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Background: Recent studies have reported an abnormally high alteration rate in the nuclear factor
erythroid 2-like 2 (NFE2L2)/kelch-like ECH-associated protein 1 (KEAPI)/cullin 3 (CUL3) pathway.
But the status of this pathway in Chinese patients with lung squamous cell carcinoma (SqCC) has not been
thoroughly studied, and there are many uncertainties regarding the expression of pathway intermediates.
Methods: cDNA sequencing and TagMan qRT-PCR were carried out in paired cancer and adjacent normal
samples obtained from 100 Chinese patients with lung SqCC. Immunohistochemical staining was performed
in 50 other paraffin-embedded specimens.

Results: We detected 47 mutations in 36 patients (36%), and 143 single nucleotide polymorphism (SNP)
in 59 patients (59%), of which 41 mutations and 31 SNPs resulted in amino acid (AA) and possibly functional
changes. By combining qRT-PCR and immunohistochemistry staining, we confirmed that the expression of
NFE2L2 and KEAP1 were highly increased, while the expression of CUL3 was not significantly changed in
lung SqCC samples from Chinese patients.

Conclusions: Considering the frequent mutations and abnormal expression, the NFE2L2/KEAP1/CUL3
pathway may play an important role in the therapy of Chinese patients with lung SqCC.
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Introduction

As the leading cause of cancer-related deaths, lung cancer
causes an estimated 1.6 million deaths worldwide and 0.5
million deaths in China every year (1,2). The discovery
in recent years of mutations or fusions involving the
epidermal growth factor receptor (EGFR) kinase and
anaplastic lymphoma kinase (ALK), has greatly improved
the treatment of patients with lung adenocarcinoma, one
of the two most common subtypes of lung cancer (3-6).
However, these targeted agents, which were developed for
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lung adenocarcinoma are largely ineffective against lung
squamous cell carcinoma (SqCC), the other most common
subtype of lung cancer (7,8).

In recent years, several studies have reported an
abnormally high alteration rate in the nuclear factor
erythroid 2-like 2 (NFE2L2)/kelch-like ECH-associated
protein 1 (KEAP1)/cullin 3 (CUL3) pathway in many
types of cancers, including lung SqCC (9-11). Regulating
the response to oxidative stress, NFE2L2 is a master
transcriptional activator of genes which contain antioxidant
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response elements (AREs) in their promoters and in
response to oxidative stress. In normal cells, KEAPI binds
to NFE2L2 and NFE2L2 is polyubiquitylated by the
CULS3-based E3 ligase complex, resulting in rapid NFE21.2
degradation by proteasomes at the baseline, while under
oxidative stress KEAP1 is modified, which leads to the
inhibition of NFE2L2 ubiquitylation (12,13). But in tumors,
the frequently occurring mutations of NFE2L2 or KEAP1
will cause disruption of their normal combination (14).
As a result, NFE2L2 cannot pass through ubiquitination
and degradation; finally the intracellular accumulation of
NFE2L2 will bring about the activation of its downstream
genes, increase resistance to oxidative stress, and promote
tumor growth (14).

At present, the status of the NFE2L2/KEAP1/CUL3
pathway in Chinese patients with lung SqQCC has not been
determined. Thus, we investigated the mutations and
expression of this pathway in tumors and normal tissues
obtained from Chinese patients with lung SqCC. We
identified several unreported mutations, and confirmed
that NFE2L.2 and KEAP1 were both up-regulated in lung
SqCC compared with adjacent normal samples, while the
expression of CUL3 needs further research. Our results
will promote an understanding of this pathway and that this
knowledge will benefit the treatment of Chinese patients
with lung SqCC.

Methods
Tissue samples

As previously reported (15), samples were obtained from
patients with lung SQCC who underwent surgical resection
between July and December, 2012 at Zhongshan Hospital,
Fudan University, Shanghai, China. All samples were
quickly frozen in liquid nitrogen after extirpation and then
stored at —80 °C. Finally, a total of 100 pairs of normal
tissue samples and lung SqCC tissues were obtained, and
then used in sequencing and RT-qPCR. Paraffin-embedded
specimens obtained from 50 other patients were used in
immunohistochemical staining.

c¢DNA preparation

As previously reported (15), total RNA was extracted with
TRIzol (Invitrogen, Carlsbad, CA, USA) and integrity
was evaluated using agarose gel electrophoresis. DNA
contamination was eliminated using gDNA Eraser (TaKaRa,
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Tokyo, Japan), and then cDNA synthesis was performed
using the PrimeScript™ RT Master Mix (Perfect Real
Time; TaKaRa).

