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IVI any epidemiological studies have indicated that natural
antioxidants diminish the risk of cancer and prevent
other life-threatening diseases such as neurodegenerative disor-
ders, cardiovascular disease, stroke, and diabetes mellitus.
Although the clinical characteristics of cancer are disparate
from those of neurodegenerative diseases such as Parkinson’s
disease, the underlying breakdown in prevention of excessive
oxidative stress is comparable in both diseases.
advances in the understanding of the genetic basis of cancer
and neurodegenerative disease have highlighted similar and
overlapping pathways, including those that maintain an appro-
priate redox status.”” One protein involved in the development
of both cancer and neurodegenerative disease is DJ-1.

The oncogene DJ-I was initially discovered in 1997.Y It
was subsequently found to be a causative gene in familial
Parkinson’s disease and was named PARK7 in 2003.” Physio-
logically, the DJ-1 protein acts as a sensor of various oxidative
stresses, and plays an important role in determining whether a
damaged cell will protect itself from oxidative stress or initiate
apoptosis.® Simultaneously, damaged cells secrete the DIJ-1
protein in order to attenuate oxidative stress by initiating self-
oxidization. Damaged neuronal cells secrete the DJ-1 protein,
and indeed, high levels of DJ-1 are detected in the cerebrospi-

nal fluid of patients with Parkinson’s disease.'”
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In patients with cancer and Parkinson’s disease, the DJ-1 protein may be secreted
into the serum during the impaired response of the underlying cell-protective
mechanisms. In order to determine the clinical significance of DJ-1 protein in the
sera of breast cancer patients, we examined blood samples from a breast cancer
group (n = 180) and a non-cancerous control group (n = 300). Higher levels of DJ-
1 were detected in the breast cancer group (mean level, 42.7 ng/mL) than the
control group (28.3 ng/mL) by ELISA (P = 0.019). Higher DJ-1 levels were signifi-
cantly associated with advanced clinical grade, according to the TNM classifica-
tion, negative hormone receptor status, and high Ki-67 labeling index, of
biopsied materials; samples showed low DJ-1 protein expression despite upregu-
lated DJ-1 mRNA. DJ-1 isoforms could be detected clearly in 17 blood samples
(from 11 breast cancer patients, and 6 non-cancerous controls) by 2-D gel electro-
phoresis and immunoblot analysis. The isoform at the pl of 6.3 showed the high-
est intensity in all 11 cancer cases. Conversely, in the 6 non-cancerous cases,
isoforms other than the pl 6.3 isoform were highly expressed, and there was a
significant difference in the isoform pattern between breast cancer cases and
controls (P = 0.00025). These data indicate that high levels of DJ-1, probably of
isoform at pl 6.3, is a candidate serum marker of breast cancer.

Breast cancer cells are also known to secrete DJ-1; Le Na-
our et al.® reported high levels of DJ-1 protein in the sera of
breast cancer patients and proposed the levels of DJ-1 protein
in serum as a candidate biomarker for breast cancer. Our pre-
vious study confirmed that the triple—negative breast cancer cell
line MDA-MB-231 secreted DIJ-1.”” MDA-MB-231 cells
expressed low levels of DJ-1 protein, and this expression pat-
tern was detected in the cancer tissue by immunohistochemis-
try; in situ hybridization analysis detected the concurrent
upregulation of DJ-1 mRNA. This expression pattern was
found to be significantly associated with high levels of DJ-1
protein in the nipple discharge of breast cancer patients, sug-
gesting that it was a secretion-related cancer expression pat-
tern.'?

In the current study, we have analyzed the clinical signifi-
cance of DJ-1 levels in the sera of breast cancer patients, and
its association with the expression pattern in breast cancer tis-
sue in accordance with the TNM classification. Samples with
highly elevated DJ-1 proteins in the sera were analyzed by
2-D gel electrophoresis and immunoblot analysis.

