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ABSTRACT

Background. The transcription factor NF-E2-related fac-
tor 2 (Nrf2) was originally identified to be a critical
regulator of intracellular antioxidants and phase II detoxi-
fication enzymes. Recent studies have shown that high
Nrf2 expression gives cancer cells an advantage for sur-
vival from anticancer chemotherapy and radiation therapy.
The aims of this retrospective study were to examine the
expression of Nrf2 in biopsy specimens of esophageal
squamous cell carcinoma (ESCC) and to evaluate whether
such expression is useful for predicting the response to
chemoradiation therapy (CRT).

Methods. A total of 46 patients with ESCC who received
curative surgery after CRT from 1997 to 2011 were
enrolled in the current study. Nrf2 expression in the biopsy
specimens before CRT was examined immunohistochem-
ically using anti-Nrf2 antibody. The correlations between
Nrf2 expression and clinical factors and histological and
clinical response to CRT were analyzed.

Results. The rate of Nrf2-positive expression was 39 %.
Both clinically and histologically, significant correlations
were found between positive Nrf2 expression and unfa-
vorable response to CRT. Furthermore, Nrf2 was
significantly correlated with clinical lymph node metasta-
ses and patients’ postoperative outcomes. Multivariate
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analysis showed that Nrf2 expression status was an inde-
pendent prognostic factor.

Conclusions. Nrf2 expression was found to be closely
related to the effect of CRT and could predict the CRT
outcome in patients with ESCC.

Esophageal squamous cell carcinoma (ESCC) is one of
the most aggressive tumors of the gastrointestinal tract.
Since postoperative relapse often occurs even when
patients with ESCC undergo curative resection, the prog-
nosis of patients with ESCC remains poor.! Various types
of aggressive therapy, such as extended lymphadenectomy,
radiotherapy, and chemotherapy, are being used to improve
patients’ prognosis.' Chemoradiation therapy (CRT) for
ESCC started in the late 1960s using bleomycin. In the
1980s CRT using cisplatin started, and it is currently
considered to be one of the most useful treatments.’ The
most important fact is that ESCC patients who respond to
CRT survive longer than any other patients; therefore, it
would be useful to preselect responders.*

Oxidative stress has been shown to play important roles
in the carcinogenesis and progression of many cancers,
including ESCC. The transcription factor NF-E2-related
factor 2 (Nrf2), a basic redox-sensitive bZIP transcription
factor, was originally identified to be a critical regulator of
intracellular antioxidants and phase II detoxification
enzymes by the transcriptional upregulation of many anti-
oxidant response element (ARE)-containing genes.*®
Under basal conditions, Nrf2 is bound to the Kelch-like
ECH-associated protein 1(Keapl), which is a cul3-based
E3 ubiquitin ligase adapter that regulates Nrf2 ubiquitina-
tion and proteasome-dependent degradation.” On exposure
of cells to oxidative stress or chemopreventive compounds,
Nrf2 translocates to the nucleus, forms a heterodimer with
its obligatory partner Maf, binds to the ARE DNA
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sequences, and activates the transcription of downstream
genes, such as antioxidants and phase II detoxification
enzymes.*®'? Therefore, Nrf2 has been viewed as a good
transcription factor that is essential in protecting us from
oxidative stress-related disease and substances and thera-
pies that produce reactive oxygen species.'' Indeed,
accumulating evidence has been provided recently indi-
cating that Nrf2 has a protective role of against many
human pathologic conditions.'*'* However, new emerging
data have revealed the dark side of Nrf2.'* Recently, it has
been revealed that aberrant activation of the Nrf2 pathway
occurs frequently in cancer cells. Nrf2 protects not only
normal cells, but also cancer cells from cellular stress and
enhances cancer cell survival.'> Many reports have shown
that high Nrf2 expression gives cancer cells an advantage
for survival from anticancer chemotherapy and radiation
therapy. 141623

The aims of this retrospective study were to examine the
expression of Nrf2 in biopsy specimens of ESCC and to
evaluate whether such expression is useful for predicting
the response to CRT.

MATERIALS AND METHODS
Study Groups

There were 46 patients diagnosed with ESCC (45 males and
1 female) who underwent CRT between 1997 and 2011 at
Kagoshima University Hospital, Kagoshima, Japan. The
median age of the patients was 61.1 years (range, 43—74 years).

