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Figure 2. Identification of trastuzumab-responsive microRNAs. 2A: A heat map and clustergram of the expression profile of 71 pre-filtered
microRNAs. The red and green represent higher and lower expression levels, respectively. (tras +): with trastuzumab treatment, (tras —): without
trastuzumab treatment. 2B: A heatmap and clustergram of the fold-change of microRNA expression by trastuzumab treatment. The red and green
represent up- and down-regulation. 2C and 2D: The expression levels of miR-26a (2C) and miR-30b (2D) were validated by gRT-PCR (n=3). The data
are shown as microRNA expression levels relative to a control treatment (PBS). 2E: The expression level of miR-26a and miR-30b in different
trastuzumab concentrations was measured (n=2). The microRNA expression levels were normalized against miR-16. All bars and error bars represent

means * SEM. *: p<0.05.
doi:10.1371/journal.pone.0031422.g002

both two miR-30b binding sites was used, 11-35% reporter
actively was recovered, which represented the total suppressive
effect of endogenous miR-30 family through CCNE2 3'UTR.

Figure S3 showed that exogenous miR-30b mimic-oligos and
inhibitors did not change mRINA levels of CCNE2. One of possible
reasons is that miR-30b may regulate CCVEZ only by translational
inhibition. Another reason would be the change of cell cycle
proportion of treated cells. The CCNEZ is upregulated in G1 phase
of cell cycle in a normal condition. Because introduction of
miR26a/30b oligos increase G1 phase, CCNEZ expression will be
affected both by change of cell cycle phase proportion and post-
transcriptional suppression due to these microRNAs. Because the
two luciferase genes in reporter vector and internal control vector
(pG1L4.73) were driven by the same promoter (SV40), this system
can assess the post-transcriptional regulation without any cell
cycle-related bias.

Discussion

Recent evidence has shown that altered patterns of miRNA
expression are correlated with carcinogenesis, malignant potential,
prognosis [14], and the treatment response of various human
cancers. In breast cancers, a high expression level of miR-10b [15]
and miR-21 [16] are associated with metastasis and a poor
outcome. Regarding the treatment response of breast cancer, the
in vitro experiments showed that miR-34a [17] and miR-221/222
[18,19] are involved in the actions of docetaxel and tamoxifen,
and that multidrug resistance-associated protein (MRP) was
targeted by miR-7, mir-326, and miR-345 [20,21]. However,

1.2 1

Relative WST-1 Activity

SKBR3

BT474

little has been reported in terms of microRINAs associated with the
molecular mechanisms of trastuzumab treatment. This was the
aim of this study.

At the beginning of this study, we confirmed the genome
amplification and mRNA expression status of HER2 among the
11 breast cancer cell lines. SKBR3 andBT474 cells have high
levels of genomic amplification and mRNA expression, and also
exhibited trastuzumab sensitivity. This finding was also consistent
with previous studies [22,23].

To screen the microRNAs related to the mechanisms of
trastuzumab treatment, we initially set two selection criteria.
The first one was microRINAs that were differentially expressed
between trastuzumab sensitive and resistant HER2-positive breast
cancer cells, and the second was microRNAs that were induced or
reduced by trastuzumab treatment only in HERZ-positive cells.
For the former criterion, all of the HER2-positive breast cancer
cells were trastuzumab sensitive. Furthermore, to establish
trastuzumab-resistant HER2-positive cells, we administered tras-
tuzumab to SKBR3 andBT474 cells at a concentration of 32 pg/
mL for more than three months. However, these long-treated cells
gained only 10-20% resistance as compared to the original cells,
which were still moderately sensitive, similar to the MDA-MB-453
cells (data not shown). This was the reason why we chose the latter
criteria in this study.

