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Regulatory Nexus of Synthesis and Degradation Deciphers Cellular
Nrf2 Expression Levels
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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 Keap1 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 NRF2 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 Nxf2 levels. These results thus verify the critical importance of human SNPs that influence the levels of transcription of the

NRE2 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 Nrf2 gene knockout (Nrf2™"") mouse clearly
demonstrate that N1f2 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 Nif2 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 N1f2 (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 N1f2 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 Nf2 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
Nif2 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
NRF2 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 156721961 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 NRE2 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 NRE2 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 Keap1
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-N1f2 (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 using an 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 cancers ora
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 enrolled 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 QIAamp DNA
minikit (Qiagen). The genotypes of NRF2 rSNP rs6721961 (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 N7f2 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 Nrf2.
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 N1f2, and the KeapI-null background is lethal in
pups due to severe hyperkeratosis of the upper digestive tract (25).
These phenotypes of the Keapl-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 Keapl ™/~ :Nrf2*/~ mice survived to adulthood, as was
the case for KeapI-null mice with the complete knockout of Nrf2
(Keapl™"~:Nrf27/7). This indicates that deletion of a single allele
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FIG 1 Heterozygous deletion of the N7f2 gene alleviates lethal phenotypes of Keap1-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, Gcle, K6, and K16 genes compared with the level of 185 rRNA gene expression in the forestomachs of P10

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

of the N1f2 gene is sufficient to rescue the lethality caused by the
Keap! deficiency. We found that the average body weight of the
Keapl™=Nrf2*/~ mice was less than that of the Keapl™':
Nrf2™/" mice in both males and females (see Fig. S1A and B in the
supplemental material). Consistent with our previous observa-
tions (25), the Keapl ~TuNrf2" * 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. 1J). These
results thus demonstrate that while the N1f2 level synthesized from a
smgle allele contributes to the esophageal phenotype to a certain ex-
tent in the Keapl knockout background (Keapl /~:Nrf2*/7), it
gives rise to a phenotype much milder than that resultmg from the
Nif2 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 NgoI [NAD(P)H:quinone

2404 mcb.asm.org

oxidoreductase 1] and Gcle (glutamate-cysteine ligase catalytic
subunit), and keratin-related genes, including K6 (keratin 6) and
K16 (keratin 16), were lower in the forestomachs of Keapl”/ T
N2+~ mice than in those of Keapl ™" =:Nrf2*/" mice but were
higher than those in the forestomachs of Keapl ™~ :N#f2~/" 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 N7f2 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). (C and D) Relative Ngol (C) and Gstm1 (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 (n = 3). (E and F) Relative
viability of macrophages from wild-type, Nrf2 /", and Nrf2™'~ mice after 12 h of treatment with menadione (E) or CDNB (F). *, statistical significance compared

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

(N7f2*'~) 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,

June 2013 Volume 33 Number 12

the Ngol 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 NgoI and Gstml in Nrf2 heterozy-
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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 Keap! regulatory domain (KRD). (B)
Level of transgene-derived Nrf2 expression in macrophages from Nrf2™/~:KRD-Nrf2 mice. Closed and open arrowheads, endogenous Nrf2 and transgene-
derived Flag-HA tagged Nrf2, respectively. (C) Relative levels of NqoI expression compared with 185 rRINA gene expression in macrophages in the basal and
DEM-induced states. Data are the means = SDs (1 = 3). (D) Nrf2 protein level in macrophages from wild-type and Nrf2*/*:KRD-Nrf2 mice in the basal and
DEM-induced states. Note the increase in the Nrf2 protein level in basal and DEM-treated Nrf2*/*::KRD-Nrf2 macrophages. (E) Relative viability of macro-
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 Nrf2 mRNA levels
influences Nrf2 protein levels and cytoprotection is unclear. To
assess the influence of Nrf2 mRNA induction, we generated trans-
genic mouse lines that expressed Flag-HA-tagged Nrf2 under the
control of the Keapl gene regulatory domain (KRD-Nr1f2) (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 Nif2 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-

2406 mcb.asm.org

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 N1f2™/~: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 (Nrf2*/*: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 Nrf2 synthesis also effectively contributes to the
increase in total cellular Nrf2 activity. Collectively, regulation of syn-
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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 NRF2 SNP and lung cancer susceptibility.
Analyses of mouse models revealed that weakened transcription of
the N1f2 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 SNPswithin 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.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi
rs=6721961). We refer to rSNP rs6721961 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
ofage, 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] versus OR = 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

mcb.asm.org 2407

YILNID NVO NSLIMNMOM Ag §1.0Z ‘9L yoley uo /Biowise gowy/:dny wody pspeojumoq



Suzuki et al.