The 2-D gel electrophoresis pattern of DJ-1 protein in the
sera was mainly examined in patients with Parkinson’s disease
and Alzheimer’s disease. A meta-analysis of the DJ-1 protein
pattern reported a common finding that DJ-1 oxidation
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correlates with neurodegenerative disorders and the acidic pl
of DJ-1 isoforms increase in sera of patients with neurodegen-
erative disorders.""” In melanoma, expression of the acidic
form of DJ-1 was higher than that of melanocyte.'® As for
breast cancer, Le Naour et al.® first showed a clear isoform
pattern of the DJ-1 protein in both cancer cells and sera of
breast cancer patients, although the difference in the isoelectric
pattern between cancer and normal control was not deter-
mined. This study identified a cancer-specific DJ-1 isoform in
sera that clearly distinguished breast cancer patients from non-
cancerous subjects in 17 cases in which DJ-1 was highly ele-
vated in the sera.

Subjects and Methods

Subjects. Subjects were divided into the breast cancer group
(n = 180) and a control non-cancerous group (n = 300) for the
purposes of this study. Breast cancer samples were collected
from Tokyo Medical University Hospital (Tokyo, Japan), Iba-
raki Medical Center of Tokyo Medical University (Ibaraki,
Japan), and the National Defense Medical College (Saitama,
Japan) from January 2011 to June 2013. One hundred and sev-
enty three patients from whom the samples were obtained had
received no specific medical examinations and had not been
treated for the breast lesion. All subjects had received a patho-
logical diagnosis of breast carcinoma obtained by needle
biopsy specimens, which was confirmed by the examination of
postoperative specimens. In the remaining 7 patients, no recur-
rent tumors had been detected for more than 2 years after the
initial operation. In these cases, recurrent tumors were ascer-
tained by medical examination after blood sampling. Blood
samples were also collected from the control group, which
comprised 300 Japanese women without breast cancer, who
received a physical examination in Kasumigaura Institute for
Health Evaluation (Ibaraki, Japan). Mammography screening
detected abnormal findings in 55 out of 300 women. Breast
examinations were carried out in the 55 individuals and no
cancers were detected. There was no difference in age between
the breast cancer group (mean age, 59.3 years; SD, 13.4) and
the control group (mean age, 58.0 years; SD, 12.7). Clinical
data were obtained from electronic medical records. Informed
consent was obtained from all patients. The research ethics
committees of Tokyo Medical University, the National
Defense Medical College, and the Kasumigaura Institute for
Health Evaluation approved this study.

Methods. Enzyme-linked immunosorbent assay. The DIJ-1
concentration in blood samples was determined by the sandwich
ELISA method; ELISA was carried out using the DJ-1/PARK7
ELISA kit (CircuLex, Ina, Japan) according to the manufac-
turer’s protocol. Each sample was diluted to 1:20, and was
examined in triplicate. The mean value of triplicate experiments
was recorded. These procedures were repeated three times.

Two-dimensional gel electrophoresis and immunoblot analy-
sis. Protein precipitation was carried out by adding acetone to
serum at a ratio of 1:10 (v/v). After a brief vortex, samples
were allowed to stand at —20°C for 2 h, and were then centri-
fuged at 4°C for 30 min. Precipitated samples were dissolved
in a buffer containing 2x sample buffer (7 M urea, 2 M thio-
urea, 4% CHAPS), 1% Immobilized pH gradient (IPG) buffer
(GE Healthcare Japan, Tokyo, Japan), 0.2% DTT, and
0.0005% bromophenol blue on ice for 30 min. DJ-1 isoforms
were analyzed using a 2-D gel electrophoresis system (GE
Healthcare Japan). Briefly, two kinds of 13-cm long Immobi-
line DryStrip gels with a pH range from 3 to 10, and from pH
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4 to 7, were used for isoelectric focusing; they were then
applied to 12.5% acrylamide gels (14 x 16 cm), using the SE
600 Ruby Standard Dual Cooled vertical unit. DJ-1 isoforms
were detected with an anti-human DJ-1 mouse mAb (3ES;
Medical and Biological Laboratories, Nagoya, Japan) diluted
to 1:10 000 and were visualized using chemiluminescence
(Thermo Scientific, Rockford, IL, USA). In order to confirm
the position of each isoform, blotted membranes were stained
with gold-colloid stain (GE Healthcare Japan); 7 ng recombi-
nant DJ-1 was loaded on the 2-D gel as a positive control in
each experiment. Signals were detected using the LAS3000
image analyzer (Fuji film, Kanagawa, Japan) and DeCyder ver-
sion 7.0 (GE Healthcare Japan), and detected spots were ana-
lyzed with the ImageMaster 2D Platinum Software version 7.0
and ImageQuant TL 8.1 software (GE Healthcare Japan).