They underwent CRT followed by esophagectomy with
lymph node dissection 4-6 weeks after completing CRT.
After all patients gave their informed consent, biopsy
specimens of the primary tumors were endoscopically
collected. Clinical factors were assessed by the Interna-
tional Union against Cancer tumor-node-metastasis (TNM)
classification system.>* According to this classification, 2
patients had cT1 tumors, 1 patient had c¢T2 tumor, 33
patients had ¢T3 tumors, and 10 patients had cT4 tumors
(Supplemental Table 1). The cT4 tumors in this study were
resectable tumors that invaded to lung, pleura, or the
recurrent nerve. Follow-up data after surgery were avail-
able for all patients with a median follow-up period of
33 months (range, 3—136 months).

The study was approved by the Institutional Review
Board of Kagoshima University and performed according
to the Helsinki Declaration.

Chemoradiation Therapy
A total radiation dose of 40 Gy was applied; 2-Gy

fractions were delivered 5 days per week for 4 weeks, to
the mediastinum and neck. In the same period,

chemotherapy was performed intravenously using two
anticancer agents: cisplatin (7 mg/m? over 2 h) and 5-FU
(350 mg/m? over 24 h). Basically, areas supraclavicular to
lower mediastinal LN and cardiac LN areas were irradiated
as a long T-shaped field for upper-to-lower thoracic tumors,
and perigastric LN areas were additionally irradiated for
lower tumors. The clinical response to CRT was evaluated by
the findings of esophagography, esophagoscopy, endoscopic
ultrasonography, and computed tomography.

The clinical criteria for the response to CRT against the
primary ESCC site were evaluated by endoscopic exami-
nation.”> The criteria were as follows.”*?’ A complete
response (CR) was defined as disappearance of tumor lesion,
disappearance of ulceration, and absence of cancer cells in
biopsy specimens. Existence of erosion, a granular protruded
lesion, ulcer scar, and a Lugol-voiding lesion did not prevent
a CR evaluation. Progressive disease (PD) was defined as
obvious enlargement of the tumor lesion or progression of
esophageal stenosis by tumor enlargement. Incomplete
response/stable disease (IR/SD) was defined as not satisfying
CR criteria without obvious enlargement of the tumor lesion.

The histological criteria for the response to CRT were:
grade 0, neither necrosis nor cellular or structural changes
can be seen throughout the lesion; grade 1, necrosis or dis-
appearance of the tumor is present in no more than 2/3 of the
whole lesion; grade 2, necrosis or disappearance of the tumor
is present in more than 2/3 of the whole lesion, but viable
tumor cells still remain; and grade 3, the whole lesion falls
into necrosis and/or is replaced by fibrosis, with or without
granulomatous changes, and no viable tumor cells are
observed.’®*” In patients whose histological response was
grade 2 or 3, the CRT was considered effective. On the other
hand, in patients whose histological response was grade 1,
the CRT was considered ineffective.

Immunohistochemical Staining and Evaluation of Nrf2
in ESCC

Paraffin-embedded sections (4 pm), including tumor, were
deparaffinized and soaked in PBS prior to immunohisto-
chemical analysis. Sections were treated with 3 % H,O, for
10 min in order to block endogenous tissue peroxidase. For
staining with Nrf2 antibodies, sections were pretreated with
citrate buffer for 10 min at 121 °C in a microwave oven. The
sections were washed with PBS and then blocked by treatment
with PBS containing 3 % skim milk. The blocked sections
were incubated with the diluted primary antibody: Nrf2 (sc-
365949, Santa Cruz Biotechnology, Inc., Santa Cruz, CA),
with PBS at 4 °C overnight, followed by staining with a
streptavidin—-biotin-peroxidase kit (Nichirei, Tokyo, Japan).
The sections were washed in PBS, and the immune complex
was visualized by incubating the sections with diam-
inobenzidine tetrahydrochloride. They were rinsed briefly in
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water, counterstained with hematoxylin, and mounted. Nrf2
expression was determined by counting the number of cancer
cells in which the nucleus was stained with the anti-Nrf2
antibody. Normal human placenta tissue was used as positive
control of Nrf2, and the primary antibody was replaced with
PBS for negative control. Evaluation of immunohistochem-
istry was independently carried out by 2 investigators (Y.K.
and H.O.). To evaluate this, 10 fields within the tumor were
selected, and expression in 1,000 cancer cells (100 cells per
field) was evaluated using high-power (200x) microscopy.
The average Nrf2 labeling index was assessed according to the
proportion of positive cells in each field. Nif2 expression was
assessed using the proportion of positive cells and intensity.
Nuclear Nrf2 expressions were quantified using a 3-value
intensity score (0, 14-, or 24-) and the percentage (0—100 %) of
the extent of reactivity. An immunohistochemical score was
obtained by multiplying the intensity and reactivity extent
values (range, 0-200), and these expression scores were used
to determine expression levels. Positive nuclear Nrf2
expression was defined as a score >50, which represents the
median expression for gastric cancer evaluated using whole
tissue sections. The evaluation method used was an improved
version of the method of Solis et al.?®

