in Nrf2
protein levels. However, how the increase in N7f2 mRNA levels
influences Nrf2 protein levels and cytoprotection is unclear. To
assess the influence of N7f2 mRNA induction, we generated trans-
genic mouse lines that expressed Flag-HA-tagged Nrf2 under the
control of the KeapI gene regulatory domain (KRD-Nrf2) (26)
(Fig. 3A). Four independent lines were established for the KRD-
Nrf2 transgene. We first examined whether transgene-derived
Nrf2 protein was functional by crossing the transgenic mice
with Nrf2-null mice (Nrf2~"" =:KRD-Nrf2). The transgenic mouse
line expressed the transgene-derived Nrf2 protein at a level com-
parable to that of endogenous Nrf2 in macrophages under the
basal and DEM-induced conditions (Fig. 3B), although the trans-
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gene-derived transcript was much more abundant than the en-
dogenous Nrf2 transcript (see Fig. S2B in the supplemental mate-
rial). This result is most likely due to the limited efficiency of
translation from the transgene-derived mRNA, but the reasons for
this are unknown. Ngol expression was increased in the presence
of DEM in Nrf2™/~:KRD-Nrf2 macrophages to an extent similar
to that in wild-type macrophages (Fig. 3C), indicating that the
transgene-derived Nrf2 activated its target gene in response to
DEM as efficiently as endogenous Nrf2.

We next analyzed the KRD-Nrf2 mice in the wild-type back-
ground (Nr2*/*:KRD-Nrf2). The Nrf2 protein level was ro-
bustly increased in the macrophages of Nrf2"/*::KRD-Nrf2 mice
compared with that in wild-type macrophages, irrespective of the
induction status (Fig. 3D). When challenged with menadione,
Nrf2*/*:KRD-Nrf2 macrophages were more resistant to the cy-
totoxic effect of a high concentration of menadione than the wild-
type control (Fig. 3E). Thus, although previous analyses argued that
Nrf2 accumulated within the cells due to the derepression of rapid
proteasome-dependent degradation, our present results demonstrate
that the increase in N1f2 synthesis also effectively contributes to the
increase in total cellular Nrf2 activity. Collectively, regulation of syn-
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FIG 4 Genotypes of NRF2 rSNP-617 that affect NRF2 gene expression. (A) Location of NRF2 1SNP-617 in the NRF2 gene locus. The five exons are indicated by
the numbered boxes. NRF2 rSNP-617 is located in the ARE-like motif in the promoter region of the NRF2 gene. The polymorphic nucleotides are shown in red.
(B) Schematic presentation of the putative mechanism for the association of NRF2 rSNP-617 and an increased risk of lung cancer. A/A homozygotes for NRF2
rSNP-617 significantly exhibit decreased expression of the NRF2 gene and its downstream cytoprotective genes, resulting in the impaired detoxification of
tobacco carcinogens and frequent oncogenic events. (C) Relative levels of human NRF2 gene expression compared with GAPDH gene expression in immortalized

Iymphocytes of three different genotypes of NRF2 rSNP-617.

thesis and degradation in combination determines the cellular Nrf2
levels under basal and induced conditions.

Association of NRE2 SNP and lung cancer susceptibility.
Analyses of mouse models revealed that weakened transcription of
the Nrf2 gene results in the reduction of Nrf2 activity. We surmise
that this reduction of NRF2 activity due to an NRF2 SNP and
reduced NRF2 mRNA expression underlies various disease sus-
ceptibilities and/or pathophysiologies in humans. Therefore, we
decided to examine the association of the NRF2 SNP and lung
. cancer susceptibility.