c¢DNA sequencing

First, PCR was carried out using AmpliTaq Gold 360
Master Mix (ABI, Foster City, CA, USA) with the following
procedure: 1 cycle at 95 °C for 10 mins; 40 cycles at 94 °C
for 30 secs, at 60 °C for 30 secs, at 72 °C for 40 secs; 1
cycle at 72 °C for 10 mins. The tagged primers used in
this step were synthetized by Life Technologies (New
York, NY, USA) and efficiencies were determined by gel
electrophoresis. The PCR products were then purified
using ExoSAP-IT PCR Product Cleanup (Affymetrix, Santa
Clara, CA, USA), prepared using BigDye Terminator V3.1
Cycle Sequencing Kit (ABI), and then sequenced using a
Prism 3700 DNA Analyzer (ABI) in duplicate according
to the manufacturer’s guidelines. Sequencing results were
compared with corresponding entries in the National
Centre for Biotechnology Information (NCBI) Nucleotide
Database (http://www.ncbi.nlm.nih.gov/nuccore/,
NFE2L2: NM_006164.4; KEAP1: NM_203500.1; CUL3:
NM_003590.4). All of the mutations detected were further
confirmed by reduplicated experiments. Single nucleotide
polymorphism (SNP) information was obtained from the
NCBI dbSNP database (http://www.ncbi.nlm.nih.gov/snp/).

TagMan qPCR

qPCR reactions were carried out in triplicate using TagMan
Gene Expression Master Mix (Life Technologies) with the
following PCR procedure: 1 cycle at 95 °C for 10 mins;
40 cycles at 95 °C for 15 secs and at 60 °C for 1 min. The
primers and TagMan probes of NFE2L2 (Hs00975961_
gl), KEAP1 (Hs00202227_m1), CUL3 (Hs00180183_
ml), and B-actin (Hs01060665_g1) were provided by Life
Technologies; B-actin was applied as an endogenous control

-AACT
2

to eliminate experimental errors. The method was

used to calculate the expression of these genes.

Immunobistochemical staining

As previously reported (16), immunohistochemical staining
was performed with EnVisionTM HRP-polymer anti-
mouse/rabbit IHC Kit (KeyGEN BioTECH, Nanjing,
Jiangsu, China). Briefly, the antibodies specific for NFE21.2
(1:200 dilution, Abcam, Cambridge, UK), KEAP1 (1:200
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Table 1 SNPs of the NFE2L2/KEAP1/CUL3 pathway in Chinese patients with lung SqCC
cDNA position  dbSNP ID Re;i;elzce SNP allele Fre(tqu(:]r;iy in Fre:gfmn;y in Msi;iﬂzn AA position AAchange  Function
KEAP1
1598 rs1048290 C G 19 19 HM 471 L Synonymous
29 29 HT
1796 rs11545829 C T 10 10 HM 537 Y Synonymous
23 23 HT
CUL3
2087 rs3738952 G A 7 7 HM 567 V-l Missense
24 24 HT
2380 rs2070127 A G 6 6 HM 664 Q Synonymous
25 25 HT

SNP, single nucleotide polymorphism; AA, amino acid; NFE2L2, nuclear factor erythroid 2-like 2; KEAP1, kelch-like ECH-associated
protein 1; CULS, cullin 3; SQCC, squamous cell carcinoma; HM, homozygote; HT, heterozygote.

dilution, Abcam) and CUL3 (1:200 dilution, Abcam) were
used to detect these three proteins. The levels of expression
were assessed semi-quantitatively as the percentage of marked
target cells and the staining intensity as recommended
previously (17). Finally, we separated the specimens according
to expression in four groups (negative, weak, moderate, and
strong).

Statistical analysis

The data were analyzed with IBM SPSS for Windows
(version 20, IBM, Armonk, NY, USA). T-test, Mann-
Whitney U test, and Wilcoxon signed rank test were used
to evaluate the differences in the levels of expression. A P
value <0.05 was considered statistically significant.

