INTRODUCTION

Tumor progtession is governed not only by the genetic
changes intrinsic to cancer cells, but also by epigenetic
and environmental factors. Therefore, neoplastic cell
factors and biophylactic side factors such as immune
reactions are interacting in the survival and development
of micrometastasis. Increasing evidence gleaned from
studies in immune-compromised hosts suggests that the
cellular mechanisms of immunosurveillance influence
tumor development. There are several lines of research
which indicate the critical role of the immune system in
controlling the growth of malignant cells™. Thus, im-
pairment of anti-tumor immunity, which leads to immu-
nologic toleration of malignant cells, contributes to the
development and progression of peritoneal metastasis.
The elimination phase of the cancer immunosurveillance
mechanism is thought to be a continuous process, and lo-
cal control of metastatic invasion by the immune system
may be critical for survival. However, the role of lympho-
cytes in the peritoneal cavity for anti-tumor immunity in
gastric cancer patients is unknown'”.

Studies in rodents have demonstrated that adoptive
immunotherapy with antigen- speciﬁc CD8" T cells is
effective for cancer, and there is evidence that this ap-
proach has therapeutic activity in humans®®'%. Memory T
cells circulate throughout all tissues of the body and are
primed to rapidly produce secondary immune responses
upon antigen challenge""’. The nature of the cells that
mediate the different facts of immunological memory
remains unresolved. Natural killer T cells are a specialized
subset of T cells. They express T-cell and natural killer-
lineage cell surface markers and key cytokines, which
regulate the course of the immune response. There are
many mechanisms that regulate and dampen the im-
mune response to cancers'” . Regulatory T cells protect
the host from autoimmune disease by suppressing self-
reactive immune cells. As such, regulatory T' cells may
also block antitumor immune responses. Regulatory T
cells have been an active research area in basic as well as
in clinical immunology"*'®, Th1 immune responses are
considered to be essential for eradicating malignant cells.
Based on the cytokine profile, interferon-gamma is a Th1
cytokine with an antitumor effect. Intetleukin-10, a Th2
cytokine, inhibits Th1 immune responses and enhances
the production of other Th2 cytokines"**%,

In order to clatify the clinical 51gmﬁcance of the host
immune response within the peritoneal cavity in patients
with gastric cancer, we conducted an immunological anal-
ysis of the peritoneal lavage obtained from patients at the
time of gastrectomy.

MATERIALS AND MIETHODS

Patients ,
A total of 75 patients (50 males and 25 females; mean age:
64.3 years) were included in this study. Sixty-four patients
were histologically diagnosed as having gastric cancer.
Among these, 56 had gastrectomy, 2 underwent bypass op-
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eration, and 6 had exploratory laparotomy. Eleven patients
who underwent laparoscopic cholecystectomy for benign
disease acted as controls. The resected specimens were
histologically examined by hematoxylin and eosin staining
according to the general rules of the Japanese Classification
of Gastric Catcinoma®™. The investigation protocol was
approved by the Institutional Review Board of the Naga-
saki University School of Medicine (#14122694). Written
informed consent was obtained from all patients. The
stages of gastric cancer patients were as follows: stage I

A, n = 25 patients; stage | B, » = 13; stage II, » = 7; stage
I, #»= 7; and stage IV, » = 12. The clinicopathological
features of the patients are shown in Table 1.

Isolation of mononuclear cells from peripheral blood
and peritoneal lavage

Endotracheal general anesthesia was induced and 10 mL
of petipheral blood was taken from all patients. Four
hundred milliliter of physiological saline was poured into
the peritoneal cavity prior to manipulation of the tumor,
and was recovered after being gently stirred. Half of the
petitoneal lavage was allocated for conventional cytol-
ogy and carcinoembryonic antigen (CEA) analysis by an
enzyme-linked immunosorbent assay. The other half of
the petitoneal lavage was immediately centrifuged at 2000
rpm for 10 min, and the supernatants were assayed for
CEA values. The petitoneal CEA levels were then mea-
sured using an enzyme immunoassay kit (IMx-SERECT
CEA, Dainabot, Tokyo) and the protein concentration
was determined using a protein assay kit (Bio-Rad, Rich-
mond, CA, United States). The cell component was used
for lymphocyte analysis. Lymphocytes from peripheral
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PB: Peripheral blood; PL: Peritoneal lavage; CL: Confidence interval. The data are presented as the median and 95% CI. The statistical analysis of the
differences revealed higher CEA and CD4/CD8, lower CD8" effector memory T cells and NKT cells in the peritoneal cavity in patients with advanced stage

than in controls.

blood were isolated by density centrifugation over Ficoll-
Paque™ gradients (Amersham, Uppsala, Sweden).

Flow cytometry

The following monoclonal antibodies were used in the
present study: fluorescein isothiocyanate (FITC)-conjugat-
ed ant-CD8, FITC-CD25, FITC-CD45RA, phycoerythrin
(PE)-conjugated anti-CD4, PE-CD56, PE-CCR7, PE-
IFN-y, PE-IL-10, PE-Foxp3, cychrome (Cy)-conjugated
anti-CD3, and Cy-CD8 (BD Pharmingen, San Diego,
.CA, United States). Single-cell suspensions were stained
in phosphate-buffered saline-1% fetal calf serum at satu-
rating concentrations according to standard procedures.
Flow cytometry was performed on the BD Biosystems-
FACSCanto I system (BD Biosciences, San Diego, CA,
United States), and FACSDiva software (BD Biosciences,
San Diego, CA, United States) was used for analysis. All
analyses of T cells were carried out after gating by CD3.
The ratio of the percentage of CD4 and CD8 cells was
represented as the CD4/CD8 ratio.

Intracellular staining for Foxp3

Intracellular staining for Foxp3 was performed using the
Human Foxp3 Buffer set (BD Pharmingen, San Diego, CA,
United States) according to the manufacturer’s protocol.

Cytokine assays
Anti-TFN-y-PE and anti-IL-10-PE mAbs were used for
the intracellular analysis of cytokine production. Pe-
ripheral and intra-peritoneal lymphocytes were activated
with 10 ng/mL photbol 12-myristate-13-acetate (PMA),
0.5 pug/mL Jonomycin, and 1 pL/mL GolgiPlug (BD
Pharmingen, San Diego, CA, United States) for 4 h. Cells
wete washed, fixed and permeabilized by Cytofix/Cy-
toperm solution (BD Pharmingen, San Diego, CA, Unit-
ed States), and stained with titrated amounts of cytokine-
specific antibodies.

Next, the CD4" CD25 * T cells were isolated from
petipheral blood by magnetic beads (Miltenyi Biotech,Be
rgischGladbach, Germany). These CD4" CD25 " T cells
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were mixed with intraperitoneal lymphocytes at a ratio of
1:10 and co-cultivated for 4 d in RPMI with 10% FBS.
The CD4" CD25 T cells were co-cultivated with intra-
peritoneal lymphocytes as controls. The cytokine assay
was performed by the intracellular cytokine method after
4 d of co-cultivation.

Statistical analysis

The statistical analysis was performed using the Kruskal-
Wallis test (non-parametric ANOVA) using a personal
computer and the StatViewV.5.0 softwate package (SAS
Institute, Cary, NC, United States). P values less than 0.05
were considered to indicate statistical significance.

RESULTS

Carcinoembryonic antigen values in sera and peritoneal
lavage

For the interaction between petipheral blood and the
petitoneal cavity, we investigated the CEA values in both
serum and peritoneal lavage at the time of surgery. The
serum CEA values were elevated only in patients with
stage IV disease. On the other hand, the values in peri-
toneal lavage were found to be elevated even at stage I,
and they were also related to the clinical stage (Table 2).

Analysis of lymphocyte populations in peripheral blood

and the peritoneal cavity

After purification of lymphocytes from peritoneal lavage,
we investigated the phenotypes of lymphocytes in both
peripheral blood and the peritoneal cavity. The mean
value of the CD4/CDS8 ratio for all patients was 2.17 in
peripheral blood. The CD8" T cells were dominant in the
peritoneal cavity and the CD4/CD8 ratio was reversed.
The ratio in patients with stage Il or IV was significanty
higher than in stage I or control patients (Table 2).