In situ hybridization and immunohistochemistry of DJ-
1. Needle-biopsy samples from 173 pretreatment subjects were
analyzed by immunohistochemistry and in situ hybridization,
as previously described."® Briefly, tissue sections (4 pm) from
the biopsy specimens were treated with the same primary anti-
DJ-1 antibody used for the immunoblot analysis, and a second-
ary HRP-labeled anti-mouse IgG antibody (Dako EnVision+
System; Dako, Glostrup, Denmark). Immunostaining was
detected by using an enzyme-labeled antibody system with 3'-
diaminobenzidine tetrahydrochloride as the chromogen (Muto
Pure Chemicals, Tokyo, Japan). Expression of DJ-1 protein
was judged by using an image analyzer (WinROOF; Mitani,
Tokyo, Japan). In situ hybridization was also carried out using
20 pmol of 3'-end biotin-labeled DJ-1 oligonucleotide probes
per slide (sense primer, 5'-ATGACTTCCAAGCTGGCCGT-3;
antisense primer, 5-CTTGTAAGAATCAGGCCGTCT-3") (Ni-
hon Gene Research Laboratories, Miyagi, Japan). The hybrid-
ization was carried out overnight at 45°C. After washing
twice, signal amplification was carried out using the ABC Kit
(Dako, Carpinteria, CA, USA). DJ-1 expression was detected
with 5-bromo-4-chloro-3-indolyl phosphate (Sigma Chemicals,
St. Louis, MO, USA). Expression of DJ-1 mRNA was deter-
mined by using the same image analyzer used for analyzing
DJ-1 protein expression.

Histological subtyping. Histological evaluation was rou-
tinely carried out on slides stained with H&E according to the
WHO’s Histological Typing of Breast Tumors."'* Pathological
cancer stages were categorized by using the TNM classifica-
tion affiliated with the International Union against Cancer."”
Immunohistochemistry was used to determine estrogen recep-
tor, progesterone receptor, and human epidermal growth factor
receptor 2 (HER?2) status according to the American Society of
Clinical Oncology/College of American Pathologists guide-
lines."'® Expression of HER2 was evaluated using HercepTest
(Dako) according to the manufacturer’s instructions. Fluores-
cent in situ hybridization was used to confirm genomic ampli-
fication in equivocal cases of HER2 immunohistochemical
staining (score 2+).17 The Ki-67 labeling index (%) was esti-
mated by counting the number of positively stained cells per
500 cancerous cells in a high-powered field (x400). The
cut-off level of the Ki-67 labeling index was set at 14%,
according to the St. Gallen International Expert Consensus on
the Primary Therapy of Early Breast Cancer 2011.®

Statistical analysis. Differences in the mean levels of DJ-1
between the breast cancer group and the non-cancerous group
were analyzed using the Student’s #-test. Fisher’s exact test
was applied to estimate the difference in DJ-1 isoform patterns
between the two groups; software R (version 2.15.2, R
Foundation of Statistical Computing, Vienna, Austria) was
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used for performing Fisher’s exact test. A P-value <0.05 was
considered statistically significant.

Results

DJ-1 levels in serum. The mean level of DJ-1 in the breast
cancer group was 42.7 ng/mL, whereas the mean level of
DJ-1 in the non-cancerous group was 28.3 ng/mL; serum lev-
els of DJ-1 were significantly different between the breast can-
cer and non-cancerous groups (P = 0.019) (Fig. 1a). Table 1
shows the association between DJ-1 levels and the pathological
TNM classification in the breast cancer group. Significantly
higher levels of DJ-1 were detected in cases with tumor sizes

www.wileyonlinelibrary.com/journal/cas

in cases with tumor sizes <5 cm (T1 or T2) (P < 0.0001). The
presence of both lymph node metastasis (P = 0.00017) and
distant metastasis (P < 0.0001) were associated with signifi-
cantly increased serum levels of DJ-1. These data suggest that
serum levels of DJ-1 are elevated in the presence of cancer
and correlate with the extent of clinical cancer. Table 2 shows
the association between biologic markers and DJ-1 levels.
Higher levels of DJ-1 were significantly detected in negative
estrogen receptor status (P = 0.012), negative progesterone
receptor status (P = 0.013), and high Ki-67 labeling index
(P =0.022); however, DJ-1 levels did not correlate with
HER?2 status.