Results
NFE2L2, KEAP1, and CUL3 mutations

As Table SI1 shows, 47 mutations were detected in 36
patients (36%). Twenty-three NFE2L2 mutations were
detected in 17 patients (17%), including 21 missense
mutations. Thirteen missense KEAP1 mutations, including
one deletion, were detected in of 12 patients (12%), while
four synonymous and seven missense CUL3 mutations,
including two deletions and one stop-gain mutation, were
detected in CUL3 of 10 patients (10%).
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Most of these mutations were only detected in the
SqCC samples but not the paired normal samples, with the
exception of six NFEL2 and one CUL3 mutations. Thirty-
seven mutations (78.7%) were heterozygous, thus both
mutated and normal proteins were expressed in cancer cells.
We showed that the 29" amino acid (AA) of NFE2L2 was
mutated in eight patients (8%) and the 449™ AA of NFE21.2
in four patients (4%). The mutation rates in these two sites
were considerable, and the results of the following AA and
function changes are possibly worth further study.

One hundred and forty-three SNPs were detected in
59 patients (59%), all of these SNPs occurred in KEAP1
and CULS3, but not NFE2L2 (Table I). All of these SNPs
were detected in the SQCC samples and the paired normal
samples simultaneously. Only the rs3738952 SNP detected
in 31 patients (31%, 7 homozygotes and 24 heterozygotes)
resulted in an AA change of CULS3; it is not clear how the
functional change occurred.

NFE2L2, KEAPI, and CUL3 expression

We first detected NFE2L2, KEAP1, and CUL3 expression
by RT-qPCR using TagMan probes in 100 pairs of lung
SqCC samples and precarcinomatous normal tissues. As
shown in Figure 1, gene expressions were all significantly
upregulated in lung SqCC samples compared with
corresponding normal samples (NFE2L2, 2.76-fold,
P<0.001; KEAP1 2.73-fold, P<0.001; CUL3, 1.25-fold,
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Figure 1 Expression of the NFE2L2/KEAP1/CUL3 pathway by
TagMan RT-qPCR. NFE2L2, nuclear factor erythroid 2-like 2;
KEAP1, kelch-like ECH-associated protein 1; CULS3, cullin 3.

Table 2 Wilcoxon signed-rank test results of the immunohistochemical
staining scores of the NFE2L2/KEAP1/CUL3 pathway

Expression
Gene Tumor > Timor = Tumor < P value
normal normal normal
NFE2L2 28 16 6 <0.001
KEAP1 28 11 11 0.056
CUL3 24 7 19 0.996

NFE2L2, nuclear factor erythroid 2-like 2; KEAP1, kelch-like
ECH-associated protein 1; CUL3, cullin 3.

P=0.010; paired #-test).

To further fix the expressions of the three genes, we
used immunohistochemistry staining to measure gene
expressions in 50 lung SqCC specimens. As Table 2 shows,
NFE2L2 expression was significantly higher in lung SqCC
(P<0.001, Wilcoxon signed-rank test), which was consistent
with the RT-qPCR results, while KEAP1 expression
was also elevated in most lung SqCC samples, but not
significantly (P=0.056, Wilcoxon signed rank test). There
was no significant difference in CUL3 expression in lung
SqCC or normal samples (P=0.996, Wilcoxon signed-rank
test).

Based on the RT-qPCR and immunohistochemistry results,
we confirmed that NFE2L2 was more highly expressed in
lung SqCC than in normal lung tissues. Even though the
statistical analysis of KEAP1 immunohistochemistry staining
was not significant, we still believed that KEAP1 was also up-
regulated in lung SqCC in consideration of its P value slightly
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higher than 0.05 and the RT-qPCR results. The RT-gPCR
results showed that the gap of the CUL3 expression in lung
SqCC and normal tissue was marginal, and the difference
was not detected in immunohistochemistry staining, thus we
considered that the expression of CUL3 in lung SqCC needed
further evaluation.

Discussion

In this research, we reported a number of mutations and
SNPs of the NFE2L2/KEAP1/CUL3 pathway in more
than half of Chinese patients with lung SqCC, many of
which will lead to an alteration in the normal AA sequence.
However, the subsequent function change caused by
each mutation and SNP remains elusive and needs to be
further studied. In addition, combining RT-qPCR and
immunohistochemistry staining, we confirmed that the
expression of NFE2L2 and KEAP1 were elevated while
the expression of CUL3 was not significantly changed in
Chinese patients with lung SqCC.

