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Ferredoxin Reductase Is Useful for Predicting
the Effect of Chemoradiation Therapy
on Esophageal Squamous Cell Carcinoma
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Abstract. Background: Ferredoxin reductase (Fdxr) is the
mitochondrial cytochrome P-450 NADPH reductase. Fdxr
overexpression increases the sensitivity of tumor cells to
apoptosis in response to chemotherapy through reactive oxygen
species (ROS) production. The aim of the present study was to
examine the Fdxr expression in esophageal squamous cell
carcinoma (ESCC) and determine if the expression is useful for
predicting response to chemoradiation therapy (CRT).
Materials and Methods: Fdxr expression in biopsy specimens
from 50 patients  before CRT  were
immunohistochemically examined. Then, the correlation

neoadjuvant

between Fdxr expression and response to CRT were analyzed.
Results:  Both clinically and histologically,
correlations were found between positive Fdxr expression and
favorable response to CRT. Furthermore, Fdxr was significantly
correlated with postoperative outcomes and was found to be

significant

an independent prognostic factor. Conclusion: Fdxr expression
was found to be closely related to the effect of CRT and could
predict the CRT outcome in patients with ESCC.

Prognosis of patients with esophageal squamous cell carcinoma
(ESCC) remains poor, because postoperative relapse often occurs
even when patients with ESCC undergo curative resection (1).
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Aggressive therapies, such as extended lymphadenectomy,
radiotherapy, and chemotherapy, are currently used to improve
patient prognosis (2-4). Chemoradiation therapy (CRT) for
ESCC began in the late 1960s with bleomycin; cisplatin was
introduced in the 1980s, and it is currently one of the most useful
treatments (5). ESCC patients who respond to CRT survive
longer than any other patients; therefore, it would be useful to
pre-select responders (6, 7).

Ferredoxin reductase (Fdxr), the 54-kDa mammalian
mitochondrial cytochrome P-450 NADPH reductase, is
located on the matrix side of the inner mitochondrial
membrane, and it transfers electrons from NADPH via the
single electron shuttle ferredoxin-cytochrome P-450 to
substrates during steroidogenesis (8). Under substrate-
limiting conditions, electrons can leak from this shuttle
system and generate reactive oxygen species (ROS) (8). Fdxr
mediates 5-fluorouracil-induced apoptosis in colorectal
cancer cells through generation of ROS, critical regulators of
apoptosis (9, 10). Over-expression of Fdxr increases the
sensitivity of tumor cells to apoptosis on H,O, treatment
through ROS production (11, 12).

The aim of the present retrospective study was to examine
the expression of Fdxr in biopsy specimens of ESCC and to
evaluate any usefulness in predicting response to CRT.

Patients and Methods

Study group. The present study involved 50 consecutive patients with
advanced ESCC who underwent CRT at the Department of Surgical
Oncology and Digestive Surgery of the Kagoshima University
Hospital between 1997 and 2010. They underwent CRT followed by
esophagectomy with lymph node dissection 4-6 weeks after
completing CRT. After patients gave their informed consent, biopsy
specimens of primary tumors were endoscopically collected.
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Table 1. Patients’ characteristics.

Characteristics N
Mele/ Female 49/1
Mean age (range) (years) 62.0 (43-74)
Histological type (well/moderate/poor) 8/30/12
cT (T1/T2/T3/T4) 2/1/36/11
cN (NO/N1) 13/37
cM (MO/M1) 31/19

Table II. Correlation between Fdxr expression and clinical response to CRT.

Clinical response to CRT (n=50)

CR IR/SD PD Total p-Value
Fdxr (+) 11 17 0 28 0.02
Fdxr (-) 2 15 1 18

CR: Complete response, PD: progressive disease, IR/SD: incomplete
response/stable disease.

Classifications of the specimen were determined according to the
International Union against Cancer tumor-node-metastasis (TNM)
classification system (13). No patients received adjuvant therapy until
they developed recurrent disease. Follow-up data after surgery were
available for all patients with a median follow-up period of 34 months
(range=3-136 months). The clinicopathological features of the study
group are summarized in Table 1. The ¢T4 tumors in this study were
resectable tumors that invaded the lung, pleura, or the recurrent nerve.
All M1 tumors were due to distant lymph node metastases. The study
was approved by the Institutional Review Board of the Kagoshima
University and performed according to the Helsinki Declaration.