TABLE 1 Profiles of lung cancer cases and control cases that were analyzed in this study

Cases®
ADC
Mutation status

Variable Controls  All 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 61 =8 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. 4B). Notably, in

lung ADC cases, the association was evident in cancers harboring
EGER 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
C/A 477 (40.9) 1,026 (38.0) 1.02 (0.87-1.19) 0.85"
AlA 63 (5.4) 209 (7.7) 1.54 (1.12-2.16) 0.0084"
Dominant 1.08 (0.92-1.26) 0.34"
Recessive 1.53 (1.11-2.12) 0.0083"
ADC c/C 1,071 (53.9) Reference
CIA 761 (38.3) 1.02 (0.87-1.21) 0.77°
AlA 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
C/A 149 (36.3) 0.89 (0.66-1.21) 0.46"
AJA 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
CIA 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
CIA 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) 41X 107%

2 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 156721961 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/IA 477 (40.9) 224 (37.3) 1.00 (0.80-1.25) 1.00
AIA 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 c/c 63 (55.3) Reference
C/IA 44 (38.6) 0.95 (0.62—1.44) 0.80
AlA 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/IC 273 (55.8) Reference
C/IA 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

2 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 NRF2
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 mRINA expression. Consis-
tent with the NRF2 mRNA level, the levels of expression of tert-bu-
tylhydroquinone-induced NRF2 protein (see Fig. $4 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
NRF2 gene transcription is important for the role of NRF2 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 N#f2 gene. Under physiological conditions (in the presence of
Keapl-dependent Nrf2 degradation), a decrease in the Nrf2
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
ofits 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 Keap1 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 Nrf2 irrespec-
tive of its 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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FIG 5 Dualregulation of Nrf2 activity by synthesis and degradation. (A) When an adequate level of the N1f2 transcript is supplied, the Nxf2 protein is maintained
at low levels by Keapl-mediated degradation under the basal condition, and a relatively high level of the Nrf2 protein is accumulated after the inactivation of
Keapl. (B) When the Nrf2 transcription level is low, the Nrf2 protein is decreased in both the basal and induced states. (C) When a high Nrf2 transcript level is
achieved, a large amount of Nrf2 is produced in both the basal and induced states.

In addition to NRF2 rSNP-617, there appear to be other causes
that result in a reduction of Nrf2 synthesis. Indeed, Nrf2 expres-
sion is decreased in aged smokers and patients with chronic ob-
structive pulmonary diseases (35). We showed that transgenic
overexpression of Nrf2 significantly increases the Nrf2 protein
level and makes cells resistant to oxidative stress. These observa-
tions suggest that induction of the Nrf2 transcript is an effective
approach for enhancing the activity of Nrf2. To date, several fac-
tors have been found to increase the Nrf2 transcript level, includ-
ing Nrf2 itself by autoactivation (19), the aryl hydrocarbon recep-
tor (36), and Jun (37).

Increasing numbers of studies have revealed that NRF2 is also
involved in the malignant progression of various human cancers
(13-15). Constitutive activation of NRF2 gives a strong advantage
to cancer cells by conferring chemo- and radioresistance and ac-
celerating proliferation (38—40). A recent study demonstrated that
NRF2 is constitutively activated in lung cancer cells bearing EGFR
mutations (41). Transcriptional activation of NRF2 by the RAS
oncogenic pathway also substantially contributes to the enhance-
ment of NRF2 activity in cancer (42). Accordingly, we expect that
EGFR and KRAS mutations are associated with NRF2 rSNP-617.
We found that there are associations of the minor A/A homozy-
gotes with the risk for developing lung cancers with EGFR and
KRAS mutations (Table 3). One plausible explanation for this
association is that EGFR and KRAS mutations may compensate
for the compromised transcription of NRF2, allowing the A/A
homozygous cancer cells to achieve a sufficiently high level of
NREF2 activity.

In summary, Nrf2 has been considered a transcription factor
which is mainly regulated by a posttranslational derepression
mechanism. In this study, we found that weakened transcription
of the Nrf2 gene provides a basis for the development of lung
cancers, possibly through the reduced expression of cytoprotec-
tive enzymes. This observation leads to the notion that in addition