Using microarray-based microRNA profiling analysis and these
screening criteria, we obtained a list of trastuzumab responsive
microRINAs, as shown in Table 1. The validation of the RT-PCR
demonstrated that most of the seven microRNAs had expression
results consistent with the microarray data. Among the seven

ncRNA
miR-26a
I miR-30b

Figure 3. Effects of miR-26a and miR-30b on cell proliferation. The cells were transfected with negative control RNA (ncRNA), miR-26a, or
miR-30b. At 72 hours after the transfection, the amount of viable cells was assessed by the WST-1 assay. The WST-1 activity values were normalized
against that of the ncRNA-treatment. All bars and error bars represent means = SEM (n=4). *: p<0.05.

doi:10.1371/journal.pone.0031422.g003
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Figure 4. Effects of miR-26a and miR-30b on the cell cycle. The Pi-stained DNA content of the cells was evaluated using a FACS Calibur (BD
Biosciences) at 72 hours after transfection. All bars and error bars represent means + SEM (n=6). * p<0.05, **: p<<0.005.

doi:10.1371/journal.pone.0031422.9004

microRNAs, we focused on miR-26a as a microRNA up-regulated
in bothSKBR3 andBT474 cells, and on miR-30b, because three
out of five miR-30 family members were up-regulated inBT474
cells.

A down-regulation of miR-26a has been observed in various
human malignancies, such as thyroid [24], liver cancer [25] and
rhabdomyosarcoma [26], indicating that miR-26a is a tumor-
suppressor microRNA. This study showed that the up-regulation
of miR-26a by trastuzumab induced Gl arrest and apoptosis,

50 1 opPBS
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Figure 5. Effects of miR-26a and miR-30b on apoptosis. The
apoptotic cells were detected using FITC-Annexin V at 72 hours after
microRNA transfection. The percentage of Annexin V-FITC positive cells
to the total cells was shown in the bar graphs. All bars and error bars
represent means = SEM (n=4). * p<0.05, **: p<<0.005.
doi:10.1371/journal.pone.0031422.g005
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which was consistent with previous observations. Some papers
have reported the genes that were targeted by miR-26a, and are
related to cell cycle and apoptosis. miR-26a regulated the cell cycle
by targeting ¢yelin D2 and CCNE2 [27], and induced apoptosis by
silencing the enhancer of zeste, drosophila, homolog 2 (EQHZ), and
metadherin (MTDH) [28].

The expression of miR-30b was suppressed in invasive bladder
cancer [29] and lung squamous cell carcinoma [30], as compared
with superficial bladder cancer and the adjacent normal lung
tissues, respectively. This suggests that miR-30b is also a tumor-
suppressor microRNA. Transfecting with miR-30b had a cell
growth suppressive effect and induced G1 cell cycle arrest, which
was in agreement with the previous reports. Although information
regarding the target genes of miR-26a was available, little has been
known in terms of miR-30 target. Therefore, we screened the
target genes of miR-30b that contributed to the miR-30b-induced
G1 arrest. In this study, we demonstrated that miR-30b interacts
directly with two binding sites in the 3-UTR of CCGNEZ2, and
suppresses the expression of CONE2. Cyclin E as well as Cyclins A
and D are required for mammalian cells to transverse G1 and
enter the S phase. Cyclin E1 and E2 activate cyclin-dependent
kinase 2 (CDK2) by forming a CCNE-CDK2 complex [31], and
initiate DNA synthesis. Therefore, it was a reasonable finding that
the downregulation of CCNE2 by miR-30b induced G1 arrest. In
Table 1, miR-30c and miR-30d were up-regulated by trastuzumab
in BT474 cells. These miR-30 family members share the same
sequence, 5'-GUAAACA-3', in their seed regions. Thus, CCNE2
would be reduced in trastuzumab-treated BT474 cells not only by
an up-regulation of miR-30b and miR-26a, but also by that of
miR-30c/d. Recently, Scaltriti et al. demonstrated that gene
amplification and overexpression of CCNEL were associated with
resistance of trastuzumab treatment for breast cancer [32],
suggesting that cell cycle check-point system by CCNE is a key
function for HER2-positive breast cancer. Thus, our finding that
trastuzumab-inducible miR-26a/30b are regulating CCNE2 was
consistent with the their finding.

