detecting breast disorders. Therefore, it has become very im-
portant to increase the rate of mammographic screening among
the general public toward reducing the breast cancer mortality.
However, it is also true that 7.2% of the malignant cases were
associated with no mammographic abnormalities (3). In add-
ition, the malignant ratio of 20, 30 and 40 years without mam-
mographic abnormalities was statistically higher than the ratio
of the other age groups (3). Ultrasonography (US) has been in
general proposed to prove much more effective in the detection
of breast cancer if the patient is young, has dense breast or their
detected masses are small (4—6). Therefore, it has become very
important to improve the quality of US diagnoses.

The effectiveness of ultrasound screening for women aged
40 years has been evaluated in detecting and reducing mor-
tality of the breast cancer in Japan in order to complement
this particular pitfall of mammography (7). This study
named J-START (The Japan Strategic Anti-cancer
Randomized Trial) evaluates the effectiveness of screening
mammography with US breast cancer screening compared
with mammography alone in 40 years, with a design to
study 50 000 women with mammography and US and 50 000
controls with mammography only (7). The participants are
scheduled to take a second-round screening with the same
modality 2 years onwards (7). The primary endpoints are
sensitivity and specificity, and the secondary endpoint as the
rate of advanced breast cancer (7). Whether or not breast US
screening is adopted in the future large-scale screening there-
fore largely depends on the results of this research.
Considerable efforts will be required to successfully carry
out this massive undertaking done in Japanese population.

Strict or rigorous conformity to high quality of interpret-
ation of US finding among those involved in this screening is
therefore mandatory for the very success of an US diagnosis
in such a large scale. We previously examined the correlation
between US findings and the corresponding histopathological
features in breast disorders in our previous study (6). There
have been relatively few reported studies on assessing US per-
formance and its resolution without any mammographic ab-
normalities (8). Therefore, in this study, we evaluated US
findings and the corresponding histopathological characteris-
tics for breast cancer patients with Breast Imaging Reporting
and Data System (BI-RADS) (9) category 1 mammogram.

PATIENTS AND METHODS
PATIENTS

We retrospectively reviewed the US findings and their corre-
sponding histopathological features of 45 breast cancer
patients with BI-RADS category 1 mammogram and 537 con-
trols with mammographic abnormalities. The patients under-
went needle biopsies or surgical resection at the Tohoku
University Hospital from January 2006 to December 2010.
We received informed consents from all the patients and the
protocol for this study was approved by the Ethics Committee
at Tohoku University Graduate School of Medicine.

Jpn J Clin Oncol 2012;42(3) 169

IMAGING DEVICES AND BREAST TISSUE SPECIMENS

The US examinations were assessed by one of the experi-
enced eight breast specialists in Tohoku University Hospital.
The consensus meeting of US was held for 1 whole week in
order to standardize the US examination among these eight
doctors. In addition, two of them independently evaluated
the US findings in a retrospective manner, without the
knowledge of clinical and histopathological information of
individual patients. All US evaluations were carried out
using Aloka SSD 3500 and ProSound a7 (Aloka Co., Tokyo,
Japan) with a 10 MHz transducer.

We stained the corresponding tissue slides of the cases
using hematoxylin—eosin (H&E) and immunohistochemistry
for estrogen receptor (ER) and human epidermal growth
factor receptor 2 (HER2). Surgical specimens had been fixed
in 10% formaldehyde solution, cut into serial 5 mm-thick
slices, embedded in paraffin, cut into 4 pm-thick sections
and placed on the glue-coated glass slides. We employed the
avidin—streptavidin immunoperoxidase method using the
clone 6F11 antibody (Ventana, Tucson, AZ, USA) in auto-
mated immunostainer (Benchmark System; Ventana). A stan-
dardized immunohistochemistry kit (HercepTest for
Immunoenzymatic Staining; Dako, Copenhagen, Denmark)
was used for HER2 staining. Histopathological slides were
reviewed by two pathologists independently without the
knowledge of clinical information. Olympus (Tokyo, Japan)
BX50 and 20x objectives were used for the analyses.

IMAGING AND HISTOPATHOLOGICAL ANALYSES

Two or more hardcopy transverse and sagittal plane images
of breast lesions were analyzed in this study. We recorded
tumor shape, periphery, internal and lateral echo pattern,
interruption of mammary borders and the distribution of
low-echoic lesions, according to the BI-RADS sonographic
classification (9) and the Japan Association of Breast and
Thyroid Sonology (JABTS) breast sonographic classification
(10). Tumor shape was tentatively classified into round, oval,
lobular and irregular (9,10). Periphery was tentatively classi-
fied into circumscribed, obscured, indistinct and spiculated
(9,10). Internal echo was classified into low and heterogen-
eity or high (9,10). Lateral echo was also classified into ac-
centuation, no change and attenuation (9,10). Interruption of
mammary borders was classified into interruption, indeter-
minate and no (9,10). Distribution of low-echoic lesions was
classified into spotted and segmental (9,10) (Fig. 1).

Two of the experienced pathologists independently
evaluated surgical pathology specimens, respectively.
Histopathological evaluations were based on World Health
Organization (WHO) histological classification of tumor of
the breast (11) and Rosen’s breast pathology (12). ER was
determined by nuclear staining graded from 0 to 8 using the
Allred score, and ER positivity was Grade 3 or more (13).
With regard to HER2 evaluation, membranous staining was
graded as the following: score 0—14, 2+ and 3+ (14).
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170 Ultrasonographic and histopathological characteristics

Figure 1. Representative illustrations of the distribution of low-echoic lesions. (A) Spotted and (B) segmental.

Scoring of 2+ was added fluorescence in situ hybridization
(FISH) that was used to calculate the gene copy ratio of
HER2-to-CEP17 (the PathVysion HER2 DNA Probe Kit;
Abbott, Chicago, IL, USA). Positive is defined as either
HER2:CEP17 signal ratio (FISH score) >2.2 (14).
Histological grades and mitotic counts were assessed accord-
ing to the criteria of Elston and Ellis (15). Van Nuys classifi-
cations were also assessed for ductal carcinoma in situ and
invasive ductal carcinoma (IDC) with predominant intraduc-
tal components cases (16,17). We also identified the presence
or absence of lymphovascular invasion according to the
Rosen’s Breast Pathology (12).

At first, we examined the differences of the patients’
characteristics between these two groups including the distri-
bution of age, menopausal status, past history of the benign
proliferative disease, background of detection, clinical stage,
breast density of mammography according to the BI-RADS
lexicon (9) and surgical strategy as the breast-conserving ratio.
We evaluated the US findings including mass shape, periph-
ery, internal and posterior echo pattern, interruption of
mammary borders and the distribution of low-echoic lesions
and compared them with histopathological characteristics
including histological classification, hormone receptor and
HER?2 status of IDC, tumor size confirmed by histopathology,
histological grade, mitotic counts and lymphovascular inva-
sion of BI-RADS category 1 mammograms. We then com-
pared these findings with those of control group patients.

STATISTICAL ANALYSES

Statistical analyses were performed using StatMate I1I for
Windows ver. 3.18 (ATMS, Tokyo, Japan). The results were
considered significant at P < 0.05.

RESULTS
Tue DetaLs oF Bota BI-RADS 1 anp ConTROL GROUPS

Table 1 summarizes the difference in the patients’ character-
istics including the distribution of age, menopausal status,
past history of the benign proliferative disease, background
of detection, clinical stage, breast density of mammography
and surgical strategy. The median ages of the study group
and the control group were 48 years (range, 32—84) and 56
years (range, 26—88), respectively (P = 0.047). There was a
statistically significant higher ratio of Stages 0 and I, hetero-
geneously and extremely dense, and conserving surgery in
the BI-RADS 1 group (P < 0.001, <0.001 and 0.002, re-
spectively). However, there was a statistically significant
lower ratio of menopause and self-palpation in the BI-RADS
1 group (P < 0.001, respectively; Table 1).

Table 1. The details of patients

BI-RADS 1 Control P valuc Odds ratio

Age 48 (32—84) 56 (26-83) 0.047 —
Menopausal ratio 37.8% 63.4% <0.001 0.31
Benign proliferative discase 2.2% 9.5% NS 2.34
Cause of detection 24.4% 59.4% <0.001 0.22
(self-palpation ratio)

Stage (Stages 0 and I) 93.3% 66.4% <0.001 7.08
Heterogeneously and 91.1% 39.1% <0.001 15.97
extremely dense ratio

Surgical strategy 95.6% 74.6% 0.002  7.82

(conserving ratio)
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THE Ratios oF Mass CAses AND THE TUMOR SIZE

Twenty-six out of the 45 were US mass cases in the
BI-RADS 1 group and 370 out of the 490 were US mass
cases in the control group. There was a statistically signifi-
cant difference between the BI-RADS 1 and control groups
(P = 0.003). The US tumor size of BI-RADS 1 and control
groups was 12.1 mm (range, 3.2—-24.9 mm) and 18.5 mm
(range, 6.5—150 mm) with statistically significant differences
(P < 0.001).

