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Midkine in plasma as a novel breast cancer marker

The official journal of the Japanese Cancer Association

Mutsuko Ibusuki,’*¢ Hiromi Fujimori,¢ Yutaka Yamamoto,'* Kazutoshi Ota,>* Mitsuharu Ueda,? Satoru Shinriki,3
Masahiro Taketomi,* Sadatoshi Sakuma,* Masanori Shinohara,? Hirotaka Iwase' and Yukio Ando?

'Department of Breast and Endocrine Surgery, 2Department of Diagnostic Medicine, and *Department of Oral and Maxillofacial Surgery, Graduate School of
Medical and Pharmaceutical Sciences, Kumamoto University, Kumamoto, “Cell Signals Inc., Yokohama, Japan

(Received February 26, 2009/Revised May 18, 2009/Accepted May 21, 2009/Online publication June 15, 2009)

Midkine, a heparin-binding growth factor, is up-regulated in many
types of cancer. The aim of this study was to measure plasma midkine
levels in patients with breast cancer and to assess its clinical signifi-
cance. We examined plasma midkine levels in 95 healthy volunteers,
11 patients with ductal carcinoma in situ (DCIS), 111 patients with
primary invasive breast cancer without distant metastasis (PIBC), and
25 patients with distant metastatic breast cancer (MBC), using an
automatic immunoasssay analyzer (TOSOH AIA system). In PIBC, we
studied the correlation between plasma midkine levels and clinico-
pathological factors. Immunoreactive midkine was detectable in the
plasma of healthy volunteers, and a cut-off level of 750 pg/mL was
established. In breast cancer patients, plasma midkine levels were
increased above normal values. These elevated levels of midkine were
seen in one (9.1%) of 11 patients with DCIS, 36 (32.4%) of 111 patients
with PIBC, and 16 (64.0%) of 25 patients with MBC. Increased levels
of midkine were correlated with menopausal status (P = 0.0497) and
nuclear grade (P = 0.0343) in PIBC. Cancer detection rates based on
midkine levels were higher than those based on three conventional
markers including CA15-3 (P < 0.0001), CEA (P = 0.0077), and NCCST-
439 (P < 0.0001). Detection rates of breast cancer using a combination
of two conventional tumor markers (CA15-3/CEA, CA15-3/NCCST-439,
or CEA/NCCST-439) with midkine is significantly higher than those
using combination of three conventional tumor markers. Midkine may
be a useful novel tumor marker for detection of breast cancer, superior
to conventional tumor markers. (Cancer Sci 2009; 100: 1735-1739)

IVI ultiple growth factors have been identified that are up-
regulated in malignant tumors, and these factors play
crucial roles in tumorigenesis and tumor progression, including
tumor survival, growth, invasion, angiogenesis, and metastasis.

Midkine, a heparin-binding growth factor, was originally
reported to be a product of a retinoic acid-responsive gene in
embryonal carcinoma cells.? The human midkine gene is located
on chromosome 11q11,%¥ and encodes a 13-kDa protein rich in
a basic amino acids and cysteine.”” Midkine is highly expressed
during the mid-gestational period of embryogenesis in mice and
plays an important role in the development of tooth,® lung,®
kidney,”® bone,®!? and nerve tissue.!V

Biological activities of midkine in cancer include the transfor-
mation of fibroblasts,? cell growth,'"! cell survival, ' cell
migration,'” and angiogenesis."'> Overexpression of midkine
mRNA and the protein itself were reported a variety of human
malignancies such as oral,'® gastrointestinal,'"'® hepatobiliary,*"
lung,®V thyroid,® bladder,® cervical,®® ovarian,* and prostate
cancer.®® Garber er al. demonstrated that 19 of 24 breast malignant
tissue expressed midkine transcripts by reverse transcription—
polymerase chain reaction (RT-PCR) assay.?” Miyashiro et al.
also showed that midkine expression in breast cancer tissue was
detected using RT-PCR, northern blot analysis, and immuno-
histochemistry.®® Midkine overexpression is also significantly
correlated with prognosis in neuroblastoma,®” glioblastoma,®?
and bladder carcinoma.®® On the other hand, antisense midkine
oligodeoxyribonucleotides show anti-tumor activity for neuro-

doi: 10.1111/j.1349-7006.2009.01233.x
© 2009 Japanese Cancer Association

fibroma derived—cells®? and mouse rectal carcinoma cells.®? In
addition, siRNA inhibition of midkine expression has an antitumor
effect in prostate®® and gastric cancer.®? Taken together, these
results show that midkine may effect tumorigenesis and tumor
progression.