Chemoradiation therapy. A total radiation dose of 40 Gy were applied;
2-Gy fractions were delivered 5 days per week, for 4 weeks, to the
mediastinum, neck and/or upper abdomen including clinical metastatic
lymph node areas. In the same period, patients received intravenous
chemotherapy with cisplatin (7 mg/m?2 over 2 h) and 5-fluorouracil
(350 mg/m? over 24 h). The clinical criteria for the response to CRT
against the primary ESCC site were evaluated by endoscopic
examination (14, 15). A complete response (CR) was defined as the
disappearance of tumor lesions, disappearance of ulceration, and
absence of cancer cells in biopsy specimens. Existence of erosion, a
granular protruded lesion, ulcer scar, and unstained lesions by iodine
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 patients whose clinical
effect was CR were considered susceptible to CRT, whereas the
patients with IR/SD or PD were considered not susceptible.

The histological criteria for the response to CRT were as follows
(14, 15): Grade 0, neither necrosis nor cellular or structural changes
can be seen throughout the lesion; Grade 1, necrosis or disappearance
of the tumor is present in no more than two-thirds of the whole lesion;
Grade 2, necrosis or disappearance of the tumor is present in more
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Table III. Correlation between Fdxr expression and histological response
to CRT (histological response judged as Grade 2 or 3 classified as effective)

Histological response to CRT (n=50)

Grade 1 Grade 2+3 Total p-Value
Fdxr (+) 1 20 21 0.0001
Fdxr (-) 22 7 29

Grade 1: Necrosis or disappearance of the tumor is present in no more
than two-thirds of the whole lesion. Grade 2: Necrosis or disappearance
of the tumor is present in more than two-thirds of the whole lesion, but
viable tumor cells remain. 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.

Table IV. Univariate and multivariable analyses of prognostic factors
in ESCC.

Univariate Multivariate

Clinical factors analysis analysis

p-Value p-Value Hazard ratio 95% CI
Fdxr 0012 0.0079 4950 1.603-15.38
cT 0.5141 0.669 1.692  0.269-10.638
cN 0.0322 0.5749 1.703  0.151-19.210
cStage 0.0429 0.2677 3.788 0.359-40.0

ESCC: Esophageal squamous cell carcinoma, CI: confidence interval.

than two-thirds of the whole lesion, but viable tumor cells are still
remaining; and Grade 3, the whole lesion contains 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 O or 1,
the CRT was considered ineffective.

Immunohistochemical staining and evaluation of Fdxr in ESCC.
Tumor samples were fixed with 10% formaldehyde in phosphate-
buffered saline (PBS), embedded in paraffin, and sectioned into 4-
mm-thick slices. The sections were washed with PBS for 5 min
three times and then blocked by PBS containing 3% skim milk for
10 min at room temperature. The blocked sections were incubated
overnight at 4°C with primary antibody against Fdxr (sc-365949,
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) diluted in
PBS, followed by staining with a streptavidin-biotin-peroxidase kit
(Nichirei, Tokyo, Japan). Sections were counter-stained with
hematoxylin, and mounted. Fdxr expression was determined by
counting the number of cancer cells in which the cytoplasm was
stained with the anti-Fdxr antibody. The Fdxr-expressing tumor
tissues that we previously reported were used as positive controls,
and negative controls were prepared by replacing the primary
antibody with PBS (12). Fdxr expression was assessed by
determining the proportion of positive cells and intensity. For
cytoplasmic expression of Fdxr, immunostaining was scored on a 3-
tiered scale for both intensity (absent/weak, 1; moderate, 2; strong,
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Figure 1. Expression of Fdxr in clinical samples by immunostaining (original
magnification, x400). (A) Positive expression of Fdxr in ESCC. (B) Negative
expression of ESCC. Positive staining was detected in the cytoplasm.

3) and percentage (<10%, 1; 10%-50%, 2; >50%, 3), and then the
two scores were multiplied to give a combination score ranging
from 1 to 9 for each section. Cytoplasmic protein expression was
defined as positive when the combination scores were >6 and
negative when the combination scores were <6. This evaluation
method is an improved version of previous methods (12).