A number of studies have reported the abnormal
incidence of mutations in the NFE2L2/KEAP1/CULS3
pathway and high expression of NFE2L2 in various cancers,
in agreement with our results (9,18-21). Nevertheless,
there are some controversial views about the expression of
KEAP1 in tumorigenesis. Solis et a/. (22) reported that the
expression of KEAP1 is decreased in 56% of non-small cell
lung cancers. And Chien ez a/. (23) reported that KEAP1
expression is decreased in specimens from NSCLC patients
with lymph node metastases compared with patients
without metastasis. But Huang ez 4/. (24,25) concluded that
KEAPI is up-regulated in patients with oral squamous cell
and salivary adenoid cystic carcinomas, and associated with
carcinogenesis and progression. Few studies have focused
on the expression of CUL3, only Haagenson et 4/. (26)
has reported that CUL3 is increasingly expressed during
progression from early breast cancer to invasive carcinoma.

Several tumor-associated proteins have been shown to
inhibit the degradation of NFE2L.2, such as p62, Kirsten rat
sarcoma viral oncogene homolog (KRAS), sirtuin 5 (SIRTYS),
and transforming growth factor (TGF) B, then promote
cell proliferation and chemotherapeutic resistance (27-30).
The NFE2L2/KEAP1/CUL3 pathway has been reported
to interact with many other important signaling pathways,
including phosphatidylinositol-4,5-bisphosphate 3-kinase/
v-akt murine thymoma viral oncogene homolog 1 (PI3K/
Akt), NOTCH, nuclear factor (NF)-kB, and extracellular
regulated mitogen-activated protein kinase (ERK), thus
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comprising a complex regulation network within cancer

cells (31-36).

Conclusions

In sum, our results suggested that the NFE2L2/KEAP1/
CULS3 pathway was frequently mutated and abnormally
expressed in Chinese lung SqCC. We hope our results will
help other researchers to find new therapies targeted at its
abnormal mutations or expressions. Due to the important
function of the NFE2L2/KEAP1/CUL3 pathway in cancer
cells, it can be concluded that this pathway will play an
important role in tumor therapy.
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Supplementary

Table S1 Mutations of the NFE2L2/KEAP1/CULS3 pathway in Chinese patients with lung SqCC

Frequency in Frequency in

cDNA position  Reference allele Mutation allele tumor normal Mutation status AA position AA change Function
NFE2L2
640 G A 2 0 HT 29 D—N Missense
640 G C 5 0 HT 29 D—H Missense
641 A G 1 0 HT 29 D—-G Missense
647 G A 1 0 HT 31 G—E Missense
649 G C 1 0 HT 34 R—P Missense
667 G C 1 0 HT 38 D—H Missense
786 T G 1 0 HT 77 D—E Missense
790 G C 1 0 HT 79 E->Q Missense
1252 C T 1 1 HT 233 P—S Missense
1357 G A 1 0 HT 268 \Y Synonymous
1843 T A 1 1 HT 430 L—M Missense
1897 A C 1 0 HT 448 S—R Missense
1901 G A 3 3 HT 449 R—H Missense
1901 G C 1 1 HT 449 R—H Missense
2027 A T 1 0 HT 491 N—l Missense
2043 A C 1 0 HT 496 A Synonymous
KEAP1
208 G A 1 0 HT 8 S—N Missense
210 G A 1 0 HT 9 G—R Missense
480 G T 1 0 HM 99 V—L Missense
571 A T 1 0 HT 129 H—L Missense
900 G A 1 0 HT 239 V—M Missense
916 A C 1 0 HM 244 E—A Missense
918 G C 1 0 HM 245 V—L Missense
996 G A 1 0 HM 271 V—M Missense
1048 G T 1 0 HT 288 C—F Missense
1129 A C 1 0 HT 315 Q—-P Missense
1429 G - 1 0 HT 415 - Deletion
1435 G 1 0 HT 417 G-V Missense
1986 C 1 0 HT 601 R—G Missense
CUL3
409 C - 1 0 HM 7 - Deletion
414 G - 1 0 HT 9 - Deletion
872 C T 1 0 HM 162 R—-W Missense
883 A G 1 0 HM 165 L Synonymous
904 G C 1 0 HM 172 E—-D Missense
1045 T G 1 0 HM 219 M—R Missense
1081 A T 1 0 HM 231 S Synonymous
1480 T G 1 0 HT 364 Synonymous
2584 G C 1 1 HT 732 A Synonymous
2654 C T 1 0 HT 756 R—* Stopgain
2670 G T 1 0 HT 761 R—L Missense

*, stopgain. HM, homozygote; HT, heterozygote; AA, amino acid; NFE2L2, nuclear factor erythroid 2-like 2; KEAP1, kelch-like ECH-

associated protein 1; CULS3, cullin 3.