Statistical Analysis

Statistical analysis of group differences was performed
using the x* test or the Mann-Whitney U test. The Kaplan—
Meier method was used for survival analysis, and differ-
ences in survival were estimated using the log-rank test.
Prognostic factors were examined by univariate and mul-
tivariate analyses (Cox proportional hazards regression
model). A p value <0.05 was considered to indicate sig-
nificance. All statistical analyses were performed using the
StatFlex version 6.0 for Windows software (StatFlex ver-
sion 6.0; Artec Inc., Osaka, Japan).

RESULTS
Expression of Nrf2 in ESCC

Immunohistochemically, in human ESCC, Nrf2 expression
was identified mainly in cellular nuclei. According to the
immunohistochemical evaluation, 18 of 46 patients (39.1 %)
were placed in the Nrf2-positive expression group (Fig. 1).

Relationship Between Nrf2 Expression
and Clinicopathological Findings

About the correlations between Nrf2 expression and
clinicopathological characteristics, there was a significant
correlation between the Nrf2-positive group and clinical

lymph node metastases (p = 0.006), while no significant
differences were observed regarding age, sex, histology,
tumor depth, and clinical stage (Supplemental Table 2).

Relationship Between Nrf2 Expression and Clinical
Response to CRT

In the Nrf2-negative and Nrf2-positive groups, the
clinical response was CR in 11 and 2 cases, respectively,
IR/SD in 17 and 15 cases, respectively, and PD in 0 and 1
cases, respectively. There was a significant difference in
the clinical effect of CRT between the Nrf2-negative and
Nrf2-positive groups (p = 0.02, Table 1).

Relationship Between Nrf2 Expression and Histological
Response to CRT

In the Nrf2-negative and Nrf2-positive groups, there
were 9 and 12 grade 1 cases, respectively, and 19 and 6
grade 2 and 3 cases, respectively. There was a significant
difference in the histological effect of CRT between the
Nrf2-negative and Nrf2-positive groups (p = 0.02,
Table 2). There is significant correlation between clinical
and pathological response of the CRT (p < 0.01).

Clinical Outcomes According to Nrf2 Expression
or CRT Response

In analyzing clinical outcomes according to Nrf2 and
pathological response to CRT in 46 patients who underwent
surgery, the 5-year survival rates were 65.4 % in the Nrf2-
negative group and 23.2 % in the Nrf2-positive group
(p = 0.0037, Fig. 2). On univariate regression analyses,
clinical lymph node metastasis (cN) and Nrf2 expression
significantly affected postoperative outcome. On multivar-
iate analysis, Nrf2 expression was a significant prognostic
factor (Table 3).

DISCUSSION

Cancer cell apoptosis is believed to occur as a result of
the antitumor efficacy of chemotherapy and radiotherapy
that induces reactive oxygen species (ROS) within cancer
cells.?!?*3° Genetic or functional inhibition of Nrf2 results
in repressed cellular Nrf2-regulated antioxidant enzymes,
including cellular glutathione, thioredoxin, and nonprotein
thiols. Finally, these alterations can restore the sensitivity
of human cancer cells to anticancer chemotherapy and
radiation therapy.'"'*?%232831 These studies revealed that
the antioxidant system plays an important role in the
development of resistance to chemotherapy and radiation
therapy. In fact, Cho et al.?® reported that functional
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FIG. 1 Expression of Nrf2 in clinical samples. Immunostaining of Nrf2 (original magnification, x400). a Example of noncancerous placental
tissue as a positive control. b Nrf2-positive ESCC. ¢ Nrf2-negative ESCC. Positive staining is detected in the cell nucleus

TABLE 1 Correlation between Nrf2 expression and clinical
response to CRT

Clinical response to CRT (n = 46) Total  p value

CR IR/SD PD
Nrf2 (=) 11 17 0 28 0.02
Nrf2 (4) 2 15 1 18

CR complete response, PD progressive disease, /R/SD incomplete
response/stable disease

TABLE 2 Correlation between Nrf2 expression and histological
response to CRT

Histological response to CRT (n = 46) p value
Grade 1 Grade 2 and 3 Total
Nrf2 (=) 9 19 28 0.02
Nif2 (+) 12 6 18