EvaLUATION OF THE US CHARACTERISTICS

Figure 2 summarizes the results of the numbers and ratios of
mass shape (Fig. 2A), periphery (Fig. 2B), internal echo
pattern (Fig. 2C), lateral echo pattern (Fig. 2D) and interrup-
tion of mammary borders (Fig. 2E) of the BI-RADS 1 and
control groups. There were statistically higher ratios of round
mass shape (P < 0.001), no change of lateral echo pattern (P
= 0.028) and no or indeterminate interruption of mammary
borders (P < 0.001) in the BI-RADS 1 group. There were
statistically lower ratios of spiculated periphery (P = 0.021),

attenuation of lateral echo pattern (P =0.011) and
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interruption of mammary borders (P < 0.001) in the
BI-RADS 1 group. Figure 3 summarizes the results of the
numbers and ratios of distribution of low-echoic lesions.
There were statistically higher ratios of spotted distribution
and lower cases of segmental distribution in the BI-RADS 1
group than in the control group (P = 0.012).

EvALUATION OF THE CORRESPONDING HISTOPATHOLOGICAL
CHARACTERISTICS

Figure 4 summarizes the results of the numbers and ratios of
results classified by histological subtypes (Fig. 4A), hormone
receptor and HER2 expression of IDC (Fig. 4B), tumor size
of the invasive lesion as confirmed by the histopathological
examination (Fig. 4C), histological grade (Fig. 4D), mitotic
counts (Fig. 4E) and lymphovascular invasion (Fig. 4F).
There was statistically higher ratios of triple-negative
subtype, smaller tumor size and lower case of lymphovascu-
lar invasion in the BI-RADS 1 group (P = 0.021, P < 0.001
and P = 0.012, respectively) compared with the control
group. In addition, a higher ratio of histological grade 3 was
detected in the BI-RADS 1 group but this difference did not
reach the statistical significance (P = 0.094).

A Mass shape B Periphery C Internal
100% 100%
90% -] — 90% 100%
80% — -— 80% 90%
70% —| — 70% 80%
60% — — 60% 70%
50% 50% 60%
30% L 40% 5os%
30% 30% 40% p
20% 20% 30%
10% 10% 20%
. e o - 10%
*% "BiraDS1 | Control 0% “BLRADS1 | Control 0% . |
O Irregular 12 216 TiSpiculated o 64 BI-RADS 1 Control
ClLobulated 5 71 O Indistinct 17 185 0 Heterogeneity 7 -
@ Oval 5 7 ElObscured 4 57 or high
{2 Round -3 1 Cireumeoribed s 4 [ Low 19 282
D 100% Lateral E Interruption
0% 2 A
BI-RADS 1 BI-RADS 1 Control
{1 Attenuation 5 166 o) 14 338
Onc 17 160 O (%) 5 [
Accentuation 4 a4 a{-) 7 26

Figure 2. The US characteristics of BI-RADS category 1 and control groups. (A) Mass shape, (B) periphery, (C) internal echo pattern, (D) lateral echo

pattern and (E) interruption of mammary borders.
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Figure 3. The distribution of low-cchoic lesions of BI-RADS category 1
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Ultrasonographic and histopathological characteristics

DISCUSSION

Mammography has been considered a gold standard for breast
cancer screening system. However, US screening combined
with mammography may have the potential to become one of
the useful screening systems to decrease breast cancer mortal-
ity according to the results of the J-START trial (7). Therefore,
strict or rigorous conformation to high quality of interpreting
the US findings is required or mandatory for the future success
of an US diagnosis especially at the level of mass screening.
Our present study is the first study to focus upon incremental
detection of breast cancer by US in asymptomatic women
with mammography-negative breasts, and focused on the US
findings and the corresponding histopathological characteris-
tics of the cases with BI-RADS category 1 mammograms.

US detected cancers are in general smaller than those
identified with mammography. Results of our present study
demonstrated that the BI-RADS category 1 group was asso-
ciated with a statistically higher ratio of low-echoic lesions
than the control group. In addition, 52.6% of low-echoic
lesions demonstrated spotted distribution in the BI-RADS 1
group, whereas 25.8% of low-echoic lesions spotted

A Histopathological classifications B Intrinsic for IDC C Intrinsic of DCIS
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Figure 4. The histopathological characteristics of BI-RADS category 1 and control groups. (A) Histological classification, (B) hormone receptor and human
epidermal growth factor receptor 2 expression of invasive ductal carcinoma, (C) tumor size of the invasive lesion, (D) histological grade, (E) mitotic counts

and (F) lymphovascular invasion.

Z10Z ‘p1 AN U0 AjIsioaru) myjoto], Je /510 s[euinofpiogxo-0o(l/:dny woiy papeo[umo(y



distribution in the control group. A low-echoic lesion with
spotted distribution is therefore considered one of the pre-
dicting factors of malignancy in the BI-RADS category 1
group. In addition, the tumor size of the BI-RADS 1 group
was smaller, and the detected masses were characterized by
a higher ratio of round shape, non-spiculated periphery, non-
interruption of mammary borders and non-attenuation in the
BI-RADS category 1 group. These results could be mainly
affected by mammographic breast density. In addition,
results of our present study also demonstrated that there was
a statistically higher ratio of heterogeneously and extremely
dense breast in the BI-RADS 1 group and the tumors with

well-collagenized stromal reaction were also detected as -

architectural distortion or spiculation in dense breast mam-
mogram. Therefore, mammographic breast density was rea-
sonably postulated to influence characteristics of breast
cancers with BI-RADS category 1. Results of previous
studies demonstrated that the most breast cancer cases of
BI-RADS category 1 were relatively hypoechoic within a
background of hyperechoic fibroglandular tissue, which may
make the lesions more conspicuous and detectable (18).
However, it is also true that previous studies have not evalu-
ated the US findings of BI-RADS category 1 cases and this
is the first study demonstrating the US findings such as mass
shape and periphery of BI-RADS category 1 cases. In add-
ition, this is the first reported study to demonstrate histo-
pathological characteristics of BI-RADS category 1 cases.
The statistically higher ratio of triple-negative subtype was
detected in BI-RADS category 1 cases, and histological
grade 3 tended to be also higher in the BI-RADS category 1
group. Results above did indicate that the BI-RADS category
1 group was histologically characterized by a higher malig-
nant level than those with mammographic abnormalities, but
it awaits further investigations for clarification.

Previous study also demonstrated that earlier detection of
breast cancer resulted in a decrement in mortality, which
parallels the reduction in size distribution of cancers
depicted and closely parallels the reduction in rates of node-
positive breast cancer (19). Screening US also appears to
detect many breast cancer cases at a smaller size and earlier
stage compared with mammographic screening. In addition,
in women with mammography dense breast, US was
reported to be able to detect a substantially larger number of
cancers with a supplemental cancer detection of 0.3-0.5%
by US alone (18). Therefore, it is important to detect the US
findings with the localized low-echoic lesion. In addition,
among the BI-RADS category 1 group, particular attention
should be paid to the US findings such as solidary differen-
tiated masses such as oval or round shape and non-spiculated
periphery because the corresponding histopathological fea-
tures of the cases associated with these US findings above
include a much higher ratio of triple-negative subtype and/or
histological grade 3. Therefore, early detection of such solid-
ary masses with triple-negative subtype and/or high histo-
logical grade by US may possibly contribute to the eventual
reduction in breast cancer mortality.

Jpn J Clin Oncol 2012;42(3) 173

We evaluated US findings and the corresponding histo-
pathological characteristics for BI-RADS category 1 mam-
mograms and noted significant differences among these
findings in this study. Evaluation of these US and histopatho-
logical characteristics may provide a more accurate US
screening system for Japanese women.
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It is well-known that estrogens immensely contribute to the pro-
gression of human breast carcinoma, but their detailed molecular
mechanisms remain largely unclear. In this study, we identified nu-
cleobindin 2 (NUCB2) as a gene associated with recurrence based
on microarray data of estrogen receptor (ER)-positive breast carci-
noma cases (n = 10), and subsequent in vitro study showed that
NUCB2 expression was upregulated by estradiol in ER-positive
MCF-7 cells. However, NUCB2 has not yet been examined in breast
carcinoma, and its significance remains unknown. Therefore, we
further examined the biological functions of NUCB2 in breast carci-
noma using immunohistochemistry and in vitro studies. NUCB2
immunoreactivity was detected in carcinoma cells in 77 of 161
(48%) breast cancer cases, and positively associated with lymph
node metastasis and ER status of the patients. In addition, NUCB2
status was significantly associated with an increased risk of recur-
rence and adverse clinical outcome of the patients using both uni-
variate and multivariate analyses. Results of siRNA transfection
experiments showed that NUCB2 significantly increased cell prolif-
eration, and migration and invasion properties in both MCF-7 and
ER-negative SK-BR-3 cells. These results suggest that NUCB2 is up-
regulated by estrogens and plays an important role, especially in
the process of metastasis, in breast carcinomas. NUCB2 status is
considered a potent prognostic factor in human breast cancer.
(Cancer Sci 2012; 103: 136-143)

B reast cancer is one of the most common malignancies in
women. Estrogens play an important role in the progression
of breast cancer through an interaction with ER, and ER is posi-
tive in approximately two-thirds of breast carcinoma cases. The
great majority of ER-positive breast carcinomas respond to
endocrine therapy such as tamoxifen and aromatase inhibitors,
but it is also true that some of these carcinomas acquire clinical
resistance to endocrine therapy.->

Estrogen receptor activates the transcription of various target
genes in a ligand-dependent manner by binding EREs located in
the promoter region. Various estrogenic functions are character-
ized by the expression patterns of these genes, which make it
extremely important to examine the expression and roles of estro-
gen-responsive genes to obtain a better understanding of estro-
genic actions such as progression, recurrence, and resistance to
endocrine therapy.® Various estro4gen-responsive genes have
been identified in breast carcinoma,> but their detailed clinical
significance and/or function remain unclear in a great majority of
these genes. Therefore, in this study, we first studied the expres-
sion profiles of genes containing ERE in ER-positive breast carci-
noma tissues based on microarray data, and identified NUCB2 as
a possible gene associated with recurrence in these patients.