Association between expression of DJ-1 in breast cancer cells

>5 cm, or where there was evidence of direct invasion to the
chest wall or skin, irrespective of tumor size (T3 or T4), than

and DJ-1 levels in the serum. [n situ hybridization of the needle
biopsies revealed upregulated levels of DJ-1 mRNA in breast
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Fig. 1. Mean level of DJ-1 in serum, and the expression profile of its isoforms, in breast cancer and non-cancerous groups. (a) Mean levels of

DJ-1 protein in sera from breast cancer and non-cancerous groups. In sera from the breast cancer group (n = 180), the mean level of DJ-1 protein
was 42.7 ng/mL, whereas that in the non-cancerous group (n = 300) was 28.3 ng/mL. There was a significant difference in the mean levels
between the two groups (P = 0.019). Data are means of three independent experiments with SE. (b) DJ-1 isoform patterns of three representa-
tive cancer cases. (c) Two-dimensional Western blot detection of DJ-1 isoforms shown as an LAS3000 image with molecular weight. Intensity of
each isoelectric spot was semiquantified as a peak of signal intensity that was drawn by ImageQuant TL 8.1 software. The vertical axis shows sig-
nal intensity, and the horizontal axis shows the pl. The highest peak was detected at pl 6.3 in all cancer cases. (c) DJ-1 isoform patterns of three
representative non-cancerous cases. DJ-1 isoform image and its semiquantified graph are shown in the same manner as (b). The vertical axis
shows signal intensity, and the horizontal axis shows the pl. The highest peak was detected at the acidic side (pl 5.7, 5.9, 5.9) in each non-cancer-
ous case. The y-axis is the signal intensity drawn by ImageQuant TL 8.1 software. (d) Mean levels of DJ-1 at pl 6.3 in the sera of abnormally high
DJ-1 in breast cancer and non-cancerous groups. The mean level, calculated by the ratio of isoform peaks, of DJ-1 at pl 6.3 from sera of 11 can-
cerous cases (40.6 ng/mL) was significantly higher than that from 6 non-cancer cases (3.5 ng/mL) (P = 0.0017). Data are the mean of three inde-
pendent experiments with SE.
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Table 1. Subjects from the breast cancer patient group, classified by
TNM and serum DJ-1 levels

Factor No. DJ-1, ng/mL P-value
T
Tis 14 19.5 P < 0.0001
1 83 24.7
2 51 26.0
3 13 103.5
4 12 165.7
N
0 132 25.4 P =0.00017
1 31 75.3
2 6 206.5
3 4 15.4
M
168 34.2 P < 0.0001
1 5 247.6
Rec 7 100.1
Total 180 42.7

Rec, recurrent tumor without treatment for more than 2 years.

Table 2. Subjects from the breast cancer patient group, classified by
biologic markers and serum DJ-1 levels

Marker No. DJ-1, ng/mL P-value

Estrogen receptor
Positive 148 34.9 P=0.012
Negative 32 78.9

Progesterone receptor
Positive 126 31.8 P=0.013
Negative 54 68.1

HER2
Positive 47 55.8 NS
Negative 133 38.1

Ki-67 labeling index
High 121 53.3 P =0.022
Low 59 21.0

Total 180 42.7

HER2, human epidermal growth factor receptor 2; NS, not significant.

cancer tissue in 171 (98.8%) of 173 pre-therapeutic samples.
At the protein level, low expression of DJ-1 was detected in
85 of 173 (49.1%) breast cancer cases by semiquantitative
immunohistochemical analysis. Figure 2 shows a breast cancer
case with high DJ-1 mRNA levels and low expression of DJ-1
protein, whose expression pattern has been observed with
secretion and with hiigh DJ-1 levels in the nipple discharge,
reported previously.'” In cases with low expression of DJ-1
protein, the mean level of DJ-1 protein in the sera was
67.0 ng/mL, significantly higher than that in cases with high
expression of DJ-1 protein (23.5 ng/mL).