As shown in table 1, miR-125a-5p level was up-regulated both
in SKBR3 and BT474 cells by trastuzumab exposure. Nishida et

February 2012 | Volume 7 | Issue 2 | e31422
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(n=3). * p<0.05, **: p<<0.005.
doi:10.1371/journal.pone.0031422.g006

al. recently showed that miR-125a-5p targets HER2, and that it
acts synergistically with trastuzumab in gastric cancer [33]. Our
result suggested that the same mechanism would underlie
trastuzumab therapy for breast cancer.

However, generally, each microRNA can target potentially
hundreds of genes. Therefore, the cell cycle/apoptosis may not be
the only processes affected/regulated by miR-26a/miR-30b. In
addition, this study is not suggesting that the suppressive effect in
endogenous level of these microRNA is a main mechanism of
trastuzumab therapeutic effect. Direct blocking effect of HER2
signal pathway is still the major mechanism of trastuzumab
therapy, and alteration of microRNA expression could play a
supporting role in the downstream of HER2 signal.

On the other hand, it is largely unknown how miR-26a and
miR-30b are up-regulated by trastuzumab treatment. One
possible explanation of this phenomenon is regulation via c-myc
(MYQ) [34]. MYC is located downstream of the HER2 signal
pathway [35]. Thus, trastuzumab treatment can reduce the levels
of phospho-MYGC [36]. According to the MYC ChIP-seq data
registered in the UCSC genome browser [37], there are c-myc
binding peaks around the transcriptional start sites of the miR-26a

f@l PLoS ONE | www.plosone.org

primary genes (CTDSPL in chromosome 3p22.2 and CTDSP? in
12q14.1). Actually, a report showed that miR-26a was repressed
by MYC [38]. Furthermore, there is a MYC-binding site in a CpG
island located upstream of the intergenic and polycistronic miR-
30b and miR-30d. Thus, we hypothesized that inactivation of
MYC may upregulate miR-30b/d expression. However, knock
down of MYC by siRNA down regulated miR-30b expression
(Figure S4 and S5). Therefore, unknown mechanisms rather than
MYC upregulate miR-30b expression in trastuzumab treatment.

The present study demonstrated that a subset of microRNAs
played a biological role in the mechanisms responsible for
trastuzumab’s antitumor effects. This finding suggests that
trastuzumab-resistant HERZ2-positive breast cancer cells could be
sensitized to trastuzumab therapy by modulating the expression of
these microRNAs [39]. Alternatively, some microRINAs would be
biomarkers to predict the treatment response of trastuzumabh.

In summary, trastuzumab treatment for breast cancer cells
modulated the expression of a subset of microRNAs, including
miR-26a and miR-30b. The up-regulation of miR-30b by
trastuzumab may play a biological role in trastuzumab-induced
cell growth inhibition by targeting CCNEZ.
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Supporting Information

Figure S1 Tagman RT-PCR to validate the microarray
results. The fold change in the log2 values are shown in the Y-
axis.

(TIFF)

Figure $2 Effect of microRNA inhibitors on the CCNE2-
3'UTR reporter assay. SKBR3 cells were transfected with
CCNE2-wt construct and microRINA inhibitors to assess the
suppressive effect of endogenous microRNAs. Twenty-four hours
after the transfection, the reporter luciferase activity was
measured. NTC: non-specific control oligos. The data were
shown as the luciferase activity relative to that of NC. All bars and
error bars represent means * SEM (n=3). * p<0.05, *
p<<0.005.