Nucleobindin 2 has a characteristic constitution of functional
domains, such as a signal peptide, a Leu/Ile rich region, two
Ca** binding EF-hand domains separated by an acidic amino
acid-rich region, and a leucine zipper,'®” and has a wide variety
of basic cellular functions.®'? However, to the best of our

Cancer Sci | January 2012 | vol. 103 | no. 1 | 136-143

knowledge, NUCB2 has not yet been studied in breast carci-
noma. Therefore, we examined NUCB2 in breast carcinoma
using immunohistochemistry and in vitro studies to explore its
clinical and biological significance.

Materials and Methods

Patients and tissues. Two sets of tissue specimens were eval-
uated in this study. As a first set, 10 specimens of ER-positive
breast carcinoma were obtained from women (age range, 48—
74 years) who underwent surgical treatment in 2001 or 2002 in
the Department of Surgery, Tohoku University Hospital (Sendai,
Japan). All patients received tamoxifen therapy after surgery.
The status of recurrence was evaluated whether the first locore-
gional recurrence or distant metastasis was detected within the
follow-up time after surgery (mean, 80 months; range, 37—
204 months) or not. These specimens were stored at ~80°C for
microarray analysis.

As a second set, 161 specimens of invasive ductal carcinoma
of human breast were obtained from women who underwent sur-
gical treatment between 1984 and 1997 in the Department of
Surgery, Tohoku University Hospital. The patients did not
receive chemotherapy, irradiation, or hormonal therapy before
the surgery. Review of the charts revealed that 125 patients
received adjuvant chemotherapy, 66 patients received tamoxifen
therapy, and 12 patients received radiation therapy following
surgery. The clinical outcome of the patients was evaluated by
disease-free and breast cancer-specific survival. The mean age
was 54 years (range, 22-81 years), and the mean follow-up time
was 103 months (range, 3—157 months). Mitotic score and histo-
logical grade were evaluated according to a previous report.®V
All the specimens were fixed in 10% formalin and embedded in
paraffin wax.

Research protocols for this study were approved by the Ethics
Committee at Tohoku University School of Medicine (Sendai,
Japan).

Laser capture microdissection/microarray analysis. Gene
expression profiles of breast carcinoma cells in the first set
(n=10) were examined using microarray analysis. Gene
expression profile data was assembled previously."*'® Briefly,
approximately 5000 breast carcinoma cells were laser trans-
ferred from the frozen section, and total RNA was subsequently
extracted. In this study, we focused on the expression of 519
genes identified to have a functional ERE by Bourdeau et al.(1¥

Immunohistochemistry. Rabbit polyclonal antibody for
NUCB2 and HER2 (A0485) were purchased from Aviva Sys-
tems Biology (San Diego, CA, USA) and Dako (Carpinteria,
CA, USA), respectively. Monoclonal antibodies for ER
(ER1DS), PR (MAB429), and Ki-67 (MIB1) were purchased
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from Immunotech (Marseille, France), Chemicon (Temecula,
CA, USA), and Dako, respectively.

A Histofine Kit (Nichirei, Tokyo, Japan), which incorporates
the streptavidin—biotin amplification method, was used. The anti-
gen-antibody complex was visualized with 3,3’-diaminobenzi-
dine and counterstained with hematoxylin. Human tissue of the
stomach was used as a positive control for NUCB2 antibody,™
and normal rabbit IgG was used instead of the primary antibody,
as a negative control of NUCB2 immunostaining.

NUCB?2 immunoreactivity was detected in the cytoplasm of
breast carcinoma cells, and the cases that had more than 10% of
positive carcinoma cells were considered positive for NUCB2
status. Immunoreactivity for ER, PR, and Ki-67 was detected in
the nucleus, and the immunoreactivity was evaluated in more
than 1000 carcinoma cells for each case. The percentage of
immunoreactivity, that is, the LI, was determined. Cases with an
ER LI or PR LI of more than 10% were considered ER- or PR-
positive breast carcinoma, respectively, according to a previous
reportf16

Immunoblotting. The protein of MCF-7 cells was extracted
using M-PER Mammalian Protein Extraction Reagent (Pierce
Biotechnology, Rockford, IL, USA) with Halt Protease Inhibitor
Cocktail (Pierce Biotechnology). Twenty micrograms of the
protein (whole cell extracts) was subjected to SDS-PAGE (10%
acrylamide gel). Following SDS-PAGE, proteins were trans-
ferred onto Hybond-P PVDF membrane (GE Healthcare, Chal-
font St Giles, UK). Primary antibody was the same anti-NUCB2
antibody used in the immunochistochemistry (Aviva Systems
Biology). Antibody-protein complexes on the blots were
detected using ECL Plus Western blotting detection reagents
(GE Healthcare), and the protein bands were visualized with a
LAS-1000 image analyzer (Fuji Photo Film, Tokyo, Japan).

Real-time PCR. Total RNA was extracted using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA), and cDNA was syn-
thesized using a QuantiTect reverse transcription Kit (Qiagen,
Hilden, Germany). Real-time PCR was carried out using the
LightCycler System and FastStart DNA Master SYBR Green 1
(Roche Diagnostics, Mannheim, Germany). The primer
sequences of NUCB2 and the ribosomal protein L13A
(RPL13A) were: NUCB2, 5-AAAGAAGAGCTACAACGT-
CA-3" (forward) and 5-GTGGCTCAAACTTCAATTC-3’
(reverse); and RPL13A, 5-CCTGGAGGAGAAGAGGAAA-
GAGA-3 (forward) and 5-TTGAGGACCTCTGTGTATTTGT-
CAA-3 (reverse). The NUCB2 mRNA level was calculated as
the ratio of the RPL13A mRNA level.

Small interfering RNA transfection. Small interfering RNA for
NUCB2 was purchased from Ambion (Austin, TX, USA). The
target sequences of siRNA against NUCB2 were as follows: sil,
5-UAUCUUCGCACUUUCCACAGGGUGA-3" (sense) and
5-UCACCCUGUGGAAAGUGCGAAGAUA-3’ (anti-sense);
and si2, 5-UUGAUUAGCAUAUCUAAAUCUGUGG-3’
(sense) and 5-CCACAGAUUUAGAUAUGCUAAUCAA-3
(anti-sense). In addition, medium GC duplex #2 (Invitrogen) was
also used as a negative control (siC). The siRNA was transfected
using HiperFect transfection reagent (Qiagen).

Cell proliferation, migration, and invasion assays. MCF-7 and
SK-BR-3 cells were transfected with NUCB2-specific siRNA or
control siRNA in a 96-well culture plate. Three days after trans-
fection, the cell number was evaluated using a Cell Counting
Kit-8 (Dojindo, Kumamoto, Japan).

The cell migration assay was carried out using a 24-well plate
and Chemotaxicell (8 pm pore size; Kurabo, Osaka, Japan)
according to a previous report.!'” MCE-7 and SK-BR-3 cells
were plated at the upper chamber, and the cells on the upper sur-
face of the membrane were removed after incubation for 72 h.
The migration ability was evaluated as an average number of
cells in five middle power fields (x200) randomly selected on
the lower surface of the membrane.
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The cell invasion assay was carried out using a modified
migration assay. The upper surface of the membrane of a
Chemotaxicell was coated with 80 mg/cm® of Matrigel base-
ment membrane matrix (BD Biosciences, Heidelberg, Ger-
many), and the invasion ability was evaluated as the total
number of cells on the lower surface of the membrane.

Results

Comparison of gene expression profiles between recurrent and
non-recurrent groups of breast carcinoma patients. The micro-
array data used in this study are available through the National
Center for Biotechnology Information Gene Expression Omni-
bus database (accession GSE11965, http://www.ncbi.nlm.nih.
gov/geo). In this analysis, when the expression ratio of a gene in
the recurrence group compared to that in the non-recurrence
group was more than 2.0 or <0.5, we determined that the gene
was predominantly expressed in the recurrence or non-recur-
rence group, respectively.