The CCR7 CD45RA" CD8" T cells were counted as
effector memory T cell subsets. The percentage of ef-
fector memory T cells in the petitoneal cavity was higher
than that in peripheral blood. However, the petcentage
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Figure 1 Co-staining with foxp3 and CD25 for CD4" T cells. High correlation was shown between both populations.

decreased in association with the clinical stage (Table 2).
The CD3"CD56" cells were measured as natural killer
T cells. The percentage of these cells in the peritoneal
lavage was also low in patients with stage Il or stage IV
(Table 2). As the co-staining of foxp3 and CD25 revealed
a high correlation between both populations, CD25""
was used following cytokine producing assays (Figure 1).
The frequency of CD4" CD25 "™ T cells in patients with
advanced stage cancer was higher than that in control pa-
tients in both peripheral blood and the peritoneal cavity
(Figure 2A and B).

Cytokine production by lymphocytes

The cytokine production from CD3" T cells after stimu-
lation with PMA + ionomycin was evaluated by a cyto-
kine production assay. The lymphocytes in the peritoneal
cavity were mote sensitive for the production of IFN-y
than those in the peripheral blood. The ratio of IFN-y
producing cells in the peritoneal cavity was significantly
lower in patients with advanced stage disease in compari-
son to the controls (Figure 3A and B). The ratio of IL-10
producing cells in the petitoneal cavity in patients with
advanced stages was higher in compatison to the controls
(Figure 3C and D).

Cytokine assays of intra-peritoneal lymphocytes after
co-cultivation with self- CD4'CD25"" T cells

In order to investigate whether the suppression of IFN-y
production from T cells in the peritoneal cavity at ad-
vanced stages was caused by CD4" CD25"" T cells, fur-
thet assays were performed. The IFN-y production of
CD8" T cells was suppressed in intra-petitoneal lympho-
cytes co-cultivated with isolated CD4" CD25™" T cells
from self-peripheral blood (Figure 4A). No inhibition was
seen when the lymphocytes were co-cultivated with CD4”
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CD25 cells (Figure 4B).

DISCUSSION

The peritoneal cavity is a compartment in which the im-
munological host-tumor interaction can occur™. This
study investigated lymphocytes in the peritoneal cavity
of patients with gastric cancer in relation to anti-tumor
immunity. Some tumorts can acquitre the ability to down-
regulate immune tesponses and exploit this action to Ero-
mote tumor cell proliferation, survival, and invasion 02
Therefore, the presence of leukocytes in the peritoneal
cavity may be a consequence of an immune response
that favors either dissemination of tumor cells or a pro-
tective host response. Malignant ascites has been used as
a common source of immunological analysis in previous
reports’ . To the best of our knowledge, there are no
reports describing the lymphocyte and cytokine produc-
tion ability in peritoneal lavage from patients with gastric
cancer at the time of gastrectomy.

In our initial experiments, the CEA values in peri-
toneal lavage were found to correlate with the clinical
stages. Interestingly, the CEA values were elevated even
in cases without setosal invasion. This result suggests that
some fragments of cancer cells may spread throughout
the petitoneal cavity and induce an immune reaction be-
tween the tumor and host™**.

The frequency of CD4" T cells in all patients was
higher than that of CD8" T cells in petipheral blood, but
this pattern was reversed in peritoneal lavage fluid. CD8"
T cells wete dominant in the petitoneal cavity. Our data
suggested that the immunological environment in the
petipheral blood is different from that in the peritoneal
cavity. Thete were significant differences in the CD4/
CDS8 ratio in the peritoneal cavity between gastric cancer
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Figure 2 Analysis of lymphocyte populations in peripheral blood and the peritoneal cavity. A: The gating and counting of CD4" CD25"" T cell population by
flow cytometry; B: The percentage of CD4" CD25™ T cells in the CD4" T cell population in peripheral blood and peritoneal lavage of patients at each stage of gastric

cancer and control patients. Data are presented as the mean + SD.

patients at advanced stage and control patients. Cancer
progression may have an effect on the balance of the T
cell population in the petitoneal cavity.

Immunological memory is demonstrated by following
T cell subsets: lymph-node-homing cells lacking inflam-
matory and cytotoxic function (defined as centtal mem-
ory T cells, CCR7" CD45RA") and tissue-homing cells
endowed with various effector functions (defined as ef-
fector memory T cells, CCR7 CD45RA"). These two sub-
sets allow for the division of labor among memory cells.
Effector memory T cells represent a readily available pool
of antigen-primed cells that can enter peripheral tissues
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to mediate inflammatory reactions or cytotoxicity, thus
rapidly containing invasive pathogens and cancer anti-
gens™***. Our data show that CD8" effector memory T
cells were rich in the peritoneal cavity. This indicates the
migration of effector memory cells from the peripheral
blood to local sites. Howevet, in advanced cases, the fre-
quency of CD8" effector memory cells in the peritoneal
lavage was low. These results suggest that the peritoneal
cavity exerts the local immune response, more than pe-
ripheral blood.

Natural killer T' cells, 2 unique lymphocyte subpopula-
tion, are characterized by the expression of invatiant an-
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Figure 3 Cytokine production by lymphocytes. A: The gating and counting of the [FN-y producing cell population by flow cytometry; B: The percentage of IFN-y produc-
ing cells in the CD3" cell popufation stimufated with PMA + ionomycin in peripheral blood and peritoneal lavage of patients at each stage of gastric cancer and control patients
Data are presented as the mean + SD. The statistical analysis was performed by the Kruskal-Wallis test. After gating of CD3+ T cells, 10 000 events were analyzed. The
production of IFN-y in the peritoneal cavity was higher than that in the peripheral blood. The ratio of IFN-y production cells in the peritoneal lavage was significantly lower
in patients with advanced-stage than in controls [control vs stage IV: 51.1 (35.1-67.1) vs 10.7 (2.6-22.1), °P < 0.05]; C: The gating and counting of the IL-10 producing cell
population by flow cytometry; D: The percentage of IL-10 producing cells in the CD3" cells stimulated with PMA + ionomycin in peripheral blood and peritoneal lavage of
patients at each stage of gastric cancer and control patients. Data are presented as the mean + SD. The ratio of IL-10 producing cells in peripheral blood and intra-peritoneal
lymphocytes was significantly higher in patients at advanced stage than in controls [control vs stage IV: 6.1 (3.94-8.25) vs 40.7 (18.35-63.0), °P < 0.05].
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Figure 4 Cytokine assays of intra-peritoneal lymphocytes after co-cultivation with self-CD4°CD25 "*"T cells. A: IFN-y production in intra-peritoneal lympho-
cytes co-cultivated with self- CD4* CD25™" T cells; B: Either CD4" CD25™" T cells or CD4* CD25' T cells.

tigen receptors’ >, Natural killer T cells have been sug-
gested to serve as a bridge between innate and acquired
immunity"*"”. However, the mechanisms underlying the
anti-tumor effect of human natural killer T cell-mediated
immunotherapy remain unclear so far. The frequency of
natural killer T' cells was lower in patients with stages Il
and [V than in control patients. Therefore, a decrease in
the number of natural killer T' cells in the peritoneal cav-
ity may be one aspect of the interaction between host-
immunity and cancer progression.

Recent studies have shown that CD4™ CD25™" foxp3"
T cells exhibiting regulatory/supptessive properties are
naturally present in humans"*'®. The roles of regulatory
T cells have been active topics of research in both basic
and clinical immunology. Naturally-occurring regula-
tory T cells represent a small fraction (5%-6%) of the
overall CD4" T cell population, and play an important
role in down-regulation of the response of T cells to
foreign and self antigensm. The depletion of this subset
of regulatory T cells in normal hosts results in vatious
autoimmune diseases because the host immune system is
unchecked and attacks the body’s own tissues™. Despite
the importance of these cells in preventing autoimmune
disease, theit presence in the tumor microenvironment
diminishes anti-tumor immune responses’™ .