Grade 1 necrosis or disappearance of the tumor is present in no more
than 2/3 of the whole lesion, Grade 2 necrosis or disappearance of the
tumor is present in more than 2/3 of the whole lesion, but viable
tumor cells are still remaining, Grade 3 the whole lesion falls into
necrosis and/or is replaced by fibrosis, with or without granulomatous
changes. No viable tumor cells are observed

inhibition of Nrf2 leads to sensitization of cancer cells to
alkylating anticancer agents. Also, Ma et al.?® reported that
not only cisplatin treatment combined with Nrf2 knock-
down, but also Nrf2 knockdown alone inhibited tumor
growth significantly in vivo. Therefore, it was suggested
that Nrf2, which is a critical regulator of intracellular

100 - =
P =0.0037
80 ¢
9
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g i e NRf2(-)
= 9 ~ NRf2(+
E 40 5 1T I LF LI ... I I
= i
) e
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FIG. 2 Cause-specific survival curves for ESCC patients treated by
CRT and surgery according to Nrf2 expression (n = 46).The 5-year
survival rates are indicated for each curve. The p values were
calculated using log-rank tests

TABLE 3 Univariate and multivariable analyses of prognostic fac-
tors in ESCC

Clinical Univariate Multivariate analysis
factors analysis
p value p value Hazard 95 % CI
ratio
Nrf2 0.0037 0.044 2.674 1.024-6.979
cT 0.5293 0.487  2.068 0.266-16.065
cN 0.0087 0.073  3.998 0.875-18.253
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antioxidants, is an important factor that affects antitumor
efficacy.

A cisplatin-based regimen and radiation therapy, which
are common major therapies for ESCC, show effectiveness
by inducing ROS.’ Thus, this may explain the difference in
the efficacy of CRT for the treatment of ESCC between the
high Nrf2 expression group and the low Nrf2 expression
group. In the present study, the expression of the protein
Nrf2 was examined in biopsy specimens of ESCC to
determine whether such expression was useful for pre-
dicting the response to CRT. As shown in Table 1, there
was a significant correlation between Nrf2 expression and
the clinical effects of CRT. Furthermore, as shown in
Table 2, not only the clinical effect, but also the histo-
logical effects of CRT showed significant correlations with
Nrf2 expression. These data imply that, in a tumor with low
expression of Nrf2, depression of antioxidants, which is the
target gene of Nrf2, leads to depression of ROS scavenging
ability, resulting in more apoptosis in tumors with low
expression of Nrf2, leading to high sensitivity to CRT.
With this viewpoint, we examined the Nrf2 expression in
the surgical specimens after treating CRT. Although the
percentage of Nrf2 positive in the biopsy specimens before
CRT was 39.1, 80.4 % of surgical specimens had positive
Nrf2 expression in their nuclei (data not shown). All cases
with Nrf2 positive expression before CRT in the biopsy
specimens never changed their positivity in the surgical
specimens after surgery. This phenomenon implied that
residual cancer cells might have a high antioxidant ability
that is able to overcome ROS produced by CRT and sur-
vive (Supplemental Fig. 1). Taken together, it was
suggested that evaluation of the Nrf2 expression level in
ESCC can be useful to predict the effectiveness of CRT.

As another finding in this study that involved patients
who underwent radical resection after CRT, a significant
relationship was seen between the expression level of Nrf2
and clinical lymph node metastases. In patients who
underwent CRT before radical surgical resection, it has
been proposed that Nrf2 expression status in biopsy spec-
imens of ESCC could be used to help identify patients who
are at high risk of developing lymph node metastasis.**

Concerning the survival analysis, Nrf2 was a good
prognostic factor in the patients of this study, and Nrf2
expression was an independent prognostic factor. Thus, the
Nrf2 expression level could be used as a useful prognostic
parameter for predicting the survival of patients who
underwent radical resection after CRT.

It was suggested that, in ESCC, high expression of Nrf2
is associated with high antioxidant ability, which is
responsible for natural immunity against not only CRT, but
also the ROS produced by macrophage or leukocyte as
tumor immunity against cancer cells. In this study group,
the patients who responded to CRT survived longer than

any other patients, as in other reports.*® Therefore, in
ESCC patients with high Nrf2 expression, knockdown of
Nrf2 in the cancer cells before CRT should contribute to
converting nonresponders to responders, resulting in a
more favorable prognosis. From this perspective, Nrf2
could be a new therapeutic target.

In conclusion, Nrf2-negative expression in biopsy
specimens of primary tumors is associated with not only a
favorable effect of CRT, but also the prognosis of ESCC.
Patients with Nrf2-negative expression may be good can-
didates for CRT. Since immunohistochemical analysis of
biopsy specimens for Nrf2 expression is a simple and
inexpensive test, Nrf2 expression should be evaluated
before treatment.
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