(TIFF)

Figure S3 Effect of knockdown and overexpression of
miR-26a and 30b on CCNE2 mRNA expression. SKBR3
and BT474 cells were transfected with microRNA mimic oligos
and inhibitors. Twenty-four hours after the transfection, mRNA
level of CCNEZ2 was measured by quantitative RT-PCR. GAPDH
mRNA level was used for normalization of data. The data using
inhibitor and mimic oligo were shown as relative expression to
each non-specific control (NC) oligo. All bars and error bars
represent means = SEM (n=4).

(TIFF)

Figure S4 Knocking down efficiency of MYC by siRNA.
MYC mRNA level was measured by quantitative RT-PCR after
792 hours later than control siRNAs (siCont) or 4 different siRNAs
(Qiagen) against MYC gene that were purchased from Qiagen,
designated as siMYC1, siMYC5, siMYC7, and siMYCS8. The
siIMYC5 and siMYC7 were selected for further study. Y-axis: MYC
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Introduction

The overexpression of HER2 has been reported in 20% to 30%
of patients with breast cancer. The overall survival and time to
relapse for patients whose tumors overexpressed HER2 were
significantly shorter [1,2]. The malignant phenotypes are also
enhanced with HER2 overexpression. HER2-overexpressing
tumors are also more likely to be resistant to treatment with
tamoxifen and standard chemotherapy [3-5].

Trastuzumab (Herceptin) was designed to target the extra-
cellular domain of HER2 and block its function, and is currently
used in patients with HER2-positive breast and gastric cancers.
The application of trastuzumab in the adjuvant and metastatic
setting has been shown to prolong the survival of patients with
HER2-positive breast cancer [6,7]. The overall response rate was
approximately 26-31% for trastuzumab monotherapy [8,9], and
50-61% for trastuzumab-chemo combined regimens [6,7].
Moreover, most patients with an initial response developed
resistance to trastuzumab within one year [10]. Therefore,
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clarifying the molecular mechanisms of trastuzumab treatment
will be beneficial to improve the treatment of HER2-positive
breast cancer. For example, more fundamental knowledge about
the mechanisms responsible for trastuzumab treatment would
helpful in developing a monogram for tailoring trastuzumab
treatment, and a novel agent for modulating the trastuzumab
sensitivity of breast cancer cells.

According to accumulating reports, trastuzumab is thought to
induce its therapeutic effects basically via two biological mecha-
nisms: a direct effect by a blockade of the HER2 signal, and an
induction of antibody-dependent cell-mediated cytotoxicity
(ADCQ). In terms of the direct therapeutic effects, trastuzumah
binds to the extracellular domain of the HER2 molecule, and
represses the signal transduction from the HER2 molecule by
inhibiting the homo/hetero dimerization of HER2 and HER
family members. Moreover, trastuzumab reduces the amount of
HER2 on the breast cancer cell surface by promoting the
internalization and cleavage of HER2 molecules. Therefore,
trastuzumab blocks the downstream signal pathways from HER2
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positive BG cells, including PI3K/Akt, MAPK, and mTOR
pathways. However, little is known regarding the biological role of
microRNAs in the trastuzumab therapeutic mechanism.

MiRNAs are a class of short, non-coding RNAs 18-25
nucleotides (nt) in length that are found in animal and plant cells.
In 1993, the first miRINAs were recognized in C. elegans. In 2001,
various small regulatory RNAs were discovered in plants and
mammals, and were designated as “microRNA”s. As of today,
1921 human miRNAs are registered in the miRBASE database
(Release 18, November, 2011). MiRNAs are involved in RNA
interference (RNAi) machinery to regulate gene expression post-
transcriptionally, and contribute to diverse physiological and
pathophysiological functions, among them the regulation of
developmental timing and pattern formation, the restriction of
differentiation potential, cell signaling, and carcinogenesis.

In the present study, we screened for trastuzumab responsive
microRNAs by utilizing microarray-based microRNA profiling.
We identified miR-26a and miR-30b, which were induced in
breast cancer cells by trastuzumab exposure, and played important
biological roles in the trastuzumab therapeutic mechanism.