Within the CD4" T cell subset, there is a population of
naturally occurting foxp3” T cells that are defined as regula-
tory T cells. These cells can be identified as CD4 " foxp3”
T cells by flow cytometry. However, because foxp3 is
intracellular and requires permeabilization of cells for
detection by flow cytometry, regulatory T cells are iso-
lated as CD4"CD25"™" T cells, which were shown to
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have functional suppressive abilities in our co-culture
experiments[m. In the present study, the mean percent-
age of CD4" CD25"" T cells in the peritoneal cavity in
advanced gastric cancer patients was higher than that
of control patients. After the co-cultivation of the self-
CD4" CD25" T cell population of intra-petitoneal
Iymphocytes, the production of IFN-y was inhibited.

IFN-y, a Th1 cytokine, not only exerts an anti-tumor
effect, but also inhibits the proliferation of Th2 clones™,
IL-10, a Th2 cytokine, suppresses the synthesis of Thl
cytokines such as IFN-y*"*, This study showed that the
production of intracellulat cytokines in the peritoneal
cavity was higher than that in the peripheral blood after
appropriate stimulation. IFN-y production was down-
regulated in advanced cases, but not in the controls and
stage | patients. On the other hand, IL-10 production
was up-regulated, which revealed the switch of Thl and
Th2 responses in the peritoneal cavity of these patients.
IFN-y production in intra-peritoneal lymphocytes was
suppressed after co-cultivation with self-CD4" CD25""
T cells, but not CD4" CD25 T cells. Interestingly, the
replacement of CD4" CD25 T cells for CD4" CD25™"
T cells could recover the production of IFN-y in intra-
petitoneal lymphocytes.

Background
The peritoneal cavity is a compartment in which immunological host-tumor
interactions can occur. Neoplastic cell factors and biophylactic side factors such
as immune reactions are interacting in the survival and development of micro-
metastasis. However, the role of lymphocytes in the peritoneal cavity of gastric
cancer patients is unclear.
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Clinical and experimental studies have established that leukocyte infiltrations
around tumors promote the development or regression of solid tumors, but-
whether the organ-specific cellular and molecular programs promote tumor
growth or exhibit anti-tumor immunity by leukocytes are incompletely under-
- stood. Recent studies have shown that CD4" CD25™" foxp3’ T cells exhibiting
regulatory/suppressive properties are naturally present in humans. The roles of
regulatory T cells have been active topics of research in both basic and clinical
immunology.

Innovations and breakthroughs

In most previous studies, malignant ascites have been a common source of im-
munological analysis. However, there are no reports describing the lymphocyte
and cytokine production ability in peritoneal lavage from patients with gastric
cancer at the time of gastrectomy. In the present study, CD4" CD25"" T celis
were found to be increased in the peritoneal cavity of advanced gastric cancer
patients, but in the co-cultivation of the self- CD4* CD25"™" T cell population of
intra-peritoneal lymphocytes, the production of IFN-ywas inhibited.
Applications

Peritoneal lavage samples from patients with gastric cancer are more suscep-
tible than peripheral blood for monitoring the interaction between the host's
immune system and tumor cells.

Terminology

Regulatory T cells: Regulatory T cells contribute to the maintenance of immuno-
logic self-tolerance. Recent reports underscore that regulatory T cells not only
play a role in the maintenance of immunotolerance but are also potent inhibitors
of antitumor immune responses.

Peer review

The authors have investigated T-cells isolated from peripheral blood and perito-
neal lavage in patients with gastric cancer and controls. Main findings are that
in stage Il and 1V gastric cancers the lavage fluid contains less CD8 memory
cells, NKT cells and more CD25"™" regulatory T cells.
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Introduction: To detect a small number of malignant cells, we used a highly sensitive
detection system that measures the expression levels of cytokeratin (CK) 19 messenger
RNA by reverse transcription—loop-mediated isothermal amplification (RT-LAMP).
Materials and methods: We evaluated the clinical relevance of our novel diagnostic method
with an RT-LAMP assay using CK19 as a target gene for the detection of free cancer cells in
peritoneal lavage and assessed the clinical significance of the molecular diagnosis by
survival analysis and frequency of recurrence, with a median follow-up period of 39 mo.
We observed 52 patients with gastric cancer who underwent gastrectomy, bypass
operation, and exploratory laparotomy.
Results: Those 52 patients, who were subjected to both RT~LAMP and cytologic examination,
were divided into the following three groups: (1) patients positive by cytology and RT—~LAMP
(CY+/LAMP+) (n = 9), (2) patients positive by LAMP and negative by cytology (CY—/LAMP+)
(n = 12), and (3) patients negative by both cytology and LAMP (CY-/LAMP-) (n = 31). All
patients with simultaneous peritoneal dissemination and positive cytology were positive on
RT—LAMP. The results of RT—LAMP were statistically significant for recurrence by univariate
analysis (P < 0.005). Cytology-positive cases had a very poor prognosis, and RT—-LAMP-
positive cases had a worse prognosis than RT-LAMP-negative cases.
Conclusions: Our findings suggest that CK19 RT-LAMP would be useful as an intraoperative
diagnostic modality to detect patients with a high risk of recurrence even after clinically
curative surgery, who thus require proper adjuvant therapy.

© 2014 Published by Elsevier Inc.

1. Introduction

because of the high incidence of peritoneal recurrence [3].
Recurrence with this pattern is most likely caused by the

Peritoneal carcinomatosis is the most frequent pattern of presence of free cancer cells in the abdominal cavity exfoli-
recurrence in patients with gastric cancer [1,2]. The prognosis ated from the serosal surfaces of the primary gastric tumor [4].
of patients with advanced gastric cancer invading the gastric Therefore, detection of such micrometastatic cells in the
serosa is very poor even after curative resection, mainly peritoneal cavity is likely to be a useful tool in the selection of
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intra or postoperative chemotherapy and for predicting the
outcome of such therapy in these cases [5]. In this regard,
cytologic examination of lavage fluid obtained at the time of
surgery is a conventional method for detecting free cancer
cells in peritoneal space. However, the sensitivity of this assay
has been reported to be relatively low, ranging from 19% to
30% in gastric cancer invading the serosa [6—9]. As a result,
some patients with negative cytology have nevertheless
developed peritoneal recurrence. Therefore, there is an urgent
need for more sensitive methods to detect micrometastasis in
the peritoneal cavity. To detect small numbers of malignant
cells among the cytologically negative cases, we developed
a highly sensitive detection system that measures the
expression levels of cytokeratin (CK) 19 messenger RNA
(mRNA) by reverse transcription—loop-mediated isothermal
amplification (RT-LAMP). The RT—LAMP method is a new
method of gene amplification, the efficacy of which has been
reported [10,11]. The reaction is accelerated by the use of two
additional loop primers (called loops F and B) {11]. The LAMP
method can be conducted simultaneously with reverse tran-
scription from mRNA (RT—LAMP) [10—14]. There are several
practical advantages to the RT-LAMP technique: it requires
only simple reaction procedures, the compact and inexpen-
sive incubator or turbidimeter equipment costs <$5000, and
<1 h is needed to obtain the final results [11-15]. Application
of the LAMP technique has been reported for breast and lung
cancers [16—18]. This technique might be one of the most
promising candidates for analyzing the genetic features of
samples obtained during surgery.

CK proteins of the intermediate filaments of epithelial cells
have been used as specific markers for tumor cells of epithelial
origin [19,20]. In the present study, we evaluated the clinical
relevance of a new diagnostic method using an RT—LAMP
assay with CK19 as the target gene for the detection of free
cancer cells in the peritoneal lavage and assessed the clinical
significance of the molecular diagnosis by survival analysis
and frequency of recurrence.