2410 mcbh.asm.org

to control over proteasomal degradation and derepression from
degradation/repression, transcriptional regulation of the N2
gene in response to various signals/insults is an important path-
way in determining cellular Nrf2 levels. Collectively, the contribu-
tion of NRF2 to these physiological and pathological processes is
regulated at various nodes, and the delineation of these mecha-
nisms is a critical step toward a better understanding of our de-
fense machinery.
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Rearrangements of the proto-oncogene RET are newly identified
potential driver mutations in lung adenocarcinoma (LAD). How-
ever, the absence of cell lines harboring RET fusion genes has
hampered the investigation of the biological relevance of RET
and the development of RET-targeted therapy. Thus, we aimed
to identify a RET fusion positive LAD cell line. Eleven LAD cell
lines were screened for RET fusion transcripts by reverse tran-
scription-polymerase chain reaction. The biological relevance of
the CCDC6-RET gene products was assessed by cell growth, sur-
vival and phosphorylation of ERK1/2 and AKT with or without
the suppression of RET expression using RNA interference. The
efficacy of RET inhibitors was evaluated in vitro using a culture
system and in an in vivo xenograft model. Expression of the
CCDC6-RET fusion gene in LC-2/ad cells was demonstrated by the
mRNA and protein levels, and the genomic break-point was
confirmed by genomic DNA sequencing. Mutations in KRAS and
EGFR were not observed in the LC-2/ad cells. CCDC6-RET was
constitutively active, and the introduction of a siRNA targeting
the RET 3’ region decreased cell proliferation by downregulating
RET and ERK1/2 phosphorylation. Moreover, treatment with RET-
inhibitors, including vandetanib, reduced cell viability, which was
accompanied by the downregulation of the AKT and ERK1/2
signaling pathways. Vandetanib exhibited anti-tumor effects in
the xenograft model. Endogenously expressing CCDC6-RET
contributed to cell growth. The inhibition of kinase activity could
be an effective treatment strategy for LAD. LC-2/ad is a useful
model for developing fusion RET-targeted therapy. (Cancer Sci
2013; 104: 896-903)

Lung cancer is the most common cause of cancer death
worldwide."” The identification of oncogenic driver genes
is to select the increasing number of small molecule inhibitors
targeting these gene products.*¥ In particular, in lung adeno-
carcinoma (LAD), the most dominant histological subtype of
lung cancer, the application of kinase inhibitors for cases with
specific gene alterations has been successful, that is, gefitinib
and erlotinib for EGFR mutation-positive cases and crizotinib
for ALK fusion-positive cases.*™” Furthermore, accumulating
evidence has demonstrated somatic mutations and rearrange-
ments of potential oncogenes, including BRAF, ERBB2 and
ROSI, in LAD.®™'0

RET is one of the newest LAD driver genes.!'™'® RET gene
is located on chromosome 10 and encodes a receptor tyrosine

Cancer Sci | July 2013 | vol. 104 | no.7 | 896-903

kinase,"'%17 and the oncogenic potential of this gene product
has been suggested in several tumors, including thyroid
cancer.""®29 Recently, five independent groups identified aber-
rant fusion genes, KIFSB-RET and CCDC6-RET in clinical
samples of LAD."'™'® Ectopically expressed RET fusion
products afforded NIH3T3 cells with anchora%e-independent
growth and tumorigenicity in nude mice.""'* Furthermore,
KlFSB—RET«expressin% H1299 cells exhibited growth factor-
independent growth.'” These findings strongly suggest the
oncogenic activity of RET fusion products and also suggest
the potential therapeutic efficacy of multi-kinase inhibitor tar-
geting of RET using the abovementioned cells. However,
LAD-derived cell lines harboring RET fusion genes had not
been identified. Recently, Matsubara er al.®? screened LAD
cell lines that were sensitive to a RET inhibitor vandetanib
and found a CCDC6-RET fusion gene-harboring cell line,
LC-2/ad.

We have independently screened cell lines established
from Japanese LAD samples by RT-PCR and found that
LC-2/ad cells expressed the CCDCG6-RET fusion gene prod-
uct. We further examined whether LC-2/ad cells depend on
RET fusion-mediated signaling. In addition, the antitumor effect
of RET inhibitors in LC-2/ad cells was evaluated in vitro and
m vivo.

Materials and Methods

Complete materials and methods were described in the supple-
mentary information (Data S1. Materials and Methods).
Purchased materials. Cell lines were purchased from RIKEN
Bio Resource Center, the Immuno-Biological Laboratories
(Fujioka, Japan) and American Type Culture Collection. Proce-
dures for western blotting was previously described.*?
Primary antibodies specific for RET and phospho-RET Tyr-
905 were purchased from Epitomics (Burlingame, CA, USA)
and Cell Signaling Technologies (Danvers, MA, USA), respec-
tively. RET-targeting siRNA was purchased from Life Tech-
nologies (Carlsbad, CA, USA). Gefitinib, sunitinib malate and
sorafenib were purchased from Santa Cruz Biotechnology
(Dallas, TX, USA), Sigma-Aldrich (St. Louis, MO, USA)
and Toronto Research Chemicals (Toronto, ON, Canada),
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respectively. Vandetanib, AZD6244 and BEZ235 were pur-
chased from Selleck (Houston, TX, USA).