In addition, increased midkine levels in blood have been
reported in patients with several kinds of malignancy.®>-*® In
esophageal cancer, preoperative serum midkine concentration was
an independent prognostic factor® and was superior to conven-
tional tumor markers for cancer detection.“? It is suggested that
midkine levels in blood can be a novel tumor marker for cancer
patients. However, little is known about circulating levels of
midkine in patients with breast cancer.

In this study, we measured midkine concentrations in plasma
from breast cancer patients as well as healthy individuals with a
novel automated ELISA system using a combination of anti-
midkine monoclonal antibodies. To clarify the clinical usefulness
of plasma midkine measurements, we examined the correlation
between plasma midkine levels and clinicopathological parameters
in operable invasive breast cancer patients. In addition, to evaluate
the potential of midkine as a tumor marker, we compared the
positive rate of midkine in patients with those of conventional
tumor markers, such as CA15-3, CEA, and NCC-ST435.

Materials and Methods

Healthy controls and patients. A total of 104 healthy volunteers
(48 females, 56 males) without any evidence of disease (e.g. liver
dysfunction, rheumatoid arthritis, diabetes, etc.), and 147 female
breast cancer patients (11 ductal carcinoma in situ, 111 primary
invasive cancer, and 25 metastatic cancer) were enrolled in this
study. Patients were treated at the Kumamoto University Hospital
from 2002 to 2006. Breast cancer patients with liver dysfunction,
rheumatoid arthritis, and other inflammatory diseases were
excluded from this study. Informed consent was obtained from
all of the patients and healthy volunteers. Clinical stages were
determined according to the criteria of the Japanese Breast
Cancer Society, which is based on the International Union Against
Cancer (UICC) Criteria. Operable breast cancer patients were
treated with curative operation and standard chemo-endocrine
therapy according to treatment recommendations such as the St.
Gallen expert consensus meeting.“!*? This study protocol was
approved by institutional review board at Kumamoto University
Hospital and all patients and healthy volunteers provided written
and informed consent.

Measurement of plasma midkine. Venous blood samples for
measurement of midkine were drawn into sterile tubes containing
ethylenediaminotetraacetic acid at detection of primary breast
cancer or recurrent cancer, and centrifuged at 3000 g for 10 min.
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The plasma samples were stored at —80°C until they were used
for determinations of midkine.

The midkine assay is a two-site immunoenzymometric assay
requiring 50 pL of plasma sample, which is performed automatic-
ally by an AIA-600II immunoassay analyzer (Tosoh Corporation,
Tokyo, Japan). This method has been previously described else-
where.® Briefly, Midkine in a sample is simultaneously reacted
with mouse anti-midkine monoclonal antibody (SC-2) immobilized
on magnetizable beads and with alkaline phosphatase—labeled
mouse anti-midkine monoclonal antibody (SC-4) to form a sand-
wich structure. After 10 min of incubation at 37°C, beads are
washed to remove unbound materials. A fluorogenic substrate,
4-methylumbelliferyl phosphate, is added for enzyme-substrate
reaction at 37°C for 5 min. The rate of fluorescence increase due
to release of 4-methylumbelliferone is directly proportional to
the midkine concentration in the samples. Intra-assay coefficient
of variation (CV) was 2.5-3.9% and inter-assay CV was less than
3.2-5.8% in this automatic immunoasssay analyzer.