Materials and Methods

Cell lines and trastuzumab

Human mammary epithelial cells (HMEC, CC-2551, Lonza)
were cultured using the medium supplied by the MEGM Bullet
Kit (CC-3150, Lonza) at 37°C and 5% CO,. In this study, we used
a total of 11 breast cancer cell lines. Among them, MCF7,
MDAMB231,SKBR3, T47D (obtained from the American Type
Culture Collection, ATCC), MDAMB453 (RCB1192, RIKEN
BioResource Center), HMC-1-8, and MRK-nu-1 JCRB0166 and
JCRB0628 respectively, Health Science Research Resources Bank)
were cultured in RPMI 1640 medium (Invitrogen) containing 10%
FBS. BT474 (HTB-20, ATCC) Hs578T (86082104, European
Collection of Cell Culture), YMBIE (TKG0440, Cell Resource
Center for Biomedical Research, Tohoku University, identical to
ZR-75-1) were cultured in DMEM containing 10% FBS.
Trastuzumab was kindly provided by Chugai Pharmaceutical
Co., LTD. (Tokyo, Japan).

DNA and RNA extraction from cells

The genomic DNA of breast cancer and HMEG cells was
extracted using a DNeasy kit (Qiagen, Germany). Small RNA-
preserved total RNA samples were extracted by a combination of
Isogen reagent (Nippon Gene, Co., LTD. Japan) and a PureLink
RNA mini kit (Invitrogen). The amount of DNA and RNA was
measured by a Nanodrop spectrophotometer (ND-1), and the
RNA quality of the samples was assessed by an Agilent’s
Bioanalyzer system (model-2100 and RNA 6000 nano kit).

Assessment of HER2 amplification status in cell lines

The genome amplification status at the HER2 locus in HMECG
and the 11 breast cancer cell lines was assessed by quantitative
genomic PCR. The amount of amplification at the HERZ locus
was normalized by the average amount of NLK and ACACA
located between HER2 and the centromere of chromosome 17.
The genomic amount of the HER? locus relative to that in the
HMEC cells represented the amount of /ERZ amplification in the
cell lines. The sequence information used in this quantitative
genomic PCR is listed in Table S1.

Quantitative RT-PCR
The mRINA expression levels of genes such as HER? in the cell
lines were assessed by SYBR green based quantitative RT-PCR
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(SYBR Green PCR Master Mix, Applied Biosystems, Carlsbad,
CA). The RT-PCR data were normalized against the GAPDH
expression in the cells. The sequence information used in this
quantitative RT PCR was also listed in Table S1. The expression
levels of individual miRNAs were determined by an ABI 7300
Sequence Detector (Applied Biosystems, Foster City, CA) with
TagMan MicroRNA Assay kits for hsa-miR-26a and 30b (Applied
Biosystems). The miR-16 was used as an internal control to
normalize the microRNA expression levels [11].

MicroRNA expression profiling

To identify trastuzumab-inducible microRNAs, we performed
microRNA expression profiling using microRNA microarray
technology. The RINA samples were extracted from two HER2-
positive cell lines (SKBR3 andBT474) and two HER2-negative cell
lines (MCF7 and T47D), that were cultured with and without
trastuzumab (4 pg/ml) for 144 hours. The global microRNA
expression profiles of the 8 RINA samples were obtained using a
Toray’s microRNA microarray platform based on miRBase version
12 (3D-Gene miRNA oligo chip, Toray Industries Inc., Tokyo,
Japan), as previously described [12]. Briefly, for each patient,
500 ng of total RNA derived from both tumor and non-tumor
samples were labeled using a miRCURY LNA™ microRNA
Power Labeling Kit Hy5 (Exiqon, Vedbaek, Denmark). The labeled
samples were individually hybridized onto the DNA chip surface,
and were incubated at 42°C for 16 hours. The washed and dried
DNA chip in an ozone-free environment was scanned using a
ProScanArray ™ microarray scanner (PerkinElmer Inc. Waltham,
MA). The obtained microarray images were then analyzed using
Genepix Pro™ 4.0 software (Molecular Device, Sunnyvale, CA). In
this study, the median values of the foreground signal minus the
local background were calculated as the feature intensities.