Multiplex RT-PCR. Reported KIFSB/CCDC6-RET fusion vari-
ants were detected by multiplex RT-PCR according to the
procedures described elsewhere.! "

Genomic DNA sequencing. LC-2/ad DNA was captured with
custom hybridization probes targeting CCDC6 intron 1 and
RET whole gene (Agilent) followed by parallel sequencing on
the MiSeq system (Illumina).

Real-time RT-PCR. Procedures for real-time RT-PCR was pre-
viously described.?® The PCR primers used in the present
study are shown in Table S1.

In vivo studies. LC2/ad cells at 5.0 x 10° were subcutane-
ously inoculated to 8-week-old athymic nude mice (Clea
Japan).®® Vandetanib was administered once daily as a homoge-
neous suspension by oral gavage at a dosage of 50 mg/kg body
weight.®" The tumor volume was calculated as the product of a
scaling factor (n/6) and the tumor length, width and height.??
The study was approved by the Institutional Ethics Review Com-
mittee for animal experiments at the National Cancer Center.

Immunohistochemical analysis. The procedure for hematoxylin
eosin stajnin% and immunohistochemical (IHC) was previously
described.®>*”

Microarray analysis. Background information of clinical sam-
ples was described in a previous report.®® The study was
approved by the Institutional Review Boards of the National
Cancer Center. Total RNA was analyzed using Affymetrix
(Santa Clara, CA, USA) U133Plus2.0 arrays. The data were

processed by the MASS algorithm, and the mean expression
level of a total of 54 675 probes was adjusted to 1000 for each
sample.

Results

Identification of the CCDC6-RET fusion gene in a Japanese LAD
cell line. To identify RET fusion-derived mRNA expression in
human LAD cell lines, all reported KIF5B-RET and CCDC6-RET
gene products were screened by multiplex RT-PCR in 11 cell
lines derived from Japanese patients. LC-2/ad cells were found
to express CCDC6-RET mRNA at significantly higher levels,
whereas the other cell lines did not exhibit any fusion gene
products (Fig. 1a). The expressed fusion RET product was
sequenced, and an in-frame fusion of CCDC6 exon 1 and RET
exon 12, which was identical to the previously reported
CCDCG6-RET fusion products, was identified (Fig. 1b).™ We
then identified a breakpoint of chromosome 10 by retrieving
genomic DNA fragments, including the entire RET gene and
intron 1 of CCDC6, by target capture system followed by
parallel sequencing. The identified break-point between CCDC6
intron 1 and RET exon 11 was confirmed by Sanger sequencing
(Fig. 1b). Quantitative RT-PCR revealed that the expression of
3" end of RET was increased comparable to that of CCDCE6,
whereas the transcript level of the 5’ end of RET was signifi-
cantly lower (Fig. 1c). Consistent with the amount of transcript,
western blotting using an antibody recognizing the C-terminus
of RET isoform 2 detected a 60-kDa specific band equivalent to
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Identification of the CCDC6-RET fusion gene. (a) Detection of RET fusion transcripts in lung adenocarcinoma (LAD) cell lines by multiplex

reverse transcription-polymerase chain reaction (RT-PCR). (b) Sanger sequencing around the fusion point of the ¢cDNA (left) and the breakpoint
of the genomic DNA (right) of CCDC6-RET in LC-2/ad cells. (c) 3’ region-specific expression of RET mRNA in LC-2/ad cells. The 5' or 3' region of
RET and CCDC6 cDNA level was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression. The data are shown as the
mean =+ standard deviation (SD) (n = 3). Asterisks indicate that mRNA expression were below the level of detection. (d) Specific expression of
the CCDC6-RET fusion protein. Whole-cell lysates of LC2/ad and PC-9 cells and HEK293 cells transfected with wild-type RET (RET) or CCDC6-RET
expression plasmids were subjected to western blot analysis to detect RET protein isoform 2. The LC-2/ad cells showed an approximately 60-kDa

(red arrowhead) but not 170-kDa (blue arrowhead) band.
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Suppression of CCDC-RET expression by siRNA in LC-2/ad cells. (a) Western blot analysis of siRET-treated LC-2/ad cells. The siRNA trans-

fected cell lysates were applied to the western blotting. (b) Involvement of RET suppression in cell growth inhibition. LC-2/ad cells transfected
with siRNAs were incubated for the indicated times. The data are shown as the mean # standard deviation (SD) (n = 4). *P < 0.01 (Student’s
t-test). (c,d) The DNA ploidy (c) and Annexin V-positive population (d) of siRET-transfected LC-2/ad cells. After 72 h of siRNA transfection, the
cells were subjected to DNA ploidy analysis and Annexin V staining. The data are shown as the mean + SD (n = 4).