Measurement of CA15-3, CEA, and NCCST-439. Venous blood samples
were drawn into sterile vacuum tubes at the same time of venous
sampling for measurement of midkine. They were centrifuged
3000 g for 10 min and the serum samples were immediately used
for CA15-3 and carcinoembryonic antigen (CEA) determination or
transferred to SRL (Tokyo, Japan) for NCC-ST-439 determination.
Serum CA15-3 and CEA were measured using commercial kits
in the laboratory division of Kumamoto University Hospital.
Serum CEA levels were analyzed by a solid phase ELISA method
using an Architect CEA kit (Abbott Japan, Chiba, Japan) based
on the quantitative ‘sandwich’ technique. Serum CA15-3 values
were measured using a chemiluminescent enzyme immunoassay
with a Lumipalse CA15-3 kit (Fujirebio Diagnostics, Malvern,
PA, USA) based on the quantitative ‘sandwich’ technique. Serum
NCC-ST-439 levels were analysed using an enzyme immunoassay
with a commercially available kit (Lanazyme ST-439 plate;
Nippon Kayaku, Tokyo, Japan at SRL). Quality control and
calibration for all the tumor marker measurements were strictly
performed using commercial reference control sera. The coeffcients
of intra- and inter-assay variability for all the tumor markers
were less than 10%. Following the laboratory’s recommendation,
the upper normal limits for the CEA, CA 15-3 levels, and
NCC-ST-439 were 2 ng/mL, 30 U/mL, and 7.0 U/mL, respectively.

All samples of serum were measured immediately after blood
sampling. All specimen measurements were performed blinded
to the clinical details.

Histology. Paraffin-embedded samples were cut into 4-um
sections, stained with hematoxylin—eosin and examined according
to the criteria of the Japanese Breast Cancer Society.

Immunohistochemical analysis of hormone receptors and HER2.
The expression of estrogen receptor (ER), progesterone receptor
(PgR), and human epidermal growth factor receptor-2 (HER2)
were determined immunohistochemically in paraffin-embedded
tissue specimens. The expression of ER, PgR, and HER2 was
studied in all primary invasive cancers. In addition, histological
sections (4 um in thickness) were transferred to silane-coated
slides and were air-dried overnight at 37°C. The sections were
deparaffinized in xylene and rehydrated through a graded series
of decreasing ethanol concentrations. To block endogenous
peroxidase activity, slides were incubated for 10 min in methanol
containing 0.3% hydrogen peroxide and then rinsed with Tris-
buffered saline (TBS) solution.

We used mouse monoclonal antibody against ER (1D5, 1:50
dilution; Dako Japan, Tokyo, Japan) and PgR (PgR636, 1:800;
Dako Japan, Tokyo, Japan) for detection of hormone receptors,
and rabbit polyclonal antibody (1:200; Dako Japan) for detection
of HER2. Expression of ER, PgR, and HER2 were determined by
the recently developed Histofine Simple Stain MAX-PO (Nichirei,
Tokyo Japan) method. This method has been previously described
elsewhere.*® Peroxidase activities were detected with 3,3-
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diaminobenzideine (Dako Japan) for 5 min at room temperature.
The sections were counter-stained with hematoxylin and dehy-
drated in alcohol and xylene before the sections were mounted.
Negative controls were performed using non-immune serum or
PBS in place of the primary antibodies.

Statistical analysis. For metric variables, the Mann—Whitney U-
test or Kruskal-Wallis test were used to assess the statistical
significance of correlations between plasma midkine levels and
tumor characteristics. The Steel and Steel-Dwass test was also used
for multiple comparisons between normal controls and patients
with breast cancer including ductal carcinoma in situ (DCIS),
primary invasive cancer without distant metastasis, and metastatic
breast cancer. For categorical variables, x>-test or Fisher’s exact
test were used to determine the significance of differences between
groups. The McNeman test was also used for comparison between
detection rates of breast cancer with tumor markers and midkine.
All analyses except the Steel and Steel-Dwass test were performed
with the JMP IN version 5.1 software package (SAS Institute
Japan, Tokyo, Japan). The Steel and Steel-Dwass test was done
with the KyPlot version 5.0 (KyenseLab incorpotated, Tokyo,
Japan). P-values of less than 0.05 were regarded as statistically
significant. All statistical tests were two-sided.