2. Materials and methods
2.1. Cell lines

A sensitivity assay for detecting a gastric cancer cell line was
performed. The human gastric cancer cell line MKN-45, ob-
tained from the Riken Cell Bank (Institute of Physical and
Chemical Research, Saitama, Japan), was incubated in RPMI-
1640 medium containing 10% fetal calf serum (Invitrogen,
Carlsbad, CA) at 37°C in 5% CO,.

2.2. Patients

Between May 2007 and November 2008, we observed
52 patients (35 males and 17 females; mean age, 67.5 + 2.8 y)
with gastric cancer who underwent gastrectomy (n = 45),
bypass operation (n = 2), and exploratory laparotomy (n = 7)
for histologically proven gastric cancer at the Department of
Surgery, Nagasaki University. Written informed consent
for participation in this study was obtained from all the
patients. All were followed up for a median of 39 mo (range,

6—51 mo) or until death. The primary tumor was resected in 45
of the 52 patients (five patients had peritoneal dissemination
but underwent resection of their primary tumor because of
the stenosis and bleeding caused by primary tumor as
a palliative treatment) but was unresectable in seven patients
because of peritoneal dissemination and positive cytology.
These seven patients underwent a bypass operation or
exploratory laparotomy. The resected specimens were histo-
logically examined by hematoxylin and eosin staining
according to the general rules of the Japanese Classification of
Gastric Carcinoma [21]. Clinicopathologic features of the
patients are shown in Table 1.

2.3. RT—LAMP reaction

LAMP primers targeting the CK19 complementary DNA were
designed based on a past report [22] (Fig. 1). To quantify and
prove the integrity of isolated RNA, we also performed
RT—LAMP for B-actin.

The RT-LAMP method was carried out on 25 uL of the total
reaction mixture with a Loopamp RNA amplification kit (Eiken
Chemical Co, Tokyo, Japan) containing 40 pmol each of the
forward and backward inner primers, 5 pmol each of the outer
primers F3 and B3, 20 pmol each of the loop primers loops F
and B, 35 pmol of dNTPs, 20 pL of Betamine, 0.5 pM Tris—HCL
(pH 8.8), 0.25 uM KCL, 0.25 uM (NH4)S04, 0.2 uM MgS04, 0.2%
Tween 20, 1.0 pL of Enzyme Mix (Bst DNA polymerase and

Table 1 — Clinicopathologic factors were determined
according to the Japanese classification of gastric
carcinoma.
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F3:
CCTCCTACCTGGCAAGGT
B3 : ATGCGCAGAGCCTGTC

FIP (F1c+F2):.TAGTGGCTGTAGTCGCGG

GAAACGGCGAGCTAGAGGAGAA

BIP (B1c+B2).CGGGACAAGATTCTTGGTGCCAAAGT
CATCTGCAGCCAGACG

loopF : AGGCCCCTGCTTCTGGTAC

loopB : CCTGCAGATCGACAATGCC

Fig. 1 — Primer design for the detection of CK19 mRNA by
RT-LAMP.

avian myeloblastosis virus reverse transcriptase), and 5 uL of
RNA at a constant temperature of 63.5°C for 60 min.
Temperature control for the LAMP reaction and turbidity
measurement was achieved using a turbidimeter (LA-200;
Teramecs Co, Kyoto, Japan) especially developed for DNA
analysis by LAMP reaction.

2.4.  Sensitivity evaluation of RT—~LAMP on CK19 mRNA
detection

A fundamental experiment was performed to determine the
sensitivity of the RT-LAMP method for detecting gastric
cancer cells in peripheral blood mononuclear cells (PBMCs).
Peripheral venous blood was obtained from healthy volun-
teers. Gastric cancer MKN-45 cells were serially diluted from
1 x 10° cells to one cell per 1 x 10" PBMCs. The mRNA was
extracted from each cell fraction, and RT-LAMP for CK19
mRNA was performed.

2.5.  Preparation of peritoneal floating cells

At the beginning of the operation, before the manipulation of
the tumor, 400 mL of physiological saline was introduced into
the upper abdominal cavity and recovered after being gently
stirred. Part of the peritoneal lavage fluid was subjected to
conventional cytology after standard Papanicolaou staining,
and the remaining fluid was immediately centrifuged at
2000 rpm for 10 min. The pellets of lavaged fluid were rinsed

[

with phosphate-buffered saline, dissolved in RNAlater solu-
tion (Ambion, Austin, TX), and stored at —80°C until use.

2.6. mMRNA extraction

The mRNA was extracted using the Dynabeads mRNA DIRECT
kit (Veritas, Tokyo, Japan) according to the manufacturer’s
instructions. Briefly, collected cells were lysed by the lysis or
bindingbuffer, and the released mRNA and its poly (A) residue
were hybridized with oligo (dT) conjugated with Dynabeads;
then, this complex was immobilized onto the surface of
magnetic beads. Contaminating components were washed
away by repeated steps of separation and resuspension in
washing buffer. Finally, the purified mRNA was eluted from
the particles.

2.7. RT—-LAMP on mRNA derived from peritoneal lavage
Twenty-five microliters of reaction mixture was applied to
each reaction. Positive control primers (B-actin) and a negative
control mixture (PBMC-derived sample) were used for all
reactions.

2.8.  Statistical analysis

All statistical analyses were performed using StatView 5.0
software (SAS Institute, Cary, NC). The chi-square test was
used to evaluate the correlation between positive results and
clinicopathologic factors, and the univariate analysis was
used to evaluate the results of RT-LAMP and recurrence.
Survival curves were calculated using the Kaplan—Meier
method. The survival curves were compared using the
log-rank test. P < 0.05 was considered statistically significant.

3. Results

3.1.  Evaluation of the sensitivity of RT—LAMP for
identifying gastric carcinoma cell line

As few as 10° MKN-45 cells in 10’ normal PBMCs were
detectable with the RT-LAMP procedures targeting
CK19—mRNA using extracted mRNA of cell mixtures lysate
(Fig. 2).
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Fig. 2 — Sensitivity analysis of the RT—LAMP method. As few as 10° MKN-45 cells in 10’ normal PBMCs were detectable with
the RT-LAMP procedures targeting CK19 mRNA using extracted mRNA of the cell mixture lysate.
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3.2.  Detection of cancer cells in intraoperative peritoneal
lavage

The mRNA of B-actin, a housekeeping gene, was detected in all
the present samples. RT-LAMP reaction diagnosis signifi-
cantly correlated with lymph node metastasis, depth of
invasion, lymphatic invasion, and vessel invasion (Table 2).
The total of 52 patients who were subjected to both RT—LAMP
and cytologic examination were divided into the following
three groups: (1) patients positive by cytology and RT-LAMP
(CY+/LAMP+) (n = 9), (2) patients positive by LAMP and
negative by cytology (CY—/LAMP+) (n = 12), and (3) patients
negative by both cytology and LAMP (CY—/LAMP-) (n = 31).
The stage of each groups was showed on Table 2. There were
no patients negative by LAMP and positive by cytology; all
patients with simultaneous peritoneal dissemination and
positive cytology were positive on RT-LAMP. Simultaneous
peritoneal dissemination at surgery or staging laparo-
scopy was detected in 12 patients (nine in the group CY+/
LAMP+ and three in the group CY—/LAMP+). No patients with
negative RT-LAMP and negative CY status had recurrence
after surgery. The results of RT—-LAMP were statistically
significant for recurrence by univariate analysis (P < 0.005).
Figure 3 shows the overall survival (Fig. 3A), recurrence-free
survival (Fig. 3B), and peritoneal recurrence—free survival

Table 2 — Correlation between RT-LAMP diagnosis of
peritoneal lavage and clinicopathologic parameters and
the stage of each groups.

(Fig. 3C) curves for the three patient groups subjected to both
RT-LAMP and cytologic examination. Figure 3 shows that
cytology-positive cases had a very poor prognosis and that
cases with negative cytology but positive RT-LAMP had
a worse prognosis than that of the cases who were RT-LAMP
negative.