As shown in Figure 1(A), of the 519 genes examined, the
number of genes predominantly expressed in the recurrence
group (group A) was 17 (3%); the number of genes predomi-
nantly expressed in the non-recurrence group (group B) was 35
(7%). A great majority of the genes (467 genes; 90%) had a simi-
lar expression level in each of the two groups (ratio 0.5-2.0)
(group C). The lists of genes classified in group A and group B
are summarized in the right panel of Figure 1(A), and in
Table S1. When we carried out gene ontology enrichment analy-
sis between groups A and B (http://cbl-gorilla.cs.technion.ac.il/),
no significant enriched gene ontology term was detected. Among
the genes in Group A, NUCB2 showed the highest ratio (4.9) and
expression level, indicating its possible involvement in the recur-
rence in ER-positive breast carcinoma patients after surgery.

The NUCB2 gene contains functional ERE in the promoter
region™ but the regulation of NUCB2 expression by estradiol
has not been investigated in breast carcinoma cells. As shown in
Figure 1(B), NUCB2 mRNA expression was significantly
increased by estradiol treatment for 3 days in MCF-7 cells.
However, the NUCB2 mRNA expression level was significantly
lower (P < 0.05, and 0.3-fold) than the basal level, when the
cells were treated together with estradiol (10 nM) and a potent
ER antagonist ICI 182780 (1 pM). When MCF-7 cells were
treated with estradiol (10 nM) and anti-estrogen tamoxifen
(10 pM), the NUCB2 mRNA level was not significantly
changed compared to the basal level (P = 0.10, and 1.5-fold).
Estradiol (10 nM) time-dependently induced NUCB2 mRNA
expression in MCF-7 cells (Fig. 1C).

NUCB2 immunolocalization in human breast carcinoma. As
shown in Figure 2(A), immunoblot analysis for NUCBZ2 revealed
a specific band (approximately 43 kDa) in MCF-7 cells, which
confirmed the specificity of the anti-NUCB?2 antibody used in this
study.®® In the immunohistochemistry, NUCB2 immunoreactiv-
ity was detected in the cytoplasm of breast carcinoma cells
(Fig. 2B). NUCB2 immunoreactivity was weakly and focally
detected in the epithelial cells of morphologically normal glands
(Fig. 2C), but it was negative in the stroma. In the positive con-
trol, NUCB2 was mainly positive in the epithelium of the fundic
glands in the stomach (Fig.2D), as reported previously,">
whereas no significant immunoreactivity was detected in the
same areas of the negative control section (Fig. 2E).

Associations between NUCB2 immunohistochemical status
and various clinicopathological parameters in breast carcinomas
are summarized in Table 1. Of 161 cases of breast carcinoma
examined in this study, 77 (48%) were NUCB2-positive.
NUCB2 status was significantly associated with lymph node
metastasis (P = 0.004) and ER status (P =0.002) of the
patients, whereas no significant association was detected in
patients’ age, menopausal status, clinical stage, tumor size,
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Fig. 1. Nucleobindin 2 (NVUCB2) as an estrogen-induced gene associated with breast carcinoma. (A) Scatter plot analysis of microarray data for
519 genes containing functional estrogen-responsive element in breast carcinomas comparing the recurrence and non-recurrence group (n =5 in
each group). Genes with an expression ratio, recurrence group to non-recurrence group, of more than 2.0 or <0.5 are located outside the
diagonal line, and classified as group A or group B, respectively. Genes with a ratio between 2.0 and 0.5 were classified as group C. NUCB2
showed the highest ratio in these genes (arrow). The right panel summarizes the gene list of group A. (B,C) Effects of estradiol on NUCB2 mRNA
expression. MCF-7 cells were treated with indicated concentrations of estradiol with or without (-} ICI 182780 or tamoxifen for 3 days (B) or
treated with estradiol (10 nM) for the indicated period (C). The relative NUCB2 mRNA level summarized as a ratio (%) compared with the basal
level (non-treatment). Data are presented as the mean x SD (n = 3). *P < 0.05 and ***P < 0.001 versus non-treatment (left bar) (B) or 0 h (left

plot) (C).

histological grade, mitotic score, PR status, HER2 status, or Ki-
67 LI. The positive association between NUCB2 status and
lymph node metastasis was significant regardless of the ER sta-
tus of these cases (P = 0.02) (Table S2). NUCB?2 status was pos-
itively associated with Ki-67 LI in the ER-positive group
(P = 0.02), and was positively correlated with tumor size in ER-
negative cases (P = 0.03).

When immunohistochemistry was carried out in ductal carci-
noma in sit, NUCB2 immunoreactivity was detected in the car-
cinoma cells (Fig. 2F) in 7 (32%) of 22 cases. The NUCB2
positivity was 1.5-fold higher in invasive carcinoma (48%) than
non-invasive carcinoma (32%), although it did not reach a level
of significance (P = 0.15).

Association between NUCB2 status and clinical outcome. In
order to thoroughly examine the association between NUCB2
status and patient prognosis, we excluded stage IV cases and
used stage I-III breast carcinoma patients (n = 141) in the
following analyses. As shown in Figure 3(A), NUCB2 status
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was significantly associated with an increased incidence of
recurrence (P = 0.003), and the multivariate analysis revealed
that lymph node metastasis (P = 0.01), ER status (P = 0.002),
and NUCB2 status (P = 0.001) were independent prognostic fac-
tors for disease-free survival with relative risks over 1.0
(Table 2).

A breast cancer-specific survival curve of the patients is sum-
marized in Figure 3(B); a significant correlation (P = 0.0002)
was detected between NUCB2 status and adverse clinical out-
come in the 141 breast carcinoma patients examined. In the uni-
variate analysis (Table 2), lymph node metastasis (P = 0.0004),
NUCB?2 status (P = 0.002), ER status (P = 0.003), histological
grade (P =0. 01), HER2 status (P =0.01), and tumor size
(P =0.02) were all indicated as significant prognostic variables
for breast cancer-specific survival. A following multivariate
analysis showed that only NUCB2 status (P = 0.0004) and ER
status (P = 0.01) were independent prognostic factors with a
relative risk over 1.0, whereas lymph node metastasis

doi: 10.1111/j.1349-7006.2011.02119.x
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Fig. 2. Immunohistochemistry for nucleobindin 2 (VUCB2) in breast carcinoma. (A) Immunoblotting for NUCB2 in MCF-7 cells. MW, molecular
weight. (B) NUCB2 immunoreactivity was detected in the carcinoma cells of invasive ductal carcinoma. (C) NUCB2 immunoreactivity was weakly
and focally detected in morphologically normal mammary glands. (D) Positive control section of NUCB2 immunohistochemistry (gastric mucosa).
(E) Negative control section of NUCB2 immunochistochemistry (same area as Fig. 2D). (F) NUCB2 immunoreactivity was detected in the carcinoma

cells of ductal carcinoma in situ. Bar = 100 um.

(P =0.22), histological grade (P =0.28), HER2
(P = 0.60), and tumor size (P = 0.07) were not significant.

A similar association between NUCB2 and worse prognosis
was detected regardless of the Ki-67 status (P = 0.03 in cases
with Ki-67 LI > 10% and P = 0.04 in cases with Ki-67 < 10%
for disease-free survival [Fig. 3C]; P = 0.004 in cases with Ki-
67 L1 = 10% and P-value not available cases with Ki-67 < 10%
because no patient died in the NUCB2-negative group for breast
cancer-specific survival). When the 66 NUCB2-positive cases
were further categorized into two groups according to immuno-
intensity (++, strongly positive [n = 16]; +, modestly positive
[r = 50}), no significant difference was detected between these
two groups (P = 0.60 for disease-free survival [Fig. 3D}, and
P = 0.49 for breast cancer-specific survival).

Forty patients with stage I-III disease received tamoxifen
therapy following surgery as an adjuvant treatment, and these
cases were all positive for ER. NUCB2 status was also markedly
associated with an increased risk of recurrence (Fig. 3E) and
worse prognosis (data not shown) in the patients who received
tamoxifen therapy, although P-values were not available
because no patient had recurrent disease or died in the group of
NUCB2-negative cases. Significant association between NUCB2
status and patients’ clinical outcome was also detected in the
113 patients who received adjuvant chemotherapy (P = 0.03 for
disease-free and P = 0.002 for breast cancer-specific survival),

status

Suzuki et al.

38 ER-negative cases (P =0.0001 for disease-free and
P < 0.0001 for breast cancer-specific survival), or 24 cases with
ER LI<1% (P=0.001 for disease-free [Fig. 3F] and
P = 0.0004 for breast cancer-specific survival).

Effects of NUCB2 expression on cell proliferation and invasion
in breast carcinoma cells. The results of our study suggest that
NUCB? is associated with worse prognosis of breast carcinoma
patients regardless of their ER status, although NUCB2 expres-
sion is upregulated by estrogen. In order to further examine the
biological functions of NUCB2 in human breast carcinoma, we
transfected specific siRNA for NUCB2 both in ER-positive
MCF-7 and ER-negative SK-BR-3 breast carcinoma cells. The
NUCB2 mRNA expression level was markedly decreased in
these cells transfected with specific NUCB2 siRNA (sil or si2)
at 3 days after transfection compared to cells transfected with
control siRNA (siC). The ratio of NUCB2 mRNA level com-
pared to that in the control siRNA was: MCF-7, 5% (sil) and
8% (si2); and SK-BR-3, 11% (sil) and 12% (si2).