the estimated size of the fusion protein composed of 503 amino
acids (GeneBank BAM36435), whereas no significant signal
was detected that approximated the size of wild-type RET, 170-
kDa (Fig. 1d)."" Taken together, we concluded that LC-2/ad
cells express CCDCG6-RET fusion gene products. KRAS exon 2
and EGFR exon 19 and 21 were examined by Sanger sequenc-
ing, but no obvious mutation was confirmed (Fig. S1).
CCDC6-RET-dependent ERK1/2 phosphorylation and the prolif-
eration of LC-2/ad cells. We suppressed RET expression by
RNAI to characterize the function of CCDC6-RET in LC-2/ad

cells. For avoiding off-target siRNA effects, two different
sequences of siRNA directed against the 3' region of RET
(siRET#1 and #2) and a nontargeting siRNA (siNC) were
used. When compared to siNC, a significant reduction in
mRNA expression was observed by quantitative RT-PCR
detecting the 3’ end of the RET mRNA: 66.5% for siRET#1
and 94.2% for siRET#2 (Fig. S2). Western blot analyses also
revealed significant decreases in the expression of CCDC6-
RET protein (60-kDa) upon the introduction of siRET#1 and
#2 compared to the control siNC in the LC-2/ad cells

doi: 10.1111/cas. 12175
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(Fig. 2a). To examine whether the downstream signaling
pathway was altered by the introduction of siRNA, the
phosphorylation of ERK1/2 and AKT was examined. The
phospho-ERK1/2 signal was significantly decreased by the
suppression of CCDC6-RET expression, whereas the decrease
of AKT phosphorylation was marginal (Fig. 2a). The involve-
ment of RET fusion in L.C-2/ad cell proliferation was then
examined. The number of live CCDCO6-RET-suppressed cells
decreased throughout the experiment, and the difference
became significant at day 3 and thereafter (Fig. 2b). To address
the growth suppression further, the cell cycle of the siRNA-trea-
ted cells were assessed by the DNA ploidy pattern. The LC-2/ad
cells treated with siRET exhibited significant increases in the
percent of cells arrested in the G1 phase relative to the cells
treated with siNC (Fig. 2¢). However, the apoptotic cells, as
assessed by Annexin V positivity, was not significantly
increased by the suppression of RET expression (Fig. 2d).

RET-dependent transcriptome profile in LC-2/ad cell. To char-
acterize the transcriptome profile, which is regulated by
CCDC6-RET and its downstream signaling pathway, siRET#2
and siNC treated LC-2/ad cells were subjected to genome-
wide expression profiling using Affymetrix Ul133Plus2.0
arrays. A total of 243 genes, evaluated with 285 probes were
selected as those preferentially suppressed by less than half in
siRET-treated cells.As well, 566 genes with 661 probes were
expressed more than twice in siRET-treated cells (Table S2
and Fig. S3). The RET gene itself (probe ID = 211421 _s_at)
showed the highest fold-difference of 19.6 between siNC- and
siRET#2-treated cells. Following RET, previously identified
Gene Ontology-annotated Ras-MAPK downstream genes like
DUSP6 was preferentially suppressed in the siRET-treated
cells. In addition, cell cycle regulation-related genes like
EREG, CDC6, MCM10, MAD2LI, CHEKI] and PLK4 were
expressed <0.5-fold in siRET-treated cells (Table 1).

RET fusion gene screening of 300 consecutive surgically
resected LAD samples identified one case of CCDC6-RET
expressing LAD by RT-PCR and break-apart FISH (Tsuta
et al., 2012, unpublished data). We checked the expression
level of potential CCDC6-RET-driven genes identified above
in the clinical sample. Among 285 preferentially expressed
probes, 81 probes were also upregulated more than twofold in
the CCDC6-RET positive LAD tissue compared to the sur-
rounding non-cancerous tissue (Table 1 and Table S2).