Results

Plasma levels of midkine in normal controls. Plasma midkine levels
in 104 healthy volunteers varied from 302 to 1068 pg/mL (mean,
489 pg/mL; 25th percentile, 411 pg/mL; 75th percentile 542 pg/mL).
No significant differences were observed between age or between
women (n = 48; mean, 488 pg/mL; 25th percentile, 415 pg/mL;
75th percentile, 543 pg/mL) and men (n = 56; mean, 501 pg/mL,;
25th percentile, 409 pg/mL; 75th percentile, 542 pg/mL). A box
plot of midkine levels in all healthy volunteers showed four
outliners (1067.9, 865.0, 762.7, 751.4 pg/mL, respectively) (data
not shown). The cut-off values of midkine levels were determined,
with 750 pg/mL almost the lowest outliner. The positive rate was
only 3.8% (4/104) in healthy volunteers.

Plasma levels of midkine in breast cancer patients. Plasma midkine
levels in breast cancer patients and normal controls are shown in
Figure 1. Immunoreactive plasma midkine in patients with breast
cancer were elevated compared to normal controls (DCIS: n =
11, P < 0.05; primary invasive cancer without distant metastasis:
n=111, P <0.001; metastatic disease: n =25, P < 0.00; Steel test).
Furthermore, plasma midkine levels in metastatic cancer patients
were significantly higher than those levels in DCIS (P < 0.001)
and primary invasive cancer (P < 0.001, Steel-Dwass test). How-
ever, those levels did not differ significantly between DCIS and
primary cancer. The positive rate was 9.1% (1/11), 32.4% (36/
111), and 64% (16/25) in DCIS, primary, and metastatic cancer
patients, respectively.

Association between plasma midkine levels and clinicopathological
parameaters in primary invasive breast cancer. Among 111 primary
invasive breast cancer patients, plasma midkine levels were signifi-
cantly higher in postmenopausal patients than premenopausal
ones (P =0.0497, Mann—Whitney U-test). Plasma midkine levels
were also significantly higher in patients with poorly differentiated
tumors than those with well-differentiated tumors (P =0.0343,
Mann—Whitney U-test). However, there were no significant differ-
ences with respect to tumor size, nodal status, clinical stage,
vascular permeations, hormone receptor status, and HER?2 status
(Table 1).

Plasma midkine and conventional tumor markers. To evaluate the
usefulness of plasma midkine as a tumor marker for detecting
breast cancer, its positive rates were compared with those of three
conventional tumor markers for breast cancer. The positivity for
midkine was significantly higher than for CA15-3 (P < 0.001),
CEA (P =0.0094), and NCCST-439 (P < 0.001, McNeman test)
in all cancer patients (Table 2). Notably, cancer detection rates
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Table 1.

Plasma midkine levels according to clinical parameters in patients with primary breast cancer

Mean midkine levels (pg/mL)

Clinical parameters No. of patients Median (25%,75% percentile) P-values Positive rate (750 pg/mL)
Menopause Pre- 28 558 (472, 726) 0.0497 17.9%
Post- 83 688 (555, 860) 39.8%
Tumor size (mm) <20 64 690 (555, 854) n.s. 40.6%
>20 47 597 (500, 763) 25.5%
Nodal status - 70 603 (521, 812) n.s. 30.0%
+ 41 697 (528, 861) 41.5%
Stage | 44 652 (531, 816) 34.1%
] 55 604 (500, 831) n.s. 29.1%
1 12 743 (545, 849) 58.3%
Nuclear grade 1 65 601 (491, 783) 29.6%
2 26 636 (534, 766) 0.0343 26.9%
3 20 835 (581, 1006) 60.0%
Lymphatic invasion - 80 640 (518, 794) n.s. 31.3%
+ 31 645 (528, 844) 41.9%
Vessel invasion - 102 646 (523, 824) n.s. 34.3%
+ 9 605 (520, 866) 33.3%
ER - 24 668 (563, 849) n.s. 41.6%
+ 87 608 (511, 824) 32.2%
PgR - 47 658 (544, 835) n.s. 38.3%
+ 64 606 (493, 825) 31.3%
HER2 - 95 625 (519, 826) n.s. 33.7%
+ 16 652 (563, 836) 38.3%

ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; n.s., not significant; PgR, progesterone receptor.
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Fig. 1. Plasma midkine levels in normal controls, ductal carcinoma in situ
(DCIS) patients, primary invasive breast cancer patients, and metastatic
breast cancer patients. Levels are expressed in pg/mL. Box, center bar in the
box, and error bar show interquartile range, median of midkine levels, and
range from minimum to maximum value. Normal: healthy volunteers; n =
104; median midkine levels = 489 pg/mL; 25th percentile =411 pg/mL; 75th
percentile = 542 pg/mL; minimum levels = 302 pg/mL; maximum levels =
1068 pg/mL; positive rate = 3.8% (4/104). DCIS: ductal carcinoma in situ,
n=11; median midkine levels = 589 pg/mL; 25th percentile =493 pg/mL;
75th percentile = 704 pg/mL; minimum levels = 423 pg/mL; maximum levels =
817 pg/mL; positive rate =9.1% (1/11). Primary: primary invasive breast cancer
without distant metastasis; n = 11; median midkine levels = 645 pg/mL;
25th percentile = 523 pg/mL; 75th percentile = 826 pg/mL; minimum levels =
323 pg/mL; maximum levels = 3120 pg/mL; positive rate = 32.4% (36/111).
Metastatic: metastatic breast cancer; n=25; median midkine levels =
1252 pg/mL; 25th percentile = 602 pg/mL; 75th percentile = 2543 pg/mL;
minimum levels = 414 pg/mL; maximum levels = 7665 pg/mL; positive rate =
64% (16/25). The Steel test showed significant difference between healthy
volunteers and patients with breast cancer including DCIS (P < 0.05), primary
invasive cancer (P < 0.001), and metastatic breast cancer (P < 0.001). The
Steel-Dwass test also showed significant difference between DCIS and
metastatic disease (P < 0.05), and between primary invasive cancer and
metastatic disease (P < 0.01), but no significant difference between DCIS
and primary invasive cancer.

Ibusuki et al.

of midkine were significantly superior to those of the three
conventional markers in patients with primary invasive cancer
without distant metastasis. The positivity of midkine was signi-
ficantly correlated with that of CA15-3 (P =0.0006, y>-test),
CEA (P <0.0001, x>-test), and NCCST-439 (P = 0.0031, Fisher’s
exact test) (Table 3). Aberrant midkine elevation was observed
in 36.1% (53/147) patients with breast cancer. Single midkine
could detect 22 patients (21.4%) with breast cancer which was
not detected in 103 patients with cancer using a combination of
three conventional tumor markers. On the other hand, a combina-
tion of three conventional tumor markers detected 22 patients
(10.8%) with cancer which was not detected in 94 patients with
cancer without midkine elevation.

Cancer detection rate with a combination of two conventional tumor
markers and midkine in patients with breast cancer. The detection
rate of breast cancer with a combination of three conventional
tumor markers, CA15-3, CEA, and NCC-ST 439, was in 29.9%
patients with breast cancer. On the other hand, the cancer detection
rate of three markers which are two conventional tumor markers
(CA15-3/CEA, CA15-3/NCCST-439, and CEA/NCCST-439) and
midkine were significantly higher than that of three conventional
tumor markers (44.9%, P < 0.0001; 41.5%, P = 0.0031; 44.9%,
P < 0.0001, respectively, Table 4).

Discussion

In these present experiments, we used an automatic immunoassay
system with a combination of monoclonal antibodies. This approach
offers superior quality control compared to methods based on poly-
clonal antibodies. Furthermore, this automatic immunoassay system
could be useful for screening large numbers of people for cancer.