Statistical analysis. Statistical analysis of group differences was
performed using the %2 test or the Mann-Whitney U test. The Kaplan-
Meier method was used for survival analysis, and differences in survival
were estimated by the log-rank test. Prognostic factors were examined
by univariate and multivariate analyses (Cox proportional hazards
regression model). p-Values <0.05 were considered statistical
significant. All statistical analyses were performed with StatView™
version 5.0 (Abacus Concepts, Berkeley, CA, USA).

Results

Expression of Fdxr in ESCC. Immunohistochemically, in
human ESCC, Fdxr expression was identified mainly in the
cytoplasm. According to the immunohistochemical evaluation,
21 of 50 patients (42.0%) were Fdxr-positive (Figure 1).

Relationship between Fdxr expression and clinical response
to CRT. In the Fdxr-positive and Fdxr-negative 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 Fdxr-positive and -
negative groups (p=0.002, Table II).

Relationship between Fdxr expression and histological
response to CRT. In the Fdxr-positive and Fdxr-negative
groups, there were 1 and 22 Grade 1 cases, 13 and 2 Grade
2 cases, and 7 and 5 Grade 3 cases, respectively. There was
a significant difference in the histological effect of CRT
between the Fdxr-positive and -negative groups (p=0.0001,
Table III). The clinical and pathological responses to CRT
were significantly correlated (data not shown) (p<0.01).

Clinical outcomes according to Fdxr expression or CRT
response. In analyzing clinical outcomes according to Fdxr
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Figure 2. Cause-specific survival curves for ESCC patients treated by
CRT and surgery according to Fdxr expression (n=50). The 5-year
survival rates are indicated for each curve. p-Values were calculated
using log-rank tests.

expression and pathological response to CRT in 50 patients
who underwent surgery, the 5-year survival rates were 76.6% in
the Fdxr-positive group and 38.4% in the Fdxr-negative group
(p=0.003, Figure 2). On univariate regression analyses, clinical
lymph node metastasis (cN) and Fdxr expression significantly
affected postoperative outcome. On multivariate analysis, Fdxr
expression was a significant prognostic factor (Table IV).

Discussion

Generation of intracellular ROS is an early event in the apoptosis
of cancer cells induced by treatment with chemotherapy or
radiotherapy (16-18). The anti-oxidant system plays an important
role in the development of resistance to chemotherapy and
radiation therapy. A cisplatin-based regimen and radiation
therapy, which are common major therapies for ESCC, are
effective by inducing ROS (17, 19). This mechanism may
explain the difference in the efficacy of CRT for the treatment
of ESCC between the Fdxr-positive and the Fdxr-negative
expression group. In the present study, the expression of Fdxr
protein was examined in biopsy specimens of ESCC to
determine whether such expression was useful for predicting
response to CRT. As shown in Table II, there was a significant
correlation between Fdxr expression and the clinical effects of
CRT. Furthermore, as shown in Table III, not only the clinical
effect, but also the histological effects of CRT showed significant
correlations with Fdxr expression. These data imply that a tumor
with Fdxr expression leads to production of ROS, resulting in
greater apoptosis than in tumors with negative expression of
Fdxr, leading to high sensitivity to CRT. Taken together, these
results suggest that evaluation of the Fdxr expression level in
ESCC can be useful to predict the effectiveness of CRT.
Although there was one previous report on the relationship
between Fdxr expression and the clinical efficacy of colorectal
chemotherapy (20), this is the first report on the predictive value
of Fdxr for the effect of CRT on ESCC.
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Concerning the survival analysis, Fdxr expression was a good
prognostic factor in patients of this study, and Fdxr expression
was an independent prognostic factor. Thus, the Fdxr expression
level could be used as a useful prognostic parameter for
predicting survival of patients who underwent radical resection
after CRT. In patients treated with neoadjuvant CRT, the patients
who responded to CRT survived longer than any other patients,
as previously reported (6). On the other hand, Fdxr protein is
fragile and stabilized by binding to the tumor suppressor protein
Fhit and heat shock proteins Hsp60 and HsplO (12, 17).
Therefore, in ESCC patients with Fdxr-negative expression, the
stabilization of Fdxr in cancer cells before CRT should
contribute to converting non-responders to responders, resulting
in a more favorable prognosis. From this perspective, Fdxr
could be a new therapeutic target molecule.

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

Conclusion

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