A few SNPs within the NRF2 gene have been described (20, 21).
Of these SNPs, we focused on SNP rs6721961, located 617 bp
upstream from the transcription start site of the gene (Fig. 4A), in
this study. This SNP has been reported to be associated with the
risk of acute lung injury (21), and its minor allele frequency varies
among populations, as shown by the HapMap and 1,000 Genomes
Projects (http://www.ncbinlm.nih.gov/projects/SNP/snp_ref.cgi
2rs=6721961). We refer to rSNP 156721961 as NRF2 rSNP-617 in
this study. We conducted a case-control study consisting of 2,701
lung cancer patients (1,987 patients with ADC, 411 patients with
squamous cell carcinoma [SQC], and 303 patients with small-cell
lung carcinoma [SCC]) and 1,167 controls who had distributions
of age, gender, ethnicity, and smoking status similar to those of the
patient population (Table 1). All 3,868 case and control subjects
were genotyped for the NRF2 rSNP-617, and the association of the
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genotypes with the risk for development of lung cancers was ex-
amined (Table 2). Notably, the frequency of the minor allele (i.e.,
the A allele, which causes a low level of expression, as described
below) for this SNP was more prevalent in lung cancer patients
than in controls (Table 2). Homozygotes for the minor allele
(A/A) and the recessive mode (A/A homozygotes versus C/A
heterozygotes plus C/C homozygotes) for the minor allele showed
significant associations with overall lung cancer risk (odds ratio
[OR] = 1.54 [P = 0.0084] and OR = 1.53 [P = 0.0083], respec-
tively).

We next examined the association of NRF2 rSNP-617 with
lung cancer risk according to clinicopathological factors. Minor
homozygotes showed similarly increased risks for all histological
types of lung cancers, including ADC, SQC, and SCC (Table 2).
The homozygotes showed a higher risk in ever smokers than in
never smokers (OR = 2.57 [P = 0.00041] versusOR = 1.13 [P =
0.58]) (Table 2).

We further examined the association of NRF2 rSNP-617 with
the risk for developing lung ADC according to oncogenic path-
way, i.e., EGFR and KRAS driver gene mutations (31) (Table 3).
Minor homozygotes showed similarly increased risks for both
lung ADC-bearing EGFR and KRAS mutations, with the associa-
tion of ADC with the EGFR mutation being significant due to a
large number of subjects (OR = 1.55 [P = 0.0497] and OR = 1.39
[P = 0.47], respectively). In contrast, an increase in the OR was
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TABLE 1 Profiles of lung cancer cases and control cases that were analyzed in this study

Cases”
ADC
Mutation status

Variable Controls Al All EGFR KRAS None SQC SCC
Total no. of cases 1,167 2,701 1,987 600 114 489 411 303
Mean = SD age (yr) 49 =11 59 + 11 58 = 11 59 + 10 59+ 8 58 =10 618 62 = 11
No. (%) of subjects of the following sex:

Male 725 (62) 1,746 (65) 1,137 (57) 243 (41) 81(71) 315 (64) 366 (89) 243 (80)

Female 442 (38) 955 (35) 850 (43) 357 (59) 33(29) 174 (36) 45 (11) 60 (20)
No. (%) of subjects with the following smoking status:

Never smoker 760 (65) 884 (33) 853 (43) 361 (60) 30 (26) 192 (39) 17 (4) 14 (5)

Ever smoker 407 (35) 1,817 (67) 1,134 (57) 239 (40) 84 (74) 297 (61) 394 (96) 289 (95)

2 ADC, adenocarcinoma; SQC, squamous cell carcinoma; SCC, small-cell carcinoma.

not evident for lung ADC without EGFR and KRAS mutations
(OR = 1.14, P = 0.61). These results therefore indicate that minor
homozygotes (A/A) of the NRF2 rSNP-617 are associated with the
risk for lung cancers, especially ever smokers (Fig. 413). Notably, in

lung ADC cases, the association was evident in cancers harboring
EGFR mutations.