Growth factors, expressed by tumor cells and/or stroma cells
acting in autocrine and/or paracrine fashion, greatly contribute
to tumorigenesis and tumor progression. In addition, numerous
studies have demonstrated that circulating levels of growth factors
in cancer patients are increased compared to healthy individuals,
and these growth factors may function in an endocrine fashion
to promote metastatic foci.“? Midkine is a multifunctional growth
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Table 2. Detection of breast cancer according to

No. of patients Midkine CA15-3 CEA NCCST-439 L .
midkine and conventional tumor markers for
DCIS 11 1(9.1%) 0 (0%) 1(9.1%) 1(9.1%) breast cancer
Primary 111 36 (32.4%) 2 (5.3%)* 20 (18.0%)** 5 (4.5%)*
Metastatic 25 16 (64.0%) 16 (64.0%) 16 (64.0%) 9 (36%)***
All 147 53 (36.1%) 18 (12.2%)* 37 (25.2%)**** 15 (10.7%)*

P-values when the positivity of midkine was significantly higher than conventional tumor
marker are *P < 0.0001, **P=0.0077, ***P=0.0082, and ****P = (0.0094 (McNeman test).

DCIS, ductal carcinoma in situ.

Table 3. Correlation between the aberrant expression levels of midkine
and conventional tumor markers in patients with breast cancer (n = 147)
(a) Midkine and CA15-3

CA15-3 elevation (-)

89 (60.1%)
40 (27.2%)

CA15-3 elevation (+)

5 (3.4%)
13 (8.8%)

Midkine elevation (-)
Midkine elevation (+)

P =0.0006 (x>-test).
(b) Midkine and CEA

CEA elevation () CEA elevation (+)

11 (7.5%)
26 (17.7%)

83 (56.5%)
27 (18.4%)

Midkine elevation (-)
Midkine elevation (+)

P <0.0001 (x*-test).
(¢) Midkine and NCCST-439

NCCST-439 NCCST-439

elevation (-) elevation (+)
Midkine elevation (-) 90 (61.2%) 4 (2.7%)
Midkine elevation (+) 42 (28.6%) 11 (7.5%)

P =0.0031 (Fisher's exact test).

factor, which can induce various effects on target cells, including
nerve cells, neutrophils, macrophages, smooth muscle cells,
fibroblasts, and tumor cells."'® Midkine not only transforms
fibroblasts'? but also exerts mitogenic,'¥ antiapoptotic,"'¥ and
proangiogenic effects’® in cancer development. Recently, we
demonstrated the clinical significance of midkine levels in the
blood in oral squamous cell carcinoma. Protein and mRNA
expression of midkine were detected, and serum concentration of
midkine had prognostic value in oral squamous cell carcinoma.®
In breast cancer, midkine is overexpressed in cancerous tissues.?”?
Shimada et al. showed that midkine expression in esophageal
carcinoma tissues was significantly associated with increased
levels in the serum.®” We therefore speculated that midkine
could be secreted into the blood circulation from tumor tissue,
and that plasma midkine levels could be clinically relevant. In
this study, we showed that plasma midkine levels were abnor-
mally elevated in breast cancer patients, especially in metastatic
cases. Measurement of plasma midkine levels may be useful for
detection of primary invasive cancer and metastatic cancer,
although the levels were not significantly elevated in patients
with DCIS.

In primary invasive cancer, plasma midkine levels were sig-
nificantly correlated with menopausal status although the reason
for this remains to be elucidated. Previous reports demonstrated
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Supporting Information
Additional Supporting Information may be found in the online version of this article:

Fig. S1. The receiver—operator (ROC) curve for detecting breast cancer using plasma midkine levels. The ROC curve indicated 555 pg/mL as a cut-off
value of plasma midkine levels. The sensitivity and the false negative rates were 71% and 22% for detecting breast cancer using this cut-off value,
respectively. The area under the curve (AUC) of this ROC was 0.80 and showed that plasma midkine clearly divided healthy volunteers and malignancy.

Fig. S2. Frequency distribution and box plot of plasma midkine levels among healthy volunteers. Dots above bar represent four outliners (1067.9,
865.0, 762.7, 751.4 pg/mL, respectively) in the box plot.

Fig. S3. Distribution of plasma midkine levels according to age.

Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries
(other than missing material) should be directed to the corresponding author for the article.
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