Two-dimensional gel electrophoresis and immunoblot analy-
sis. Of 480 blood samples, distinct patterns of DJ-1 isoforms
were detected in 17. Representative isoform patterns of both
cancer and non-cancerous cases are shown in Figure 1(b,c).
Ten different isoforms of DJ-1 were detected, and all 11 breast
cancer cases showed the highest intensity for the isoform at
the pl of 6.3 (Table 3). Conversely, no such isoform pattern
was detected in the other 6 control cases (Fig. 1c¢). Although
one sample in the non-cancer group contained the isoform at
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pl 6.3, the level was no more than half of the highest level of
the other isoform at pI 5.7. Fisher’s exact test showed a statis-
tically significant difference in DJ-1 isoform distribution pat-
terns between the breast cancer and non-cancerous groups
(P = 0.00025). When the protein concentration was calculated
by using the ratio of isoform peaks for the DJ-1 isoform at pl
6.3, a distinct difference was noted in the estimated DJ-1 level
at pl 6.3 between breast cancer cases (40.6 ng/mL) and non-
cancerous cases (3.5 ng/mL) (P = 0.0017) (Fig. 1d).

Discussion

This study demonstrated high levels of DJ-1, and the isoform
at pI 6.3, in the serum samples from breast cancer patients.
The molecular weight and pl of the DJ-1 protein are 19.8 kDa
and 6.33, respectively, as calculated from the protein sequence,
indicating slight modifications in the pI 6.3 isoform observed
in the sera of breast cancer patients. DJ-1 is known to be mod-
ified by oxidation. A previous study of Parkinson’s disease
detected an increase in DJ-1 isoforms with acidic pI, with a
concurrent decrease in isoforms with basic pl in affected neu-
ronal cells, and the acidic isoform in whole blood was identi-
fied as a candidate biomarker of late-stage Parkinson’s
disease.'” This acidic isoform was formed by cysteine oxida-
tion, specifically C106 oxidization, which plays a crucial role
in Parkinson’s disease. By contrast, we have identified that an
increase in the isoform with basic pl can distinguish breast
cancer patients from those with Parkinson’s disease and other
neurodegenerative disorders.

Various human cancers overexpress DJ-1 mRNA during
oncogenesis and cancer progression, and escape from PTEN-
induced cell death.®” Findings from our previous and present
studies have confirmed that DJ-1 mRNA expression is
increased in almost all breast cancer tissues.”” However,
approximately half the breast cancer cases revealed low
expression of DJ-1 protein despite upregulation of mRNA lev-
els. Surprisingly, low expression of DJ-1 protein was not
detected in benign breast tumors, such as papilloma and fi-
broadenoma, which consistently express DJ-1 protein. Data
from our previous studies suggest that breast cancer cells that
show low expression of DJ-1 proteins are associated with DJ-1
protein secretion, although the precise mechanism for downre-
gulation of the DJ-1 protein remains unclear. We propose that
breast cancer cells secrete the DJ-1 isoform with pI 6.3 from
the pool of intracellular DJ-1 into the serum, which may partly
reflect the DJ-1 expression profile in these cancer cells.

As shown in Table 1, lymph node metastasis was significantly
associated with elevated serum levels of DJ-1. However, the
mean level in the N3 group (n = 4) was lower than that of the
NO group (n = 132). The reason for low levels in the N3 group
was unclear. However, we speculated two reasons. One is that
tumor extension may be confined to the lymphatic system,
because no distant metastasis or vessel involvement was
detected in the N3 group. The other reason is that breast cancer
might not secrete DJ-1 in the N3 cases, in which cancer cells did
not express a secretion pattern. This issue may in part suggest
the limitation of serum DJ-1 protein as a tumor marker.