As shown in Figure 4(A), the number of cells was signifi-
cantly lower in MCF-7 cells transfected with NUCB2 siRNA
(P < 0.001 and 0.52-fold in sil, and P < 0.001 and 0.64-fold in
si2) than in control cells transfected with siC 3 days after the
transfection. A similar association was also detected in SK-BR-
3 cells under the same conditions (P < 0.001 and 0.75-fold in
sil, and P < 0.001 and 0.81-fold in si2). Figure 4(B) shows the
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Table 1. Association between nucleobindin 2 (NUCB2) immuno-
histochemical status and clinicopathological parameters in 161 breast
carcinomas

NUCB2 status

P-value
Positive (n = 77) Negative (n = 84)
Aget (years) 539+ 1.4 54.4 + 1.2 0.770
Menopausal status (%)
Premenopausal 31 (19) 35 (22) 0.860
Postmenopausal 46 (29) 49 (30)
Stage (%)
| 18 (11) 24 (15) 0.730
I 38 (24) 43 (27)
1] 10 (6) 8 (5)
v 11(7) 9 (6)
Tumor sizet (cm) 3.4+04 3404 0.990
Lymph node metastasis (%)
Positive 41 (25) 26 (16) 0.004
Negative 36 (22) 58 (36)
Histological grade (%)
1 (well) 20 (12) 24 (15) 0.930
2 (moderate) 30 (19) 31 (19)
3 (poor) 27 (17) 29 (18)
Mitotic score (%)
1 (low) 33 (20) 43 (27) 0.570
2 (moderate) 22 (14) 21 (13)
3 (high) 22 (14) 20 (12)
ER status (%)
Positive 65 (40) 53 (33) 0.002
Negative 12 (7) 31 (19)
PR status (%)
Positive 55 (34) 51 (32) 0.150
Negative 22 (14) 33 (20)
HER2 status (%)
Positive 22 (14) 24 (15) 0.990
Negative 55 (34) 60 (37)
Ki-67 LIt (%) 236+ 1.8 21121 0.380

tData are presented as the mean = SEM. All other values represent
the number of cases and percentage. ER, estrogen receptor;

LI, labeling index; PR, progesterone receptor. P-values <0.05 were
considered significant, indicated in bold.

results of the migration assay. The number of migrated cells was
significantly lower in both MCF-7 cells (P < 0.001 and 0.11-
fold in sil, and P < 0.001 and 0.43-fold in si2) and SK-BR-3
cells (P <0.001 and 0.36-fold in sil, and P < 0.001 and
0.31-fold in si2) transfected with NUCB2 siRNA than in those
transfected with control siRNA at 1 day (MCF-7) or 2 days
(SK-BR-3) after the transfection. Moreover, the number of
invaded cells was also significantly lower in the cells transfected
with NUCB2 siRNA (MCF-7, P < 0.05 and 0.21-fold in sil and
P < 0.05 and 0.29-fold in si2; SK-BR-3, P < 0.01 and 0.66-fold
in sil and P < 0.001 and 0.47-fold in si2) (Fig. 4C,D).

Discussion

Gene expression profiling is an important method to predict the
likelihood of recurrence of disease in breast cancer patients,(]'g)
in addition to conventional clinical and histopathological exami-
nation. A multigene classifier associated with recurrence has
been progqsed for breast carcinoma patients by several research
groups,"®" and molecular-based diagnostic systems have been
developed, such as MammaPrint®® and Oncotype DX, as
well as the genomic grade index.®® However, the selected
genes vary markedly between these diagnostic systems, which
may be partly due to the fact that they use different platforms
for the analysis of gene expression. In addition, the biological
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functions have remained largely unknown in a great majority of
these genes. In our present study, the results of microarray anal-
ysis revealed 17 genes that are potentially associated with recur-
rence in ER-positive breast carcinoma patients (group A in
Fig. 1A). Among these, IGFBP5 (insulin-like growth factor-
binding protein 5) was reported to play an important role in
breast carcinoma metastasis,*>?® and is included in Mamma-
Print. In addition, TGFA (transforming growth factor o), a mem-
ber of the epidermal growth factor family, is well-known to be
involved in cellular proliferation and carcinogenesis.®” The
kinetochore-bound protein kinase BUBI (budding uninhibited
by benzimidazoles 1) is a possible link to tumorigenesis.®®
NUCB2 showed the highest expression ratio in this study, but
this gene has not been listed in any multigene classifiers predict-
ing breast carcinoma recurrence, nor has it been examined in
breast carcinoma, to the best of our knowledge.

In this study, we first showed that NUCB2 immunoreactivity
was detected in 48% of breast carcinoma cases, although levels
were almost negligible in morphologically normal mammary
glands. NUCB?2 is known to mainly express in key hypothalamic
nuclei with proven roles in energy homeostasis.””> Moreover,
recent investigations have indicated that NUCB2 is also
expressed in various human peripheral tissues, including the
stomach, pancreas, reproductive organs, and adipose tissues,
with relevant metabolic functions, suggesting that NUCB2 sig-
naling might participate in adaptative responses and in the con-
trol of body functions gated by the state of energy reserves.®
However, NUCB2 expression in carcinoma has only been exam-
ined in the stomach; Kalnina e al.®> reported that NUCB2
immunoreactivity was not detected in carcinoma cells in 15 gas-
tric carcinoma cases examined. The relatively wide distribution
of NUCB2 immunoreactivity in our present study suggests that
NUCB2 plays an important role in human breast carcinoma.

Bourdeau et al."® evaluated genome-wide identification of
EREs in humans, and identified a functional ERE element at
8257 bp from the most upstream mRNA 5'-end of the NUCB2
gene. In our present study, NUCB2 immunohistochemical status
was positively associated with ER status in breast carcinoma
tissue, and NUCB2 mRNA was significantly upregulated by
estradiol in MCF-7 cells through ER. Therefore, NUCB2 is con-
sidered one of the estrogen-induced genes in breast carcinoma
cells. Results of our present study also indicated the presence of
NUCB2 in 12 of 43 (28%) ER-negative breast carcinoma cases;
it might be the case that NUCB2 was induced by a low or unde-
tectable level of ER in these cases. However, it is also true that
estrogen-mediated induction of NUCB2 mRNA was relatively
slow in MCF-7 cells in our time-course study (Fig. 1C), suggest-
ing that NUCB2 expression is, at least in a part, induced by sec-
ondary responses, although the half-life of mRNA is an
important factor in determining how long it takes to detect a
change in the mRNA level of a specific gene.™ In addition,
NUCB?2 is expressed in various human tissues not necessarily
considered targets for estrogens, as described above.® There-
fore, other factors than estrogens might be involved in the
expression of NUCB2 in breast carcinoma cells. No information
is currently available regarding the regulation mechanisms of
NUCB2 expression to the best of our knowledge, and further
research is required.

Previous studies have shown that ICI 182780 possesses a
greater ability to suppress estrogen-sensitive gene expression
and greater antitumor activity than tamoxifen in breast carci-
noma.®® This is partly due to the fact that ICI 182780 does not
have agonistic ER activity and reduces steady-state levels of ER
by increasing the turnover of the protein, whereas tamoxifen
does possess partial agonistic ER activity.(’3 D In our study, ICI
182780 was superior to tamoxifen in suppressing estradiol-med-
iated induction of NUCB2 mRNA in MCF-7 cells (Fig. 1B),
which is consistent with previous studies.

doi: 10.1111/.1349-7006.2011.02119.x
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Fig. 3. Disease-free and breast cancer-specific survival of 141 breast carcinoma patients according to nucleobindin 2 (NUCB2) status. (A,B)
NUCB2 status was significantly associated with an increased risk of recurrence (P = 0.003) (A) and worse prognosis (P = 0.0002) (B). Solid line,
positive for NUCB2 (n = 66); dashed line, negative for NUCB2 (n = 75). (C) Disease-free survival curve according to NUCB2/Ki-67 status. Solid line,
positive for NUCB2/Ki-67 labeling index (LI) 2 10% (n = 54); dashed line, positive for NUCB2/Ki-67 LI < 10% (n = 12); dotted line, negative for
NUCB2/Ki-67 LI = 10% (n = 50); dot-dashed line, negative for NUCB2/Ki-67 LI < 10% (n = 25). (D) Disease-free survival curve according to NUCB2
immunointensity. Solid line, strongly positive {n = 16); dashed line, modestly positive (n = 50); dot-dashed line, negative (n =75). (E) NUCB2
status was associated with recurrence in 40 patients who received tamoxifen therapy. P-value not available as there were no patients with
recurrent disease in the NUCB2-negative group. Solid line, positive for NUCB2 (n = 16); dashed line, negative for NUCB2 (n = 24). (F) NUCB2
status was significantly (P = 0.001) associated with recurrence in a group with estrogen receptor labeling index < 1% (n = 24). Solid line, positive

for NUCB2 (n = 7); dashed line, negative for NUCB2 (n = 17).