RET inhibitor-induced cell cycle arrest and apoptosis in LC-2/ad
cells. The phosphorylation status of the tyrosine 905 residue of
RET isoforms 2 and 4 was high in the LC-2/ad cells, regard-
less of the presence or absence of serum in the culture med-
ium, whereas the total amount of RET isoform 2 was not
significantly altered. Similarly, the phosphorylation status of
AKT and ERK1/2 was high under serum-starved conditions,
and the enhanced phosphorylation of these molecules was
slight with serum stimulation, suggesting that the fusion RET
kinase was constitutively active and activated its downstream
signaling pathways (Fig. 3a). '

Next, the effects of kinase inhibitors, which inhibit spectrum
including RET were applied to evaluate their effects on the
signaling pathways in the LC-2/ad cells. We treated the cells
with RET inhibitors vandetanib, sunitinib and sorafenib at a
final concentration of 10 pM, which was 10-30 times higher
than the in vitro half maximal inhibitory concentration (ICsg)
for RET kinase activity of each compound. Gefitinib, another
small molecule inhibitor targeting EGFR but not RET,"'® was
also examined. All the inhibitors except gefitinib significantly
suppressed the phosphorylation of RET, AKT and ERK1/2.
Although vandetanib, sunitinib and sorafenib equivalently sup-
pressed RET phosphorylation, vandetanib most significantly
suppressed the phosphorylation of ERKI1/2 (Fig. 3a). The
inhibitory effect of vandetanib on RET, AKT and ERK1/2

Suzuki et al.

Table 1. Up- or downregulated genes associated with mitogen-
activated protein kinase (MAPK) cascade or cell cycle

Gene symbol Probe set ID siNC/SiRET Tumor/Non-tumor
Upregulated
RET 211421 s_at 19.63 19.52
205879 _x_at 3.76 5.03
215771 _x_at 2.37 472
DUSP6 208892_s_at 4.45 5.22
208893 _s_at 417 6.34
208891 _at 4.17 3.56
EREG 1569583 _at 3.68 1.60
205767_at 2.93 5.69
CDC6 203967 _at 2.42 4.82
203968_s_at 1.95 5.32
MCM10 220651_s_at 2.30 4.83
223570_at 1.72 1.71
MAD2L1 203362_s_at 2.28 5.91
1554768_a_at 1.91 4.34
CHEK1 205394 _at 2.17 9.03
205393 _s_at 2.14 6.87
PLK4 204836_at 2.07 4.38
204887_s_at 1.56 4.08
Downregulated
MEF2C 209200_at 0.21 0.46
209199_s_at 0.26 0.65
GAB1 214987_at 0.23 0.42
229114 _at 0.53 0.65
225998_at 0.62 0.68
226002_at 0.64 0.76
CDKN1C 216894_x_at 0.26 0.41
213348_at 0.32 0.23
213183_s_at 0.35 0.30
219534 _x_at 0.42 0.27
213182_x_at 0.44 0.21
PTEN 233314_at 0.33 0.27
225363_at 0.77 0.47
TIMP2 231579_s_at 0.34 0.33
224560_at 0.37 0.27
D2 201566_x_at 0.35 0.31
201565_s_at 0.40 0.39
213931_at 0.52 0.31
CCNL2 232274 _at 0.35 0.42
222999_s_at 0.79 0.52
RPS6KAZ2 212912_at 0.41 0.34
204906_at 0.59 0.49

phosphorylation exhibited concentration dependency (Fig. 3b).
Gefitinib significantly suppressed EGFR phosphorylation while
total EGFR protein level was not altered. Meanwhile, gefitinib
did not alter the phosphorylation status of AKT and ERK1/2
(Fig. 3a). Meanwhile, vandetanib suppressed EGFR as well as
AKT and ERK1/2 in EGFR-mutant PC-9 cells (Fig. S4).

We further examined the effect of the above inhibitors on
the growth of the LC-2/ad cells using the WST-8 assay. Con-
sistent with the effects of the inhibitors on the RET signaling
pathway, vandetanib suppressed cell growth most significantly
(ICso = 0.32 uM), followed by sunitinib and sorafenib,
whereas gefitinib only exhibited an apparent suppression at its
highest dose (Fig. 3c). However, the effects of these inhibitors
on KRAS-mutant A549 cells were much lower (Fig. S5). Gefi-
tinib and vandetanib, both of which inhibit EGFR, suppressed
EGFR-mutant PC-9 cells, whereas sunitinib and sorafenib had
less effect (Fig. S5). Evaluating the number of live cells by
trypan blue staining under the treatment of several doses of
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vandetanib suggested a dose-dependent suppression in the LC-
2/ad cells. Furthermore, the number of cells treated with 0.5
and 1.0 M vandetanib was apparently reduced to less than
the starting amount, strongly suggesting that vandetanib
induced both cell death and the suppression of cell prolifera-
tion (Fig. 3d). An assessment of the DNA ploidy revealed that
vandetanib arrested the cell cycle in G1 phase in a dose-depen-
dent manner (Fig. 3e), and an increased concentration of vand-
etanib induced an Annexin V-positive apoptotic cell
population (Fig. 3f). The proapoptotic effect of vandetanib was
confirmed by the detection of cleaved caspase-3 by western
blotting (Fig. 3b). Meanwhile, 1.0 pM sunitinib and sorafenib
induced cell cycle arrest but induction of apoptosis was mar-
ginal (Figs S6 and S7).