NRF2 rSNP-617 affects gene expression in lymphocytes. The
NRF2 rSNP-617 coincides with the ARE motif, which is important

TABLE 2 Genotype distribution for the rs6721961 SNP between controls and cancer cases

No. (%) of subjects

Adjusted OR
Category” Genotype Controls Cancer cases (95% CI) P
All C/C 627 (53.7) 1,466 (54.3) Reference
ClA 477 (40.9) 1,026 (38.0) 1.02 (0.87-1.19) 0.85"
AJA 63 (5.4) 209 (7.7) 1.54 (1.12-2.16) 0.0084"
Dominant 1.08 (0.92-1.26) 0.34”
Recessive 153 (1.11-2.12) 0.0083"
ADC Cc/IC 1,071 (53.9) Reference
C/A 761 (38.3) 1.02 (0.87-1.21) 0.77"
AJA 155 (7.8) 1.55 (1.12-2.18) 0.0088"
Dominant 1.09 (0.93-1.27) 0.30°
Recessive 1.53 (1.11-2.13) 0.0092°
SQC C/C 230 (56.0) Reference
ClA 149 (36.3) 0.89 (0.66-1.21) 0.46°
AlIA 32(7.8) 2.05 (1.11-3.85) 0.023%
Dominant 1.00 (0.75~1.33) 0.99°
Recessive 2.19 (1.18—4.12) 0.013°
SCC C/C 165 (54.5) Reference
C/A 116 (38.3) 1.00 (0.72-1.39) 0.99"
AlA 22 (7.3) 1.82 (0.91-3.68) 0.092°
Dominant 1.08 (0.79-1.48) 0.63"
Recessive 1.83 (0.93-3.61) 0.082"
Never smoker C/C 408 (53.7) 476 (53.8) Reference
C/A 302 (40.0) 344 (39.0) 1.12 (0.89-1.41) 0.33¢
AJA 50 (6.6) 64(7.2) 1.19 (0.77-1.83) 0.44°
Dominant 1.13 (0.91-1.41) 0.26°
Recessive 1.13 (0.74-1.73) 0.58¢
Ever smoker C/C 219 (53.8) 990 (54.5) Reference
C/A 175 (43.0) 682 (37.5) 0.94 (0.75-1.18) 0.58°
A/A 13 (3.2) 145 (8.0) 2.48 (1.42-4.70) 8.9 X 1074
Dominant 1.05 (0.84-1.31) 0.68°
Recessive 2.57 (1.49-4.86) 4.1 X 107%

“ ADC, adenocarcinoma; SQC, squamous cell carcinoma; SCC, small-cell carcinoma.
b Adjusted for sex, age, and smoking status.

¢ Adjusted for sex and age.
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TABLE 3 Association of the rs6721961 SNP and risk for development of lung ADC with or without the EGFR or KRAS mutation

No. (%) of subjects

Adjusted OR*
Category Genotype Controls Cancer cases (95% CI) p
EGFR mutation C/C 627 (53.7) 327 (54.5) Reference
C/A 477 (40.9) 224 (37.3) 1.00 {0.80-1.25) 1.00
AlA 63 (5.4) 49 (8.2) 1.55 (1.00-2.38) 0.0497
Dominant 1.07 (0.86-1.32) 0.56
Recessive 1.55 (1.01-2.36) 0.044
KRAS mutation Cc/C 63 (55.3) Reference
C/A 44 (38.6) 0.95 (0.62~1.44) 0.80
AJA 7(6.1) 1.39 (0.54-3.10) 0.47
Dominant 0.99 (0.66-1.48) 0.97
Recessive 1.55 (0.61-3.44) 0.33
None C/C 273 (55.8) Reference
C/A 190 (38.9) 0.99 (0.78~1.25) 0.95
A/A 26 (5.3) 1.14 (0.68~1.90) 0.61
Dominant 1.00 (0.80-1.26) 0.95
Recessive 1.14 (0.68-1.87) 0.61

“ Adjusted for sex, age, and smoking status.