The DJ-1 protein undergoes various post-translational modi-
fications (PTMs); consequently, more than 17 isoforms of
intracellular DJ-1 have been detected, and may partly explain
its multifunctional role."" Varying ratios of DJ-1 isoforms are
considered to determine the differing cellular responses to
many stimuli by normal cells, including the neuronal cell.
Among the known PTMs of the DIJ-1 protein, oxidation,

© 2015 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
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Fig. 2. Expression of DJ-1 protein and mRNA in a
breast cancer biopsy specimen. (a) The breast
cancer nest is located in the center of the H&E
stained specimen. Non-cancerous ducts are seen in
the right lower corner. Bar = 50 um (originally 400
high power fields). (b) Immunohistochemistry of DJ-
1, in the same area as in (a). The immunoreactivity
in the cancerous area is marked by arrowheads,
and was analyzed by the image analyzer WinROOF.
The average intensity of DJ-1 staining in the non-
cancerous ducts located in the right corner was
determined as the threshold value by applying the
hue-lightness-saturation color space. The
expression of DJ-1 in the cancerous area was
judged as low because the intensity of DJ-1 staining
was lower than the threshold value in the
cancerous area. (c) In situ hybridization of DJ-1, in
the same area as in (a, b). Upregulation of DJ-1
mRNA was detected in the cancerous lesion
(arrowheads).

Table 3. Distribution of DJ-1 isoforms in sera of breast cancer and non-cancerous patients

pl/MW, kDa

5.7 5.8 5.9 6.3 6.4

6.5

6.6 6.7 6.8 6.9 7.0 7.1 7.2 7.3 7.4 7.5

21
21
21
22
22
22
21
21
21
21
21

Cancer

22 22

21 21

21
Non-cancer 21
21

22

22 22

21

22

22

21 21

22 22

22

The highest peak of DJ-1 isoforms observed in each case is shown in bold. MW, molecular weight.

phosphorylation, ubiquitination, and sumoylation cannot pro-
duce an isoform with pl 6.3, molecular weight 21-22 kDa, as
these modifications would lead to a much larger shift from this
point. One potential PTM is the O-linked N-acetylglucosamine,
which promotes oncogenic activation by enhancing glycolytic
activation in various cancer cells includin% MDA-MB-231 and
non-malignant human breast cells.?"?? This modification
exemplifies how DJ-1 regulates metabolic reprogramming and
signaling in cancer cells. Thus, further study is needed to iden-
tify the PTM that creates the DJ-1 isoform with pI 6.3 and its
pathological role in cancer promotion.

Persistent secretion of DJ-1 may be a clinical marker not
only for worsening chronic disorders but also for tumor pro-
gression. A majority of cancer cells express high levels of
DJ-1 to prevent apoptosis.*” High DJ-1 levels are downreg-
ulated by muscadine; this phytochemical is derived from
grape-skin extract and inhibits prostate cancer growth in vi-
tro.*® Findings from our previous study of ductal carcinoma

© 2015 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

in situ revealed that breast tumor cells might secrete DIJ-1,
which could be detected in nipple discharge.*"'” Certain
ductal carcinoma in sifu may not progress to invasive cancer
if persistent stress is appropriately removed from the
damaged mammary cells. The unique properties of DJ-1 in
the serum suggest that it may be an important tool for fur-
ther development of chemopreventive agents against breast
cancer.

In the non-cancerous group, all six patients who expressed
extraordinarily high DJ-1 levels had underlying chronic dis-
eases including hypertension, hyperlipidemia, type 2 diabetes,
chronic arthritis, or cedar pollinosis; all of these diseases are
considered to occur as a result of oxidative stress. A deficiency
or constitutive activation of DJ-1 has been implicated in mast
cell-derived allergic diseases such as cedar pollinosis;** DJ-1
participates in fatty acid synthesis, and a high-fat diet induces
isoform changes of DJ-1 protein, suggesting that DJ-1 is a sen-
sor involved in nutrition-induced outcomes.*> DJ-1 also plays

Cancer Sci | July 2015 | vol. 106 | no.7 | 942
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a key role in glucose homeostasis, and is %enerally involved in
age- and lifestyle-related human diseases.“® Detection of high
levels of DJ-1 in serum could present an opportunity to ame-
liorate all these diseases at once. The development of oxidative
stress inhibitors is rapidly progressing, and the monitoring of
oxidative stress will become more important to improve qual-
ity of life and longevity. The level of DJ-1 in serum is a prom-
ising candidate for monitoring stress, and the expression of
varying DJ-1 isoforms may be a biomarker for various cellular
defects, including breast cancer.

In summary, levels of DJ-1 were elevated in the sera of
patients with cancer, although the presence of other underlying
chronic disorders could not identify the cause of high levels of
DJ-1 in the serum. Detection of DJ-1 isoform at pI 6.3 could
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