4, Discussion

Although the standard surgical lymphadenectomy for gastric
cancer has been established and applied, patients with
advanced stages of this cancer continue to face a poor prog-
nosis. A previous study suggested that the presence of free
cancer cells in peritoneal lavage was responsible for the
formation of micrometastasis and subsequent extensive
dissemination [23,24]. Cytologic examination aimed at the
detection of these cells, therefore, has been generally
accepted as the golden criterion for the prediction of perito-
neal recurrence, and this procedure has been incorporated in
the Japanese staging system for gastric cancer [21]. However,
peritoneal recurrence sometimes occurs in patients with
negative cytology, which indicates the lack of sensitivity of
conventional cytologic examination for the prediction of
peritoneal recurrence. We believe that it is difficult to confirm
peritoneal metastasis from cytology because of its low sensi-
tivity. Jung et al. [25] reported that even in patients with clin-
ically diagnosed carcinomatosis with ascites, only 54% of
patients were positive for cytology.

Thus, a more sensitive assay for the detection of peritoneal
micrometastasis is required. New, simple, and rapid molec-
ular techniques for the detection of target genes have been
developed in recent years, and one of these is the LAMP
reaction. This reaction is a novel approach to the DNA
amplification of target sequences, providing high sensitivity,
specificity, and rapidity under isothermal conditions. The
LAMP reaction relies on autocycling strand displacement DNA
synthesis that is performed with a DNA polymerase with
high-strand displacement activity and four specific primers
recognizing six independent sequences. Specifically, it
synthesizes a large amount of amplification products,
comprising a mixture of stem—loop DNA and cauliflower-like
structures with multiple loops (except for the loops that are
hybridized by the inner primer) and prime strand displace-
ment DNA. When the target DNA is amplified by LAMP
reaction, a white precipitate derived from magnesium pyro-
phosphate (a byproduct of LAMP reaction) is observed [10];
thus, the LAMP method does not require special reagents or
electrophoresis to detect the amplified DNA. Amplification of
the targeted gene is detectable in real-time fashion by an
increase of the turbidity of the solution.

CK19 has been shown to be widely expressed by cancer
cells of epithelial origin but not by lymphoid or hematopoietic
cells [26]. Among some 20 different isotypes, CK19 and CK20
are expressed more selectively by mucosal epithelial cells
than are the others [27]. It has been reported that CK19 is
superior to CK20 in detecting circulating cancer cells using
reverse transcription—polymerase chain reaction (RT—PCR)
in peripheral blood from patients with gastric cancer [28].
Thus, this molecule may be a suitable general marker of
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Fig. 3 — (A) Overall survival curves of patients stratified
according to the results of cytology and RT-LAMP.
Significant differences between the CY~LAMP~— and
CY-—LAMP+ groups were found (P < 0.05). (B) Recurrence-
free survival curves of patients stratified according to the
results of cytology and RT—-LAMP. Significant differences
between the CY—LAMP— and CY-—-LAMP+ groups were
found (P < 0.05). (C) Peritoneal recurrence—free survival
curves of patients stratified according to the results of
cytology and RT—LAMP. Significant differences between
the CY—~LAMP— and CY—-LAMP+ groups were found

(P < 0.05).

micrometastasis in peritoneal lavage of patients with gastric
cancer. LAMP primers were generated to detect the CK19
sequence, and the performance of the RT-LAMP reaction to
detect gastric cancer cells was tested. Only cells of epithelial
origin were detected by this technique, with sensitivity to
concentrations as low as one cell per 107 normal PBMCs. CK
expression was observed in the RT-LAMP reaction, presum-
ably because of its high specificity, which requires the

recognition of six independent sequences within the target
molecule [22].

The development of a rapid technique for detecting cancer
cells in peritoneal lavage of patients with gastric cancer using
the RT—LAMP reaction is herein described. Among the
patients with negative cytology, those with a positive
RT—LAMP reaction had a poorer prognosis than those with
negative RT—-LAMP reaction results. In three patients, lapa-
rotomy was performed preceding the staging laparoscopy to
verify negative cytology and the lack of obvious peritoneal
dissemination. However, peritoneal dissemination was found
after open exploration, and further surgery was canceled. For
all these patients, the results of the RT—LAMP reaction were
positive. As these results indicated, even when cancer cells
are not found by cytology, the RT-LAMP method could be
used to determine the necessity of surgery. Our results
demonstrated significant correlations between the CK19
findings and depth of cancer invasion, the presence and
extent of lymph node metastasis, and the vessel and
lymphatic invasion. In this sense, CK19 expressed by free
cancer cells in peritoneal lavage could be a candidate molec-
ular marker indicating high invasive potential and aggressive
behavior in gastric cancers. It is remarkable that the results of
the RT-LAMP method correlated not only with the peritoneal
recurrences but also with other fashions without tumor
exposure to the serosa. Minor diffusion of tumor cells might
occur during the migration through the lymphatic vessels
[29-31], and further evaluation would be needed around the
origin.

The benefit of adjuvant chemotherapies in solid tumors is
known to be related to the amount of remnant tumor burden.
Therefore, patients with positive RT-LAMP without macro-
scopic peritoneal dissemination seem good candidates for
a cure through appropriate adjuvant therapy. Kodera et al. [32]
reported that postoperative S-1 monotherapy could make no
difference in survival between patients with visible peritoneal
deposits and patients with only positive cytology. To improve
the prognosis, it is crucial to identify high-risk patients at
a much earlier phase of peritoneal dissemination. As molec-
ular approaches such as RT-LAMP and RT—PCR analysis have
the potential to do just that, adjuvant therapy could eliminate
remnant cancer cells detected only by molecular diagnosis.
Limitations include a small sample size.

The RT-LAMP technique could be performed as an alter-
native to an intraoperative cytologic examination. Because of
its high sensitivity and rapidity, this method could provide an
opportunity to perform a reliable tailor-made surgery for
gastric cancers as a common procedure in general hospitals.
However, the present study has some limitations. First, this
study included a too small sample size to assess whether
RT-LAMP positivity could be independent prognostic
biomarker in cytology-negative patients. Second, this
molecular-based method is known to be concerned with
a high false-positive rate. Kodera et al. [33] reported that when
the cutoff value was set at 0.1 for CEA mRNA, the false-
positive rate of CEA RT—PCR exceeded 10%. To confirm the
efficacy of the RT-LAMP method, additional efforts are
necessary to assess the outcome of the treatment of patients
with RT—-LAMP-positive peritoneal lavage findings in larger
sample size.
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5. GConclusion

Our findings suggest that CK19 RT-LAMP would be useful as
an intraoperative diagnostic modality to detect potential
high-risk patients who may develop recurrence even after
clinically curative surgery and guide choices about proper
adjuvant therapy.
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The early steps of mammary tumorigenesis include loss of epithelial cell polarity, escape
from anoikis, and acquisition of proliferative capacity. The genes responsible for these pro-
cesses are predicted to be early diagnostic markers or new therapeutic targets. Here we
tested 51 genes coamplified with ERBB2 in the 17q12—21 amplicon for these tumorigenic ac-
tivities using an MCF10A 3D culture-based screening system. We found that overexpres-
sion of retinoic acid receptor « (RARA) disrupted normal acinar structure and induced
epithelial-to-mesenchymal transition (EMT). The mRNA levels of known EMT-inducing fac-
tors, including SLUG, FOXC2, ZEB1, and ZEB2, were significantly increased upon RARA over-
expression. Knockdown of ZEB1 suppressed the RARA-mediated EMT phenotype. These
results suggest that overexpression of RARA enhances malignant transformation during
mammary tumorigenesis.
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reserved.
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1. Introduction

The majority of breast cancers originate from the epithelial
cell layers and progress through a continuum of changes to
malignancy. Ductal carcinoma in situ (DCIS) is an early prema-
lignant stage of breast cancer progression and is recognized as
the proliferation of neoplastic epithelial cells within the duct,
surrounded by myoepithelial cells and an intact basement
membrane. DCIS is the most common type of non-invasive
breast cancer in women, yet has the potential to progress to-
wards malignant invasive breast cancer (IBC) and subse-
quently metastatic cancer (Espina and Liotta, 2011).