To further evaluate the contribution of Ras-ERK and AKT
axes to cell survival, LC-2/ad cells were treated with MEK1/2
inhibitor AZDG6244 or PI3K/mTOR inhibitor BEZ235.
Cytotoxic effect of AKT-inhibiting BEZ235 was more than
that of ERK-inhibiting AZD6244. However, both inhibitors did
not completely reduce the cell survival even their maximal
dose (Figs S8 and S9).

Anti-tumor effect of vandetanib in an LC-2/ad xenograft
model. Subcutaneously transplanted LC-2/ad tumors exhibited
typical adenocarcinoma morphology. These tumors were posi-
tive for SFTPA, Napsin A and carcinoembryonic antigen
(CEA) but thyroid marker thyroglobulin negative using immu-
nohistochemistry (IHC). Furthermore, using an antibody cross-
reacting with both human and mouse RET protein, IHC
revealed that RET was highly expressed specifically in the
tumor cells but not in the interstitial cells (Fig. 42). The over-
expression of RET in these tumors was confirmed using quan-
titative RT-PCR and Western blotting. Similar to the results
from cultured LC-2/ad cells, much more mRNA of the 3" end
of RET was detected than that of the 5’ end (Fig. 4b), and a
specific band equivalent to the size of the CCDC6-RET fusion
protein was detected (Fig. 4c). Vandetanib (50 mg/kg) was
orally administrated to the mice harboring the LC-2/ad xeno-
graft, and the daily administration of vandetanib significantly
reduced the tumor size. Although the tumors were diminished
at day 14 of the treatment, the body weight of the treated mice
was not significantly reduced (Fig. 4d and Fig. S10). Sorafenib
(30 mg/kg) and sunitinib (40 mg/kg) did not reduce the body
weight, either (Fig. S10). Sorafenib reduced but not diminished
the tumors at dayl4. Anti-tumor effect of sunitinib was not
significant (Fig. S11).

Discussion

Previous reports suggest that the incidence of RET-fusion-
positive cases in LAD is 1-2% and that these cases are
concentrated in the EGFR mutation-, KRAS mutation-, and
ALK-fusion-negative population.%*” To identify cell lines
expressing endogenous RET-fusion genes, we selected 11 cell
lines that were derived from pathologically identified Japanese
LAD cases. Among them, activating EGFR mutations have
been reported in PC-3 and PC-9 cells.®® However, the muta-
tion status of known driver genes of other cell lines was not
well investigated. The LC-2/ad cells were originally derived
from pleural effusion of LAD in a patient who had received
combined chemotherapy (endoxan, Adriamycin, Cisplatin and
. . (23). . .
mitomycin C)*’; the cancer was diagnosed by cytological
examination of the patient’s sputum and pleural effusion. The
original report indicated that the LC-2/ad cells were positive
for an adenocarcinoma marker, cytokeratin 18.%® In addition,
we detected surfactant protein, an aspartate proteinase, Napsin
A, and CEA expression in the xenograft tumor (Fig. 4a). These
findings support the origin of LC-2/ad as lung adenocarcinoma.
The modal chromosome number described in the original report

900

was 53-56, though an apparent translocation between the chro-
mosomes was not reported, consistent with the fact that the
inversion of chromosome 10 was not obvious in the conven-
tional chromosome counts.

The Sanger sequencing in this study and the whole-transcrip-
tome sequencing (Tsuchihara, 2012, unpublished data) revealed
no driver mutations of KRAS, EGFR and known genes other
than the CCDC6-RET fusion in the LC-2/ad cells, highly sug-
gesting that the CCDC6-RET fusion protein plays pivotal roles
in the proliferation of these cells. The autophosphorylation of
CCDC6-RET was clearly observed in a serum-independent
manner, accompanied with a constitutive elevation of ERK1/2
phosphorylation. The suppression of CCDC6-RET expression
induced a decrease in ERK1/2 phosphorylation, accompanied
with a decrease in the expression of the genes that regulate the
cell cycle. As a result, the CCDC6-RET-suppressed cells
exhibited significant growth retardation.