Transfection

The cells were plated at a density of 2x10° cells per well in a 6-
well format, or 5% 10% cells for a 96-well format 24 hours before
the transfection. The microRNA precursor oligos, microRNA
inhibitor, or negative control RNA (ncRNA) oligos (final
concentration: 25 nM for mimic oligo, 40 nM for microRNA
inhibitor) were transfected into cells using an X-tremeGENE
siRNA Transfection Reagent (Roche). The medium was replaced
eight hours after the transfection.

WST-1 assay

We utilized a WST-1 assay for assessing the sensitivity of the
cells to trastuzumab and the effect of the microRNA on cell
proliferation. Regarding the sensitivity of the cells to trastuzumab,
5000 breast cancer cells were plated per 96-well plate on Day 0.
From Day 1 to Day 6, the cells were exposed to trastuzumab at
different concentrations of 0.0625, 0.125, 0.25, 0.5, 1, 2, 4, 8, 16,
and 32 pg/ml, and the culture media containing trastuzumab
were replaced every 72 hours. On Day 6, 10 pl of WST-1 reagent
was added into each well. After 1 hour of incubation, the
absorbance at 450 nm was measured by a microplate reader
(Biorad, Hercules, CA). To assess the effect the microRNA on cell
proliferation, a WST-1 assay was performed in the 96-well format
at 72 hours after the microRNA/ncRNA transfection.

Cell cycle assay

Flow cytometric analysis of the DNA content was performed to
assess the effect of the microRNA on the cell cycle. Pn Day 0,
miR-26a/30b precursor or ncRINA oligo (final concentration:
25 nM) was transfected into SKBR3 or BT474 cells in a 6-well
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format. On Day 3, the cells were fixed in 70% ethanol at —20°C.
After washing with PBS, the cells were treated with RNase A and
stained with propidium iodide (PI) using a Cellular DNA Flow
Cytometric Analysis kit (Roche Diagnostics, Basel, Switzerland).
The DNA content was evaluated using a FACS Calibur flow
cytometer (BD Biosciences, San Jose, CA) with Modfit LT
software (Verity Software House) for histogram analysis. Each
experiment was performed in triplicate.

Apoptosis assay

Annexin-V assays were performed for the detection of apoptotic
cells. After the transfection of the microRNA precursors on Day 0,
the cells were harvested on Day 3 and washed with PBS. The cells
were then stained using an Annexin V-FITC Apoptosis Detection
Kit I (BD Biosciences). The untreated cells served as a negative
control for the double staining. The cells were analyzed
immediately after staining using FACS Calibur flow cytometer
and Cell Quest Pro software.

Luciferase reporter assay for the association between the
3'UTR of target gene candidates and miR-30b