for NRF2 expression in a feed-forward activation mechanism. Be-
cause the A allele-containing ARE is mutated, the transcription
level of the NRF2 gene is expected to be lower in the A allele case
than in the C allele case, but no conclusive answer to whether the
NRF2 rSNP-617 affects transcription of the NRF2 gene in vivo has
been obtained. To address this issue, we quantified the NRF2
mRNA in immortalized human lymphocytes with distinct NRE2
rSNP-617 genotypes (Fig. 4C). We found that the NRF2 mRNA
levels were significantly lower in A/A homozygotes than in C/A
heterozygotes and C/C homozygotes by approximately 40% (P =
0.031 and 0.049, respectively). No significant difference was ob-
served between C/C homozygotes and C/A heterozygotes (P = 0.47),
indicating that a homozygous nucleotide change from C to A at NRF2
rSNP-617 significantly decreased NRF2 mRNA expression. Consis-
tent with the NRF2 mRNA level, the levels of expression of tert-bu-
tylhydroquinone-induced NRF2 protein (see Fig. S4 in the supple-
mental material) and NQOI mRNA (see Fig. S5 in the supplemental
material) were lower in A/A homozygote than in C/C genotype lym-
phocytes. These results strongly support the notion that the level of
NRE2 gene transcription is important for the role of NRE2 in cyto-
protection, including cancer prevention (Fig. 4B).

DISCUSSION

In this study, we showed clinical and experimental lines of evi-
dence that the final Nrf2 protein level in cells is under dual regu-
lation at the protein degradation level and gene transcription level.
The characteristic phenotypes of Keapl-null mice, i.e., hyperker-
atosis and growth retardation, which are attributable to high Nrf2
activity, are significantly improved by deletion of a single allele of
the Nrf2 gene. Under physiological conditions (in the presence of
Keapl-dependent Nrf2 degradation), a decrease in the Nif2
mRNA level markedly attenuates the final Nrf2 protein level,
which in turn increases the susceptibility of mice to a wide range of
xenobiotics. Conversely, when the Nrf2 mRNA level is increased,
the Nrf2 protein level is enhanced and the cellular defense against
oxidative stress is augmented. In excellent agreement with these
results, we found that minor A/A homozygotes of NRF2 rSNP-617
exhibit significantly decreased NRF2 gene expression and, conse-
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quently, increased the risk of lung cancers, especially in ever smok-
ers. Thus, as summarized in Fig. 5, coordinated synthesis and deg-
radation of Nrf2 are critically important for the maintenance of
cellular redox homeostasis. Of note, we verified in this study that
the transcription level of the NRF2 gene is indeed important for
the roles that NRF2 plays in cytoprotection.

The experiments utilizing genetically engineered mice demon-
strate that a decrease in the N7f2 transcript to approximately half
of its level is physiologically critical. This observation supports the
contention that minor A/A homozygotes of NRF2 rSNP-617 are
susceptible to lung cancers because of the 40% reduction in the
NRF2 transcript. Notably, changes in Nrf2 transcript level alter the
Nrf2 protein level, even in the basal state, in which Keap! actively
degrades Nrf2. This observation has led us to consider the kinetic
properties of Keapl-dependent degradation of Nrf2. We surmise
two possible models here. One is the threshold model, in which
the Keapl-based ubiquitin E3 ligase system degrades Nrf2 effi-
ciently and completely if its abundance is below a certain thresh-
old. The other is the probability model, in which the Keap1-based
ubiquitin ligase system degrades a certain ratio of Nif2 irrespec-
tive ofits abundance. Our present results support the latter model,
as the status of Nrf2 synthesis exquisitely reflects the Nrf2 protein
level, especially under basal conditions.

The analysis of lung cancer patient cohort and non-cancer pa-
tient populations revealed that NRF2 rSNP-617 has an association
with susceptibility to lung cancer, especially for ever smokers. Al-
though smoking is the top-ranked risk factor for lung cancer, little
is known about genetic variations that increase the cancer risk
related to smoking. Previous large-scale genome-wide association
studies revealed the associations between variations in the nico-
tine receptor gene (32, 33) or the CYP1A1 and CYP2A6 detoxifi-
cation enzyme genes (34) and susceptibility in smoking-associ-
ated lung cancers. Because oxidative stress has been well
established to be one of the main factors in smoking-associated
carcinogenesis, the result of our clinical study is in very good
agreement with the function of Nrf2 as a key regulator of the
cellular response against oxidative stresses.
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