Three-dimensional (3D) culture of mammary epithelial
cells embedded in Matrigel is an in vitro culture system for un-
derstanding the biological processes and signaling pathways
that lead to the disruption of epithelial architecture at the
early stages of mammary tumorigenesis in vivo (Debnath
and Brugge, 2005; Vargo-Gogola and Rosen, 2007; Yamada
and Cukierman, 2007). Matrigel is rich in basement membrane
proteins, such as type IV collagen, laminin, and heparan sul-
fate proteoglycan (Kleinman et al.,, 1982). When cultured in
Matrigel, MCF10A, a spontaneously immortalized but non-
transformed human breast epithelial cell line, forms 3D acinar
structures characterized by hollow lumens surrounded by
polarized and growth-arrested luminal epithelial cells. These
structures arise through changes in many biological processes
including proliferation, cell polarity, apoptosis, and cell cycle
distribution, and resemble mammary acini in vivo, which
constitute the multiple lobular units at the end of the mam-
mary ducts (Vargo-Gogola and Rosen, 2007; Debnath et al,,
2003).

The amplification and overexpression of ERBB2 in breast
cancer is correlated with poor prognosis due to an increased
rate of metastasis and chemotherapy resistance. In general,
this gene is overexpressed in 50—60% of DCIS (Lu et al,
2009). Muthuswamy et al. (2001) showed that activation of
ERBB2 in 3D-cultured MCF10A cells resulted in aberrant
multi-acinar structures with filled lumens, similar to ERBB2-
overexpressing DCIS in vivo. These cells, however, lacked an
invasive phenotype, inconsistent with high metastatic rates
of clinical ERBB2-positive breast cancer, suggesting the exis-
tence of other cofactors necessary for malignant progression.
Previous studies have shown coexpression of genes such as
TGFB, RHOG, and FOS with ERBB2 induced invasive behaviors
in the MCF10A 3D culture system (Seton-Rogers et al., 2004;
Witt et al., 2006). However, the clinical significance of these
observations remains to be evaluated.

ERBB2 gene is not amplified alone, but is coamplified
together with adjacent genes on the same chromosomal
segment (Bieche et al., 1996; Kauraniemi et al., 2001). Given
that breast tumors with gene amplification on the distal side
of the chromosome 17q12—-21 containing KRT20 and KRT19
are more aggressive than tumors with amplification restricted
to the small region adjacent to ERBB2 (Lamy et al., 2011; Jacot
et al., 2013), it is likely that the other genes localized in the
same amplicon as ERBB2 play a significant role in breast can-
cer progression.

Here, we established an MCF10A 3D culture-based
screening system to identify genes that disrupt acini

formation with or without oncogenic ERBB2 (ERBB2VE) expres-
sion. We found that overexpression of retinoic acid receptor
alpha gene (RARA) in the 17q12—-21 amplicon induces both
the collapse of luminal morphology and an invasive pheno-
type. We also found that RARA upregulated EMT-inducing
transcription factors such as SLUG, FOXC2, ZEB1, and ZEB2,
and TGF-p—SMAD signaling-activating factors including
TGFBR1, TGFBR2, TGFB2, and SMAD3. Of these genes, ZEBI in
particular was identified as an essential gene in RARA-induced
EMT.

Our studies propose a model in which overexpression of
RARA resulting from gene amplification contributes to the
progression of mammary epithelial cell transformation to-
wards more malignant invasive phenotypes through stimula-
tion of the EMT interactome.

2. Materials and methods
2.1. Cell culture

MCF10A cells were purchased from the American Type Cul-
ture Collection (ATCC). Cells were maintained in growth me-
dium consisting of DMEM/F12 (Invitrogen) supplemented
with 5% horse serum (Invitrogen), 20 ng/mL human epidermal
growth factor (EGF) (BD), 0.5 pg/mL hydrocortisone (Sigma),
100 ng/mL cholera toxin (List Biological Laboratories), 10 pg/
mlL insulin (Sigma), 100 pg/mL streptomycin (Meiji-Seika),
and 100 U/mL penicillin (Meiji-Seika).

2.2.  Generation of MCF10A cell clones

A DNA fragment of rtTA-Advanced (Clontech) was ligated into
an EFla promoter-driven plasmid followed by the insertion of
IRES-neo. MCF10A cells were transfected with the resultant
plasmid pEF-rtTA-Advanced-IRES-neo by calcium phosphate
transfection and selected with 800 pg/mL G418 (MCF10A/Tet-
on). For generating clones inducibly-expressing ERBB2V®>%E,
the MCF10A/Tet-on clones were cotransfected with two vec-
tors, a puromycin-resistant gene expression vector and a
Tet-responsive (Clontech) ERBB2VE expression vector (pTRE-
Tight-ERBB2VE ) (1:25 ratio), and selected with 0.5 pg/mL puro-
mycin (MCF10A/Tet-on/TRE-ERBB2VE ). The MCF10A/Tet-on
and MCF10A/Tet-on/TRE-ERBB2VE clones were then trans-
fected with a vector encoding a murine ecotropic retroviral re-
ceptor (plenti6/Ubc/mSlc7al, Addgene) and selected with
15 pg/ml blasticidin (MCF10A/Tet-on/Eco and MCF10A/Tet-
on/TRE-ERBB2VE/Eco, respectively). During serial cloning
steps, we selected MCF10A clones with the ability to form hol-
low acini-like structures as most suitable for 3D culture-based
screening.

2.3.  Viral infection

The construction of the pMXs retroviral vectors and retroviral
packaging was performed as previously described (Saito et al.,
2012). Lentiviral packaging was performed by cotransfection
of 293T cells with HIV-based vectors including an expression
construct and the pPACK packaging plasmids (System
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Biosciences). MCF10A cells were seeded at a density of
2.0 x 10° cells in each well of a 12-well plate, followed by infec-
tion with a 1:1 mixture of diluted viruses and growth medium
the next day. After 24 h for retroviruses, or 16—20 h for lentivi-
ruses, the viral supernatant was replaced with growth me-
dium for an additional 24 h period following which the cells
were moved to new dishes.

2.4.  Three-dimensional morphogenesis assay

Forty microliters of Matrigel (growth factor reduced, BD) was
added to each well of 48-well plates and then the plates
were incubated at 37 °C to allow solidification of the Matrigel.
MCF10A cells were trypsinized and resuspended in assay me-
dium (DMEM/F12 supplemented with 2% horse serum, 0.5 pg/
mlL hydrocortisone, 100 ng/mL cholera toxin, 10 pg/mL insulin,
100 pg/mL streptomycin, and 100 U/mL penicillin). Five thou-
sand cells were seeded onto the surface of the solidified Matri-
gelin a mixture of 400 uL of assay medium containing 5 ng/mL
EGF and 2% Matrigel. On day 4, the assay medium supple-
mented with 5 ng/mL EGF and 2% Matrigel was replaced,
and from day 7 the liquid medium was replaced with fresh
assay medium containing 1 ng/mL EGF and 2% Matrigel every
4 days. For assays with type I collagen, Matrigel was mixed
with a bovine collagen solution (PureCol, Advanced BioMatrix)
at a final concentration of 50% Matrigel and 1.2 mg/mL
collagen 1, and 50 ul of the mixture was used to coat 48-well
plates. Before mixing, the collagen I-PureCol was neutralized
by addition of 10 x PBS and 100 mM NaOH (10x), and the pH
was adjusted to 7.2—-7.6. Cells were seeded on the underlayer
using the same procedure described above.