First, an EcoRI site was introduced into the Xbal site of the
luciferase reporter vector pGL4.13 (Proamega, Madison, WI,
USA) by ligation with the oligonucleotides 5'-CTAGACT-
GAATTC-3' and 5'-CTAGGAATTCAGT-3', vielding the
PGL4.13EcoRI vector [13]. Second, the 3'-untranslated regions
(UTRs) of the CCNE2, c¢yclin A1 (CCNAI), and cell division cycle 7
(CDC7) genes were amplified fromBT474 cells using the PCR
primers listed in Table S2, and cloned into a pCR4-TOPO vector
(Invitrogen). The cloned EcoRI fragments containing the putative
miR-30b binding sites were then inserted into the EcoRI site of
pGL4.13EcoR], and were designated CCNE2-wt, CCNAIL-wt,
and CDC7-wt, respectively. Three derivative constructs o
CCNEZ2-wt with mutations in the putative miR-30b-binding sites
were generated using a Gene-Taylor Mutagenesis kit (Invitrogen)
and the primers listed in Table S2, and were designated CCNE2-
mutl, -mut2, and -mutl+2. All of the constructs were verified by
direct sequencing. MicroRNA oligos or ncRNA were co-
transfected with 200 ng each of the constructed reporter vector
constructs and an internal control vector (pGL4.73, Promega) into
HEK293 cells (5%10* cells) in a 24-well format. Twenty-four
hours later, the luciferase activity was measured using a dual-
luciferase reporter assay system (Promega) and a Lumat LB9507
luminometer (Berthold Technologies, Germany). The firefly
luciferase activities of the reporter constructs were normalized
against the renilla luciferase activities of the internal control vector,
The reduction ratio of the luciferase activity from the ncRNA-
transfected samples was used as an index of the effect of the
microRNAs on the post-transcriptional regulation of these 3 genes.

Statistical analysis

The unpaired student-t test was used for evaluating whether a
difference between two mean values was statistically significant.
Matlab 2011a (Mathworks, MA, USA) or Microsoft Excel (Micro-
soft, Redmond, WA) software was used for these analyses, and a P-
value of less than 0.05 was considered statistically significant.

Results

HER2 status and trastuzumab sensitivity in breast cancer
cell lines

To select HER2-positive and negative breast cancer cell lines,
we determined the HERZ status of the breast cancer cells in terms

';-:@:. PLoS ONE | www.plosone.org

Trastuzumab, miR-26a, and 30b in Breast Cancer

of genomic amplification and the mRNA expression of HER2.
Figure 1A and 1B show the genome copy number in the HER2
locus and the mRNA expression levels of HER2 gene assessed by
quantitative PCR, respectively. Among the 11 breast cancer cells,
SKBR3 andBT474 exhibited marked genomic amplification and
the overexpression of HER2, and MDA-MB-453 had a moderate
level of HER2 overexpression. Thus, for further study, we chose
SKBRS3 and BT474 as HER2-positive cells and MCF7 and MDA-
MB-231 as HER2-negative cells.

The WST-1 assays showed that even very low concentrations of
trastuzumab significantly reduced cell proliferation in SKBR3
andBT474 cells by 40-60%, whereas the proliferation of MCF7
and MDA-MB-231 cells was not affected by trastuzumab exposure
(Fig. 1C). Thus, trastuzumab exposure directly reduced the growth
of HER2-positive cells.

Identification of trastuzumab-responsive microRNAs

In this study, we hypothesized that some of the trastuzumab-
inducible/reducible microRNAs would play roles in the molecular
mechanisms responsible for the therapeutic effect of trastuzumab.
To identify these microRNAs, we performed microRNA expres-
sion profiling analysis. First, the two HERZ2-positive and two
HER2-negative breast cancer cell lines were exposed to trastuzu-
mab at a concentration of 4 pg/mL for six days. The control
treatment consisted of PBS. Thus, a total of 8 RINA samples were
extracted from these cells, and were subjected to microRNA
profiling analysis. Second, the obtained microRNA profiling data
were normalized by a quantile normalization method, and filtered
using the criterion that the microRNA signals before or after
trastuzumab exposure for each of the four cells, SKBR3, BT474,
MCF7, and MDA-MB-231 cells, should be more than 6 in log2
transformed value. After this filtration, 94 microRNAs were
subjected to further screening. All normalized and raw data from
the microarray is available in Minimum Information about
Microarray Gene Experiment (MIAME)-compliant format via
the Gene Expression Omnibus (http://www.nchinlm.nih.gov/
geo). The accession numbers (GSM-numbers) are currently in the
registration process. Third, the expression of trastuzumab-
responsive microRNAs should not be changed by trastuzumab
exposure in HERZ-negative breast cancer cell lines MCF7 and
MDA-MB-231. We eliminated those microRNAs, which had a
more than 1.5-fold up/down-regulation in the MCF7 or MDA-
MB-231 cells. Thus, 71 microRNAs remained. Fourth, the relative
fold-change (fold change of microRINAs — average fold change of
the microRNAs in MCF7 and MBA-MD-231 cells) of the
remaining microRNAs, and microRNAs with more than a 1.5-
fold up/down-regulation, were listed in Table 1.