In our present study, NUCBZ2 immunoreactivity was positively
associated with the presence of lymph node metastasis in breast
carcinoma tissue both in ER-positive and ER-negative cases. In
addition, subsequent in vitro studies indicated that both MCF-7
and SK-BR-3 cells transfected with siRNA NUCB2 significantly
decreased cell proliferation, and migration and invasion proper-
ties. Metastasis is considered as the major cause of treatment
failure and death of carcinoma patients. It is a multistep process
that involves migration and invasion of carcinoma cells, lymph-
ogenous and/or hematogenous spread, and cell proliferation in
the metastatic sites. Previous studies have shown that NUCB2
has a wide variety of basic cellular functions, including an
involvement in the energy homeostasis,””” Ca** homeostasis,®
and extracellular tumor necrosis factor receptor type 1
release,'? although the biological functions have not yet been
fully clarified. Results of our present study suggest that NUCB2
plays a pivotal role, especially in the metastasis of breast carci-
nomas, and serve as a starting point for clarification of the bio-
logical roles of NUCB?2 in breast carcinoma. However, we could
not necessarily detect a significant association between NUCB2
status and mitotic score, Ki-67 LI, or invasion status in the clini-
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cal samples. Therefore, other factors might also play important
roles in the processes of proliferation and invasion in breast
carcinoma tissues.

In our present study, NUCB2 status was also significantly asso-
ciated with recurrence and worse prognosis in breast carcinoma
patients, and a similar tendency was also detected in ER-positive
patients who received tamoxifen therapy, or in ER-negative
cases. In addition, results of multivariate analyses showed that
NUCB2 status was indeed an independent prognostic factor for
both recurrence and breast cancer-specific survival. Results of
our in vitro study indicated that tamoxifen inhibited estradiol-
mediated induction of NUCB2 expression in MCF-7 cells, but the
basal expression level of NUCB2 mRNA still remained. Consid-
ering that the NUCB2 expression level was the highest among the
genes predominantly expressed in the recurrence group despite
tamoxifen therapy (group A in Fig. 1A), NUCB?2 status in breast
carcinoma tissues at the time of surgery might reflect the basal
level of NUCB2 as well as the level induced by estrogens in
breast carcinoma cases. Therefore, residual carcinoma cells fol-
lowing surgical treatment in NUCB2-positive breast carcinomas
could still have the potential to rapidly grow and/or metastasize,
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Table 2. Univariate and multivariate analyses of disease-free survival and breast cancer-specific survival in patients with stage Il breast
cancer (n = 141)

Univariate Multivariate
Variable _
P-value P-value Relative risk (95% Cl)
Disease-free survival
Lymph node metastasis (positive/negative) <0.0001 0.0100 3.1 (1.3-7.6)
ER status (negative/positive) 0.0020 0.0020 4.8 (1.8-13.0)
NUCB2 status (positive/negative) 0.0100 0.0010 4.6 (1.8-11.4)
HER2 status (positive/negative) 0.0100 0.6600 ND
Tumor size {(=2.0 cm/<2.0 cm) 0.0200 0.1300 ND
Histological grade (3/1, 2) 0.0900 ND ND
Ki-67 LI (210%/<10%) 0.3500 ND ND
Menopausal status (pre/post) 0.6400 ND ND
Breast cancer-specific survival
Lymph node metastasis (positive/negative) 0.0004 0.2200 ND
NUCB2 status (positive/negative) 0.0020 0.0004 12.0 (3.0-47.7)
ER status (negative/positive) 0.0030 0.0100 5.6 (1.5-20.7)
Histological grade (3/1,2) 0.0100 0.2800 ND
HER2Z status (positive/negative) 0.0100 0.6000 ND
Tumor size (22.0 cm/<2.0 cm) 0.0200 0.0700 ND
Ki-67 LI (210%/<10%) 0.1000 ND ND
Menopausal status (post/pre) 0.7800 ND ND

Data considered significant (P < 0.05) in the univariate analyses are shown in bold, and were examined in the multivariate analyses.
Cl, confidence interval; ER, estrogen receptor; LI, labeling index; ND, not done; NUCB2, nucleobindin 2; PR, progesterone receptor.
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Fig. 4. Effects of nucleobindin 2 (NUCB2) on proliferation (A), and migration (B} and invasion (C,D) properties in breast carcinoma cells. (A—C) MCF-7
(gray bar) and SK-BR-3 (open bar) were transfected with NUCB2-specific siRNA (si1, si2) or control siRNA (siC). The relative cell proliferation was
evaluated as a ratio (%) compared to that at 0 day after treatment (A). Migration ability was evaluated as an average number of cells in five middle
power fields (MPF) (x200) on the lower surface of the membrane (B). Invasion ability was evaluated as the total number of cells (C). Data are
presented as the mean =SD (n=6 [Al; n=3 [B,C]). *P <0.05 **P<0.0%; ***P < 0.001 versus control cells (left bar). (D) Representative
microphotographs of results of invasion assay. Invaded carcinoma cells (arrows) were observed with 8 um-sized pore. Nucleii stained with
hematoxylin. When MCF-7 (upper panel) and SK-BR-3 (lower panel) cells were transfected with NUCB2-specific siRNA (si2) (right panel), the number
of invading cells was decreased compared to the corresponding control (transfection with control siRNA [siC], left panel). Bar = 100 pm.

despite the fact that tamoxifen therapy partially suppresses the In summary, NUCB2 was newly identified as a gene associated
NUCB2 expression level, thereby resulting in an increased  with recurrence in breast carcinoma patients by microarray
recurrence and poor prognosis in these patients. analysis, and a subsequent in vitro study indicated that NUCB2
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expression was upregulated by estrogen in MCF-7 cells. NUCB2
immunoreactivity was detected in 48% of breast carcinoma
tissues, and was an independent prognostic factor of the patients.
Results of further in vitro studies showed that NUCB2 signifi-
cantly increased the proliferation activity, and migration and
invasion properties both in MCF-7 and SK-BR-3 cells. These
findings suggest that NUCB2 plays an important role, especially
in the metastasis of breast carcinoma, and NUCB2 status in
primary breast carcinoma is reasonably considered a potent
prognostic factor.
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Abstract The main biological active substance secreted
by the pineal gland, melatonin (MLT), counteracts the
effects of estrogens in breast cancer via exerting a number of
its own oncostatic properties. Recent studies of postmeno-
pausal women have identified that the major metabolite of
MLT is statistically significantly associated with a lower risk
of developing breast cancer. While MLT production
decreases with age, breast cancer risk, however, increases
with age and obesity. We hypothesize that MLT inhibits
estrogen production in breast adipose fibroblasts (BAFs), the
main local source of estrogen in breast tumors of postmen-
opausal women, by inhibiting transcription of the CYP19A1
gene that encodes the key enzyme aromatase. Normal BAFs
were cultured from women undergoing breast reduction
surgery, while breast cancer-associated fibroblasts (CAFs)
were isolated from three women with estrogen receptor (ER)
positive invasive ductal carcinomas. MTNRIA and MTNRIB
receptor expression and CYPI9A1 mRNA expression fol-
lowing MLT treatments were determined by qRT-PCR.
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BAFs express the G-protein coupled MLT receptors
MTNRIA and MTNRIB with elevated levels of MTNRIA
found in CAFs. Treatment of BAFs and CAFs with MLT
resulted in significant suppression of CYPI9A1 transcription
and aromatase activity at pharmacological, physiological
and sub-physiological concentrations. MLT suppression
occurred through promoter-specific PL4-, PL3- and PII-
derived CYPI9AI mRNA. Stimulation of CYPI9AI PII-
mRNA and aromatase activity by prostaglandin B, (PGE,)
were significantly attenuated by physiological doses of
MLT. Lower levels of MLT in aging women may increase
the risk of progressing ER-positive breast cancer through a
decreased ability to suppress CYPI9AI expression and
subsequent local estrogen production in BAFs/CAFs.

Keywords Melatonin - Aromatase - Postmenopause -
Breast cancer - Epigenetic - Prostaglandin E,

Introduction

Breast cancer is a classical model of hormone-dependent
malignancy. Two-thirds of breast cancer occurs in post-
menopausal women, where ovaries have ceased to be
functional and changes in the hormonal milieu are associ-
ated with an increase in total adiposity and breast cancer
risk. Aromatase P450, encoded by the gene CYPI941, is
the key enzyme catalysing the synthesis of estrogens from
circulating Cyg steroids [1]. In postmenopausal women,
cancer-associated fibroblasts (CAFs, also referred to as
breast adipose fibroblasts (BAFs) in the absence of a
tumor) of the stromal compartment adjacent to a tumor
become the major source of local estrogen production,
coinciding with an increase in CYPI9AI expression via the
tissue-specific promoters P14, PL3 and PII in these cells
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[2]. The stimulation of these tissue-specific promoters
occurs through paracrine signals, such as prostaglandin E,
(PGE,) (PL.3/II) and class I cytokines and glucocorticoids
(PL.4), derived from neighboring tumor epithelial cells and
infiltrating macrophages [3, 4]. The development of breast-
specific aromatase inhibitors (Als) and suppressers of
CYP19AI gene expression is therefore a critical aspect in
inhibiting local estrogen production in breast cancer and is
at the frontline of therapeutic care.