2.5. Antibodies

For immunoblotting, the following antibodies were used. a-
Tubulin (DM14), Sigma—Aldrich (T9026); FLAG M2, Sigma;
Neu (ERBB2), Santa Cruz (sc-284); E-cadherin, BD (610182); N-
cadherin, BD (610921); Vimentin (D21H3), Cell Signaling
(#5741S); RARa, Cell Signaling (#2554S); Aktl (2H10), Cell
Signaling (#2967); phospho-Akt (Ser473), Cell Signaling
(#9271); Smad2, Cell Signaling (#5339S); phospho-Smad2, Cell
Signaling (#3108S); HRP-linked sheep anti-mouse IgG, GE
healthcare (NA931); HRP-linked donkey anti-rabbit IgG, GE
healthcare (NA934).

2.6. Dual-luciferase reporter assay

MCF10A cells were co-transfected with pRL-SV40 (Promega),
2 x DR5-tk/pGL3, which has two retinoic acid response ele-
ments, 2 x DR5 (kindly provided by Dr. Shigeaki Kato), and
PMXs-RARA or pMXs-rarad408-416 by calcium phosphate
transfection; total DNA was equalized by the addition of empty
vector. The day after transfection, extracts were harvested and
assayed with the dual-luciferase reporter kit (Promega).

2.7. Quantitative real-time PCR
Total RNA was extracted using Chomczynski’s method

(Chomczynski and Sacchi, 1987) or ISOGEN (NIPPON GENE)
and incubated with reverse transcriptase SuperScript III

(Invitrogen) using random hexamers to obtain cDNA. Real-
time PCR was performed by the StepOnePlus real-time PCR
system (Applied Biosystems) using Tagman gene expression
assays (Applied Biosystems) and Tagman gene expression
master mix (Applied Biosystems). Quantification of relative
mRNA expression levels was normalized to 18S ribosomal
RNA. The following Taqman gene expression assays
were used. SNAIL, Hs00195591_m1; SLUG, Hs00950344 m1;

FOXC2, Hs00270951_s1; ZEB1, Hs00232783_m1l; ZEB2,
Hs00207691_m1; TGFBR1, Hs00610320_m1, TGFBR2,
Hs00234253_m1; TGFB1, Hs00998133_m1; TGFB2, Hs002

34244 _m1; SMAD3, Hs00969210_m; 18S, Hs99999901_s1.
2.8. Knockdown viral vectors

H1 promoter-driven ZEB1 knockdown vectors were con-
structed from an HIV-based SIN lentiviral vector (System bio-
sciences), into which a puromycin resistance marker was
introduced. An H1 promoter-driven ZEB2 knockdown vector
was constructed from the pMXs retroviral vector bearing blas-
ticidin resistance marker. Pairs of oligonucleotide sequences
encoding shRNA are listed in Table S1.

3. Results

3.1. Overexpression of RARA gene disrupted hollow
lumen structures of 3D-cultured MCF10A mammary
epithelial cells

To identify genes cooperating with ERBBZ in the early stages of
breast cancer tumorigenesis under microenvironments
mimicking that of the mammary gland, we first established
an MCF10A clone suitable for 3D culture screening. To eval-
uate the capability of the clone to induce disruption of 3D
structures, and to enable screening of genes cooperating
with ERBB2, we introduced an oncogenic ERBB2 expression
unit under the control of a tetracycline-responsive DNA
element (MCF10A/Tet-on/TRE-ERBB2VE). We used a full-
length ERBB2 mutant, ERBB2V®**E| which forms homo- and
heterodimers with other ERBB receptor family members and
whose tyrosine kinase activity is constitutively activated
(Yarden and Sliwkowski, 2001; Baselga and Swain, 2009). Dur-
ing the serial cloning steps, we chose the MCF10A clones most
suitable for screening. When embedded in Matrigel, the
MCF10A clone was required to show normal development of
acinus structures without ERBB2VE induction (Figure S1B,
Dox.(—) panel). Normal acinus had well-ordered spheroid
structures and its inner area seemed to have a lower cell den-
sity. Then, the induction of ERBB2VE (Figure S1B, Dox.(+)
panel) had to induce clear phenotypic changes including dis-
torted luminal structures with high density of inner cells,
“multi-acinar” morphology. To efficiently introduce target
genes into human cells, we established an MCF10A clone
expressing an ecotropic retroviral receptor (mSlc7al)
(MCF10A/Tet-on/TRE-ERBB2VE/Eco, Figure S1A).

We selected the 52 genes (51 genes plus wild type ERBB2) in
the 17q12—-21 amplicon and divided them into 10 subgroups
consisting of five to six genes (Table S2). Each subgroup was
introduced into the MCF10A/Tet-on/TRE-ERBB2VE/Eco cells
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and cultured with or without doxycycline to examine the
morphological changes induced by genes cooperating with
ERBB2VE (Figure 1A, lower panels) or acting alone (upper
panels) in the same cells, respectively. Albeit in the absence
of ERBB2VE (Dox(-)), subgroup #3 showed remarkable filled
luminal structures with larger spherical bodies (approxi-
mately 200 pm in diameter) compared with the mock control
(less than approximately 120 um) and #10 showed aggregation
(Figure 1B, S2). Subgroup #6 enhanced the aggregation by day

15 when ERBB2VE expression was induced at day 4 (Figure 1B,
S2). We subsequently tested each of the 16 individual genes
from these three subgroups, and found that the RARA gene
from subgroup #3 caused similar aberrant structures in both
the absence and presence of ERBB2VE (Figure 1C), as seen in
the subgroup #3-infected cells. We did not detect any remark-
able transforming activity in candidate genes included in both
subgroup #6 and #10 using the method of evaluating the func-
tion of those alone (Supplementary file 2).

A Infection
subgroup #1 (6 genes) Vi
/ subgroup #2 (5 genes) £ & MCF10A/Tet-On/
(f:;ezﬂ;) 25 subgroup #3 6 genes) v ¢y TREERBB2VE/ECo cells
" H . . - b s ’
~N subgroup #10 (5 genes)  retrovirus mixture ATA Ar:l}.vanced L =
of each subgroup TRE-E&BBZVE 3D culture
B Ecotropic receptor in Matrigel
mock #1 #2 #3 #4 #5

Dox. (-

Dox. (+} -

#7

Dox. (-) |

Dox. (¥}

Dox. {~) "7

Dox. (+)

+ mock

#10

+ RARA

Figure 1 — MCF10A 3D culture-based screening for genes coamplified with ERBB2 and identification of RARA as a gene inducing filled-lumen
structures. (A) Overview of the screening system. Fifty-two genes on the 17q12—21 amplicon including wild type ERBB2 were selected as screening
targets. We divided full-length cDNAs corresponding to those genes into ten subgroups and introduced them into MCF10A/Tet-on/TRE-
ERBB2VE/Eco cells using retroviruses. The cells were embedded in Matrigel and allowed to proliferate. (B) Selection of transformed gene
subgroups using a 3D culture system. Cells were infected with retrovirus mixture for each subgroup, embedded in Matrigel and cultured for 15
days. In the bottom panels, ERBB2VE was induced with Dox at day 4. Scale bars represent 200 um. Magnified pictures are provided in Figure S2.
(C) Activity of RARA in both ERBB2VE (—) and (+) backgrounds. MCF10A/Tet-on/TRE-ERBB2VE/Eco cells were transfected with mock (left
panels) or RARA (right panels) retroviruses and were cultured on Matrigel for 14 days. In the right panels, ERBB2VE was induced by the addition
of Dox at day 4. Arrows indicate raptured structures. Scale bars represent 200 pum.
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3.2.  Overexpression of RARA induced invasive
transformation in Matrigel-containing collagen I cultures

Coexpression of RARA and ERBB2VE led to the formation of
larger cell clusters with a slightly protrusive outgrowth
(Figure 1C), raising the possibility that RARA conferred migra-
tory or invasive activities to MCF10A cells. To test this hypoth-
esis, we cultured RARA-expressing cells in collagen I-
containing Matrigel, as previously performed, to assess the
invasiveness of MCF10A cells (Seton-Rogers et al.,, 2004).
Intriguingly, we noticed that the MCF10A cells overexpressing
RARA displayed a lattice-like network of invasive projections
in the Matrigel-collagen I mixture, while those expressing
ERBB2VE alone did not (Figure 2A). This response of RARA-
expressing cells was dependent on the multiplicity of infec-
tion (MOI) of retroviruses, whereas control virus did not
induce such response (Figure 2B and C). In addition, coexpres-
sion of both RARA and ERBB2VE resulted in thicker cords con-
taining multiple acini-like structures (Figure 2A). These results
suggest that RARA is a potent invasion-associated gene that is
qualitatively different from ERRBB2VE, which is an inducer of
acinar expansion without invasion into the surrounding
matrix.