Recently, a Japanese group independently reported the
CCDC6-RET fusion in LC2/ad cells.*" However, the efficacy
of RET inhibitors to the RET and downstream pathways and
in vivo anti-tumor effects have been partially described.®"
Vandetanib, sorafenib and sunitinib suppress the activities of
multiple kinases, including RET, and have been approved for
several cancers.?*>D In in vitro analyses, these compounds
effectively suppressed the phosphorylation of CCDC6-RET
and suppressed proliferation and induced death in LC-2/ad
cells. It should be noted that the ICsy value for the growth
suppression of these compounds was equivalent to the dose
suggested in a previous stud%/ using culture cells expressing
ectopic KIFSB-RET cDNA.Y® These effects were most likely
dependent on RET inhibition. Sunitinib and sorafenib did not
affect PC-9 and A549 cells, which have activating mutations
of EGFR and KRAS, respectively. Vandetanib presumably sup-
pressed the growth of PC-9 cells, as EGFR is included in its
inhibitory spectrum. Meanwhile, gefitinib, which targets EGFR
but not RET, did not significantly suppress the growth of

LC-2/ad cells. Interestingly, gefitinib did not alter the phos-
phorylation of AKT and ERK1/2 in LC-2/ad cells albeit
equivalently suppressing EGFR phosphorylation as vandetanib.
Although precise molecular mechanisms should be further
examined, LC-2/ad cells might not depend on EGFR for trans-
ducing downstream signaling.

Vandetanib exhibited apparent anti-tumor effects in the
xenograft model in this study. Recently, efficacy of vandetanib
on thyroid cancer cells harboring RET-fusion gene was also
reported.®? These findings strongly suggest that RET inhibi-
tion is a plausible therapeutic strategy for RET-fusion-positive
tumors.

We noticed a discrepancy between the effects of RNA inter-
ference and inhibitor treatment on RET. Though RET suppres-
sion/inhibition equivalently reduced the level of phosphorylated
RET and induced cell cycle arrest, obvious apoptosis was not
found in the cells treated with siRNA. A possible explanation is
that CCDC6-RET is mainly involved in the RAS-ERK pathway
to regulate cell proliferation, whereas the anti-apoptotic signal-
ing pathway mediated by AKT could be regulated by other
signaling molecules inhibited by the multi-kinase inhibitors. A
recent study using a Drosophila in vivo screening system sug-
gested that the antitumor effects and toxicity of RET inhibitors
were dependent on the profile of the “off-target” inhibition of
multiple kinases in addition to the specific inhibition of RET.®®
Further investigation elucidating the molecules and signaling
pathways relevant to the cytotoxic effect of vandetanib in LC-2/
ad cells is anticipated.

Whether L.C-2/ad-based models adequately represent clinical
RET fusion-positive LAD cases is another challenging ques-
tion. Takeuchi stated that clinically identified CCDCG6-RET-
positive LAD exhibited a histologically cribriform pattern.('®
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Fig. 3. Effect of RET inhibitors on LC-2/ad cells. (a) Western blot analysis of inhibitor-treated cells. The cells were incubated under serum-
starved conditions for 22 h and treated with 1 pM of inhibitor or dimethylsutfoxide (DMSO) for 2 h. Prior to cell lysis, the cells were treated with
10% fetal bovine serum (FBS) for 10 min. Whole-cell lysates were subjected to western blot analysis to detect the indicated proteins. G, gefitinib;
So, sorafenib; Su, sunitinib; V, vandetanib. (b) Dose-dependent effect of vandetanib. Cells were treated with the indicated concentration of
vandetanib for 12 h, and western blotting was used to detect the indicated proteins. () WST-8 assay with kinase inhibitors. Cells were treated
with the indicated inhibitors for 72 h, and the viability was assessed using the WST-8 assay. The data are shown as the mean =+ standard devia-
tion (SD) (n = 6). (d) Effect of vandetanib for growth inhibition. Cells were treated with vandetanib and incubated for the indicated time. The
data are shown as the mean = SD (n = 3). *P < 0.01 (Student's t test). (e,f) DNA ploidy (e) and Annexin V-positive population (f) of the cells trea-
ted with vandetanib for 48 h. The data are shown as the mean & SD (n = 4).
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Because the cribriform structure was presumably developed
from normal alveolar architecture, this specific morphology
was not observed in the subcutaneously transplanted LC-2/ad
tumors. We assume that the comparison of the transcriptome
profile between the LC-2/ad cells and clinically identified
LAD tissue samples may provide clues. Approximately one-
third of the genes suppressed by RNA interference directed
at RET overlapped with the genes preferentially expressed in
the clinical tumor sample. Because we have had only one
example of paired data, it is difficult to estimate the similar-
ity between the cell line and clinical samples. However, the
above overlap appears promising, and we will continue to
screen both cell lines and clinical samples to accumulate
comprehensive data.

In this study, the screening of Japanese LAD cell lines was
effective for the identification of RET fusion-positive cancer
cells, representing a clinically rare subpopulation. 1.C-2/ad
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cells might be useful in the development of RET-targeted ther-
apies, that is, new compound screening, clarifying the pharma-
cological mechanisms and investigating the mechanisms for
acquired resistance.
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