The main biological active substance secreted by the
pineal gland, melatonin (MLT), can counteract the effects
of estrogens in breast cancer through a number of its own
oncostatic properties and signaling mechanisms [5-7].
MLT hormone is secreted in response to darkness and, as
such, levels rise and fall throughout the day. Evidence from
clinical studies has led to the hypothesis that increased risk
for breast cancer among women is closely related to cir-
culating MLT levels. For example, light-induced inhibition
of MLT secretion increases breast cancer risks, e.g. within
flight attendants and night-shift workers; conversely,
totally blind women also have the lowest incidence of
breast cancer [8]. A recent cohort study of postmenopausal
women has also revealed that an increased concentration of
urinary 6-sulfatoxymelatonin (aMT6s), the major metabo-
lite of MLT, is statistically significantly associated with a
lower risk of developing breast cancer [9]. These obser-
vations are further supported by the fact that MLT pro-
duction gradually declines with advancing age, with MLT
levels reported to be low in elderly individuals, associated
with BR-positive breast cancer and linked with enhanced
tumor growth in rats [10-12].

Since surrounding BAFs are the major source of local
estrogen production in postmenopausal women, it is pos-
sible that many of the protective properties of MLT are
exerted upon these cells but lost with increasing age.
Physiological concentrations of MLT have been shown to
reduce aromatase expression and activity in the ER-positive
breast cancer derived cell line MCF-7 [13, 14]. Howeyver, it
is acknowledged that CAFs, not epithelial cells, are the
abundant source of elevated CYPI9A] mRNA in post-
menopausal breast cancer [15]. In this study we show that
MLT suppresses CYP19A1 mRNA expression and aroma-
tase activity in normal BAFs and CAFs obtained from
women with ER-positive invasive ductal carcinoma (IDC).

Materials and methods
Patient information
Subcutaneous adipose tissue was obtained from Caucasian

cancer-free women at the time of reduction mammoplasty
approved by the Southern Health Human Ethics Research

@ Springer

Committee at Prince Henry’s Institute. Specimens of IDC
of the breast were obtained from Japanese female patients
at Tohoku University Hospital and Tohoku Kosai Hospital.
Relevant clinical data were retrieved from the review of the
patients” files. The histologic grade of each specimen was
independently evaluated. The ethics committees at Tohoku
University School of Medicine and Tohoku Kosai Hospital
approved the research protocols (2004-144, 2005-068, and
2006-042, respectively), with informed consent being
obtained from these patients before surgery in each
institution. ‘

Cell culture

Human breast adipose fibroblasts were isolated by colla-
genase digestion and cultured as previously described [16].
Where BAFs were used as a comparison to other cell types,
averaged data were obtained from BAFs isolated from three
independent women. Cell line MCF-7 (ATCC No. HTB-22)
was subcultured according to supplier’s procedures. For
treatments, BAFs grown to ~60% confluence were initially
starved in serum-free media containing 0.1% BSA for 24 h.
MLT was prepared in dimethyl sulfoxide (DMSO) at
described concentrations and cells were treated in serum-
free media for 90 min. To stimulate promoter-specific
CYPI9A1 transcription, serum-free media containing PGE,
(1 pM) was added to cells for 24 h to stimulate PIL. In all
treatments, equal amounts of vehicle alone (the agent in
which the compound was dissolved) were used as a control.

RNA isolation and quantitative RT-PCR

Total RNA was isolated from cells using the RNeasy Mini
kit (QIAGEN). Following DNAse treatment, first strand
c¢DNA synthesis from a minimum of 200 ng of total RNA
was performed using AMVRT (Promega) primed by ran-
dom hexamers. Semi-quantitative RT-PCR of MTNRIA
and MTNRIB receptors was performed with the primer
pairs for MTNRIA—(Fwd) 5'-GCCACAGTCTCAAGTA
CGACA-3' (Rev) 5-CTGGAGAACCAGGATCCATAT-3'
and MTNRIB—Fwd) 5'-TGCCTCATCTGGCTCCTCAC-3
(Rev) 5'-TAGGGAGGAGGAAGTGGATG-3'. Quantita-
tive RT-PCR (gqRT-PCR) of total CYPI9AI mRNA was
performed with SYBR Green detection methodologies with
Roche LightCycler Systems using the primer pair termed
RT-7 (Fwd) 5-TTGGAAATGCTGAACCCGAT-3' and
RT-8 (Rev) 5'-CAGGAATCTGCCGTGGGGAT-3; or the
ABI 7900HT Sequence Detection System using (Fwd)
5'-CACATCCTCAATACCAGGTCC-3 and (Rev) 5'-CA
GAGATCCAGACTCGCATG-3' and probe 5'-6-FAM-CC
CTCATCTCCCACGGCAGATTCC-TAMRA-3'. PII-dri-
ven transcripts were quantitated with Roche LightCycler
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using (Fwd) 5'-GCAACAGGAGCTATAGAT-3 and RT-8;
or the ABI 7900HT using (Fwd) 5'-GCAACAGGAGCTAT
AGATGAA-3" and Exonll (Rev) 5-AGGCACGATGCT
GGTGATG-3' and probe 5-6-FAM-TGCCCCCTCTGA
GGTCAAGGAACA-TAMRA-3. In combination with
Exonll (Rev)-PL4 (Fwd) 5-GTAGAACGTGACCAAC
TGGAG-3' and probe 5'-6-FAM-ATGGGCTGACCAGTG
CCAGGGACC-TAMRA-3'; PL3 (Fwd) 5'-GTCTTGCC
TAAATGTCTGATCAC-3 and probe 5'-6-FAM-TGCCCC
CTCTGAGGTCAAGGAACAC-TAMRA-3' were quanti-
tated with the ABI 7900HT. qRT-PCR amplification of 185
was conducted with SYBR Green detection methodologies
using (Fwd) S5-CGGCTACCACATCCAAGGA-3’ and
Rev) 5'-GCTGGAATTACCGCGGCT-3'.

Aromatase activity assays

BATFs and CAFs were grown to ~60% confluence and then
serum starved overnight in phenol-red free medium con-
taining 0.1% BSA. After serum starvation, cells were
treated with experimental agents at the concentrations
indicated for 24 h. Endogenous aromatase activity was
measured by the detection of 3HOH released during aro-
matization of [18-3H] androstenedione, as previously
described [16].

Statistical analysis

Data were analyzed by one-way ANOVA followed by
Newman—-Keuls Multiple Comparison test. Statistical
analysis was performed with GraphPad Prism Software.

Results

MLT acts through its G-protein-coupled receptors, MT1
and MT2, located at the plasma membrane. Initially,
expression of encoding genes MTNRIA (MTI1) and
MTNRIB (MT2) was assessed in BAFs by gqRT-PCR.
BAFs and MCF-7 (positive control) cells expressed both
receptors, albeit to differing levels, with MTNRIA levels
predominantly lower in BAFs compared to MCF-7 cells
(Fig. 1a). Following confirmation of MLT receptor
expression, to determine whether MLT altered CYPI9AI
mRNA expression, pharmacological (10 pM), physiologi-
cal (1 nM) and sub-physiological (10 pM) concentrations
of MLT were used to treat BAFs. In each instance, a sig-
nificant suppression of total CYP/9A] mRNA levels was
observed when compared to vehicle alone (100%); 51%
(10 pM), 28% (1 nM), and 35% (10 pM) (Fig. 1b). Fol-
lowing the observed suppression of CYPI9A1 mRNA,
aromatase activity assays were performed to measure the
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Fig. 1 MLT suppresses CYPI9AI mRNA expression and activity in
BAFs. a qRT-PCR of MTNRIA and MTNRIB in cDNA from BAFs
and MCF-7 cells. cDNA from primary CAF lines 14T, 17T and 20T
(Table 1) were also analyzed. b qRT-PCR of total CYPI9A] mRNA
in BAFs treated with final concentrations of 10 pM, 1 nM and 10 uM
of MLT for 90 min. ¢ Aromatase activity in BAFs following 24 h
treatments of MLT. Data obtained from two to three independent
experiments. Error bars represent standard error of means. Data was
analyzed by one-way ANOVA followed by Newman-Keuls multiple
comparison test (**p < 0.01, *#%p < 0.001)

production of estrogen by measuring the transfer of tritium
at the 1B position of [18-3H]androstenedione (1B8-AE) to
water. In comparison to vehicle alone (100%), significant
decreases in aromatase activity were observed in BAFs
treated with MLT—57% (10 pM), 60% (1 nM) and 48%
(10 pM) (Fig. 1c).