RARe, which is encoded by RARA, is a nuclear receptor for
retinoic acid and functions as a transcriptional regulator for
genes involving multicellular development, differentiation,
and apoptosis. In the absence of ligand or in the presence of
antagonists, target genes are silenced due to the binding of co-
repressors (CoRs) to RARe. Binding of RARw agonists to the
ligand binding pocket induces allosteric changes in the ligand
binding domain (LBD), leading to the movement of the C-ter-
minal helix H12, which then generates a novel interaction sur-
face for coactivators (CoAs) (Bastien and Rochette-Egly, 2004;
Altucci and Gronemeyer, 2001). In a previous study, it was
demonstrated that deletion of H12 increases CoR-binding
and results in the repression of gene expression (Farboud
et al., 2003). To examine the role of the transcriptional activity
of RARa for the invasive protrusion phenotype, we con-
structed a RARe deletion mutant (RARxA408-416) lacking
the H12 motif. In a retinoic acid response element (RARE)-
Lucreporter assay, the wild type RAR« enhanced luciferase ac-
tivity in a dose-dependent manner whereas the
RAR«A408—416 mutant rather suppressed it (Figure S3A).
When we introduced retrovirus for the mutant at the same
MOI as the wild type, MCF10A cells expressing RARzA408—416
did not form protrusions in the Matrigel and collagen I culture
(Figure S3B). Thus, it is likely that the transcriptional activa-
tion by RARa, not the transcriptional repression in coopera-
tion with CoR, is required for the invasive phenotype in
cells. The dominant negative activity of RARzA408—-416 likely
resulted from an antagonistic role against intrinsically acti-
vated endogenous RAR proteins, which is insufficient to cause
transformation.

3.3.  RARA induced EMT-related gene signatures

In 2D cultures, we observed that MCF10A cells overexpressing
RARA displayed a fibroblast-like morphology, whereas control
mock-infected cells grew in well-ordered epithelial clusters
(Figure 3A), suggesting that RARA acts as an EMT-inducing

A MCF10A/Tet-On/TRE-ERBB2VE/Eco
+ mock + RARA

Matrigel and Collagen | culture

RARA

VENUS

Matrigel and Collagen | culture

c (Flag-tagged)
RARA  VENUS

Figure 2 — RARA-induced invasive transformation in Matrigel
containing collagen I in a manner dependent on its expression levels.
(A) Identification of an invasive phenotype induced by RARA in
Matrigel and collagen I culture. MCF10A/Tet-on/TRE-ERBB2VE/
Eco cells overexpressing RARA were cultured in a 1:1 mixture of
Matrigel and collagen I for 11 days. ERBB2VE was induced by the
addition of Dox at day 4. Scale bars represent 200 pm. (B) Detection of
dose-dependent RARA activity. MCF10A/Tet-on/TRE-ERBB2VE/
Eco cells were infected with retroviruses containing RARA ox Venus
with Flag epitope tag at the indicated MOIs. Cells were grown in a 1:2
mixture of Matrigel and Collagen I for 4 days in the absence of Dox.
Scale bars represent 1 mm. (C) MOls-related expression levels. Protein
levels in the cells used in (B) were analyzed by immunoblotting using
the antibody against Flag. The upper band indicates the expression of
RARGu, and the lower band indicates that of Venus.

factor. To address this hypothesis, we examined the expres-
sion of epithelial and mesenchymal markers by immunoblot-
ting. In MCF10A cells expressing RARA, the epithelial marker
E-cadherin was downregulated, whereas mesenchymal
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markers N-cadherin and vimentin were upregulated
(Figure 3B). These changes in E-cadherin and N-cadherin
expression were totally abrogated by the mutant
raraA408—416 (Figure S3C), suggesting that RARA induces
EMT in MCF10A cells via RARa-mediated transcriptional acti-
vation. In contrast, ERBB2VE did not affect the epithelial
morphology in monolayer cultures nor the expression of
EMT markers (Figure 3B). N-cadherin upregulation by RARA
was also seen in MDA-MB-361 breast cancer cells (Figure S3D).

To examine whether the expression levels of EMT-related
genes were regulated by RARA, we performed real-time PCR
analysis. RARA-overexpressing MCF10A cells exhibited
approximately 4-, 2.5-, and 12-fold increases at day 4 in the
mRNA levels of the SLUG, FOXC2, and ZEB gene families,
respectively, compared with control MCF10A cells. Also, the
mRNA levels of TGFBR1, TGFBR2, TGFB2, and SMADS3
increased by 4-, 2.5-, 7-, and 2.5-fold, respectively, at day 4
in RARA-overexpressing MCF10A cells (Figure 3C). Time-
course experiments revealed that changes in E-cadherin
and N-cadherin occurred after 24 h of RARA induction
{Figure S4), suggesting that transcriptional cascades
involving EMT-inducing factors are activated during this
time period. These results suggest that RARa activates the

EMT signaling program before inducing a protrusive behavior
in 3D cultures with collagen 1.

Because RARA induced upregulation of key factors
involved in the TGF-B/SMAD signaling pathway (Figure 3C),
we hypothesized that RARA activated this pathway and then
induced invasion in 3D cultures as well as EMT. Therefore,
we examined whether the inhibition of the TGF-B/SMAD
pathway suppressed phenotypic changes in RARA-expressing
MCF10A cells. Optimal concentration of an inhibitor of the
TGF-B receptor type I, SB-431542 (Figure S5A), partially sup-
pressed changes in the expression levels of EMT markers
(Figure S5B) and protrusion (Figure S5C). These results suggest
that the TGF-B signaling pathway is partially responsible for
EMT and invasion caused by RARA. We subsequently exam-
ined whether the activation of the TGF-B pathway was suffi-
cient to induce such changes. Stimulation of parental
MCF10A cells with TGF-B1 led to both slight downregulation
of E-cadherin and upregulation of N-cadherin (Figure S5D).
Also, modest effects on the phenotype were observed in 3D
cultures using Matrigel and collagen I (Figure SS5E), consistent
with the previous result showing that the expression of TGF-
B1 without the activation of ERBB2 hardly displayed any inva-
sive activity (Seton-Rogers et al., 2004). These results suggest
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Figure 3 — Induction of EMT-like morphological changes and upregulation of EMT-related genes by RARA overexpression. (A) Mesenchymal-
like transition induced by RARA. MCF10A/Tet-on/TRE-ERBB2VE/Eco cells overexpressing the indicated genes exhibited different
morphologies in 2D culture. Scale bars represent 200 um. (B) Expression analyses for EMT markers. The expression levels of the indicated
proteins were analyzed by immunoblotting. Tubulin was used as a loading control. To evaluate effects of ERBB2VE, Dox-treated samples for 2
days (Dox (+) lanes) were simultaneously evaluated, but revealed to be negligible compared with the effects by RARA. White line, trimmed margin
of unrelated sample lanes. (C) Quantitative analyses of mRNA changes induced by R4R4. The mRNA expression levels of the indicated genes
were measured by real-time PCR. MCF10A/Tet-on cells were infected with lentiviruses for TRE-RARA (MCF10A/Tet-on/TRE-RARA), and
RNA was extracted at the indicated days after Dox addition. Real-time PCR values were normalized to the internal control, 18S ribosomal RNA.
The y-axis depicts the fold-change in each normalized mRNA compared with Dox (—) cells (0 d). The represented data are shown as mean * s.d..

Dunnett’s multiple comparisons test were performed to assess statistical significance.
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