Expression of CYPI9A1 in BAFs is under the control of
the tissue-specific promoters P14, PL3 and PII, with P14
being the predominant transcript present in disease-free
cells. To ascertain if the effects of MLT is promoter spe-
cific, exon-specific qRT-PCR was performed for each
promoter following MLT treatment. Physiological con-
centrations of MLT (1 nM) significantly decreased
expression of all three promoters when compared to vehi-
cle (100%); PL4 (34%), PL3 (48%) and PII (42%)
(Fig. 2a). The secretion of PGE, by breast tumor epithelial
cells is associated with the increased tumor PIl-derived
transcriptional activity in surrounding BAFs through both
CAMP/PKA- and PKC-dependent signaling and the
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Fig. 2 Suppressive effects of MLT on promoter-specific CYP19A1
expression and activity in BAFs. a Exon-specific qRT-PCR of
CYPI9A1 promoters P14, P13 and PI following MLT (1 nM)
treatment. b Exon-specific gRT-PCR of PII-derived mRNA following
PGE, (1 M) stimulation alone or in combination with MLT (1 nM).

activation of a number of transcription factors [3]. As MLT
is known to decrease intracellular concentrations of cAMP
[14], we tested the ability of MLT to suppress PGE, PII-
stimulation in BAFs. PGE, increased PII-derived CYPI9A1
mRNA ~3.5-fold compared to vehicle (Fig. 2b). In the
presence of physiological concentrations of MLT, how-
ever, the PIl-stimulation was significantly decreased (65%)
compared to PGE, alone treatment (100%) (Fig. 2b).
Likewise, PGE, stimulated aromatase activity ~2-fold, a
process that is also significantly reduced following co-
treatment with MLT (21%) (Fig. 2c).

As MLT was found to suppress CYPI9A1 expression in
BAFs isolated from normal women, we extended these
observations to CAFs isolated from women with ER-
positive IDC (Table 1). Three tumor primary cell lines, two
from postmenopausal women (Patient ID: 17T and 20T)
and one from premenopausal (Patient ID: 14T) were ini-
tially screened for aromatase activity levels. The three CAF
lines showed significant higher levels of aromatase activity,
upwards of ~2-fold in the case of 14T and 20T, compared
to disease-free BAFs (Fig. 3). MTNRIA and MTNRIB
receptor expression was determined by qRT-PCR. All three
CAF lines maintained MLT receptor expression; however,
our findings demonstrated higher levels of MTNRIA and
lower levels of MTNRIB mRNA in the three CAF lines
compared to disease-free BAFs (Fig. 1a). Physiological
doses of MLT were used to treat CAFs and total CYPI9A1
mRNA levels and aromatase activity assessed. When
compared to vehicle alone treatments (100%), each CAF
had significantly reduced levels of total CYPI9A1 mRNA
following MLT treatment; 14T (37%), 17T (29%) and 20T
(43%) (Fig. 4a). This reduction also conferred into a sig-
nificant decrease in aromatase activity compared to vehicle
(100%); 14T (22%), 17T (41%) and 20T (37%).
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multiple comparison test (*p < 0.05, *¥p < 0.01, ***p < 0.001)

Discussion

Multiple lines of in vivo and in vitro evidence show that the
MLT oncostatic actions in breast cancer are primarily through
its effects on hormone-dependent tumors through its ability to
interact with estrogen signaling pathways [5]. In tumor epi-
thelial cells, these interactions have shown to modulate
estrogen receptor actions as well as the enzymes responsible
for estrogen biosynthesis [17]. Crosstalk within the IDC breast
tumor microenvironment results in the elevated levels of
aromatase expression in neighboring adipose fibroblasts and
the main source of local estrogen in postmenopausal women.
In this study we demonstrate MLT oncostatic actions on
normal BAFs and CAFs isolated from IDCs, two of which
were postmenopausal, to down-regulate aromatase mRNA
expression at physiological concentrations. Both BAFs and
CAFs predominately express the MTNRIA receptor, which
may correlate to the binding of MLT to MT1 as seen as one of
the first steps in aromatase antagonism in epithelial cells [18].

Understanding the promoter-specific control of
CYPI9AI expression in BAFs is fundamental for creating
modes of antagonism. While P14 is elevated in the pres-
ence of a tumor, PL3 and PII make up 80-90% of
CYP19A1-derived transcripts also up-regulated, as such,
much work has been carried out to understand this regu-
latory pathway as a means to decrease aromatase expres-
sion [19]. In this study, we show that MLT actions on
BAFs are not promoter-specific and suppress each of the
three promoters expressed. This data correlates with what
is observed in MCF-7 cells despite the subtle differences in
modes of PII transcriptional activation by alternative
transcription factors in the two different cell types [14, 20].
Elevated levels of PL4 in CAFs are due to elevated levels
of class I cytokines and glucocorticoids within the tumor
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Table 1 The clinicopathological information of the three cases of breast cancer in which stromal cells were obtained

PgR HER2

TNM ER

Nottingham’s histological

Histopathological

diagnosis

Sex

Age

Sample ID

grade (tubular formation,
nuclear atypia, mitosis)

Positive (PS5 + IS3 Negative (score 0)

Positive (PS5 -+ IS3

pTlc, pNO, cMO,

Grade IT (3, 2, 1)

Invasive ductal carcinoma,

F

47

14T

TS8, almost 100%)

Positive (PS4 + IS3

TS8, almost 100%)

Positive (PS5 + IS3

G2, Stage I
pT4b, pN1, cMO,

scirrhous carcinoma

Negative (score 0)

Grade I1 (3, 2, 1)

Invasive ductal carcinoma,

F

76

17T

TS7, 40%)
Positive (PS5 + IS3

TS8, 100%)
Positive (PS5 -+ IS3

G2, Stage IIIB
pT4b, pNO, cMO,

scirrthous carcinoma

Negative (score 0)

Grade II (2, 3, 1)

Invasive ductal carcinoma,

F

69

20T

TS8, almost 100%)

TS8, almost 100%)

G1, Stage IIIB

scirrhous carcinoma

Histological grade was determined according to Robbins et al. [28] and each score represents that of tubular formation, nuclear atypia and mitosis. ER and PR immunoreactivity was evaluated

according to Allred et al. [29]. HER2 immunoreactivity was evaluated based on the CAP-ASCO guideline [30]

PS proportional score, IS intensity score, TS total score

300 =

*k*%

*%k%

Aromatase Activity
pmol/mg protein
(% BAFs)

Fig. 3 Aromatase activity is elevated in 14T, 17T and 20T CAF
lines. Data obtained from triplicate experiments. Error bars represent
standard error of means. Data was analyzed by one-way ANOVA
followed by Newman—~Keuls multiple comparison test (*p < 0.05,
**%p < 0.001)
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Fig. 4 MLT suppresses aromatase expression and activity in CAFs.
a gRT-PCR of total CYPI9A] mRNA from 14T, 17T and 20T CAF
cell lines treated with MLT (1 nM) for 90 min. b Aromatase activity
following 24-h treatment with MLT (1 nM). Data obtained from three
experiments. Error bars represent standard error of means. Data was
analyzed by one-way ANOVA followed by Newman-Keuls multiple
comparison test (*#*p < 0.01, #*¥%p < 0.001)

microenvironment. Interestingly, MLT can repress dexa-
methasone induced transcriptional activation in MCEF-7
cells and reduce proinflammatory cytokines such as TNF-o
and IL-6 [21, 22]. Factors such as these are critical for PL.4-
driven CYP19A1 expression and may serve as two possible
modes of MLT PL4 inhibition in BAFs.

The dramatic elevation of PL3/PII transcripts in CAFs is
a direct consequence of increases in cellular cAMP levels
through PGE, secreted by tumor epithelial cells. By mod-
eling this in BAFs, we show that this PII-driven stimulation
by PGE, can be inhibited by MLT. Qur data are consistent
with previous observations that MLT can down-regulate
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cAMP levels and downstream targets in different cell types
including MCF-7 cells [14]. While elevated PGE, in the
microenvironment, driven by increases in COX-2 expres-
sion in tumor epithelial cells, acts on CAFs predominantly
in a paracrine manner, up-regulation of COX-2 in the
stroma may also serve as a mechanism of PGE, autocrine
action to stimulate PII. However, whereas MLT was shown
to down-regulate COX-2 expression in MCF-7 cells [14],
our observations suggest that this is not the case in CAFs
(data not shown).

The breast is delicately sensitive to interactions within the
tumor microenvironment and has thus emerged as an
important therapeutic target, with anti-stromal therapies now
being added to the armament of anti-cancer weapons. The
ability of MLT to suppress aromatase expression in multiple
cell types within the breast tumor microenvironment,
including CAFs as shown in this study, adds to the growing
evidence supporting this non-toxic hormone to be used in
the treatment of postmenopausal estrogen-dependent breast
cancer. Not only can MLT disrupt the phenotype of aro-
matase expressing mouse fibroblasts [23], the suppressive
effects of MLT on aromatase activity can also be enhanced
when used in combination with the Al aminoglutethimide in
in vitro [24] and in vivo studies [25]. Furthermore, in
combination with metformin, an AMPK-activator that
inhibits aromatase expression in BAFs [26], MLT has shown
to suppress mammary tumor growth in HER-2/neu trans-
genic mice [27]. The potential of metformin and melatonin
used together to inhibit aromatase expression in the breast is
yet to be tested and warrants further investigation.

In summary, our findings demonstrate a negative effect
of MLT on aromatase expression in CAFs and reinforces
the importance that circulating MLT levels may have in the
protection against ER-receptor positive breast cancer.
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