Trastuzumab exposure upregulated 16 and 9 microRNAs in
SKBR3 and BT474 cells, whereas it down-regulated 0 and 10
microRNAs, respectively. As shown in a clustergram of 94
prefiltered microRNAs (Figure 24A), all pairs of the same cells
with versus without trastuzumab treatment were clustered most
closely, which indicated that the trastuzumab treatment changed
microRNA profile slightly. The first branch of the clustergram
divided HER2-positive and HER2-negative cells. This clustergram
shows that the microRNA profile was reflected by the HER2-
characteristics ofSKBR3, BT474, MCF7, and MDA-MB-231
cells, indicating that this profiling analysis worked well. The height
of the last branch in the clustergram for the HER2-positive cells
was higher than that of the HER2-negative cells, indicating that
the HER2-positive cells had more altered microRNA expression
than the HERZ-negative cells. A heatmap and the clustergram in
Figure 2B illustrated the fold-change pattern of the four cells
following trastuzumab treatment.
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Figure 1. HER2-status of breast cancer cell lines. The genomic amplification (1A) and mRNA expression level (1B) of HER2 in 11 human breast
cancer cell lines and normal human mammary epithelial cells (HMEC) were assessed using quantitative PCR and quantitative RT-PCR (n=3). The
mRNA abundance was normalized by the GAPDH expression levels. 1C: The trastuzumab sensitivity of SKBR3, BT474, MCF7, and MDA-MB-231 cells
was determined using the WST-1 assay. The cells were incubated in trastuzumab-containing media at different concentrations for 144 hours, and
then the absorbance at 450 nm was measured after a 2-hour incubation with WST-1 reagent. The ratio of the absorbance to that of the non-treated

cells represented the trastuzumab sensitivity of cells.
doi:10.1371/journal.pone.0031422.g001 :

Among the listed microRNAs, we selected seven microRNAs
(miR-18a, miR-21, miR-26a, miR-26b, miR-30b, miR98 and
miR-210) to validate the array-based expression data by Taqman
quantitative RT-PCR  (Figure 2C, 2D, Sl). Most of the
microRNAs showed consistent results with the array data. In
particular, miR-26a and miR-30b in both cells were significantly
upregulated in trastuzumab dose-dependent manner (Figure 2E).
Interestingly, 3 out of 5 miR-30 family members (miR-30a~e)
were upregulated in the BT474 cells following trastuzumab
exposure. Therefore, in this study, we focused on miR-26a and
miR-30b for a further functional study.

A list of microRNAs which expression were altered only in
HER2-negative cells is shown in Table S3. These microRNAs.
The changes in these microRNAs could help to identify non-
specific side effects of trastuzumab.

Cell growth suppressive effects of miR26a and miR-30b

Using WST-1 assay, we examined whether miR-26a and miR-
30b had growth suppressive effects. Six days after transfection,
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miR-26a significantly reduced the proliferation ofSKBR3
andBT474 cells by 56% and 24%, whereas miR-30b inhibited
37% and 26% of the cell growth, respectively (Figure 3, p<0.05).
Next, we checked whether the mechanisms responsible for this
cell growth suppression by miR-26a and miR-30b included
changes in the cell cycle and apoptosis. The proportion of cells
in the G1 phase increased from 57% to 64% in theSKBRS3 cells,
and from 65% to 91% in the BT474 cells (Figure 4, p<<0.005), and
that in the S phase decreased from 37% to 31%, and from 29% to
6%, respectively. Thus, the trastuzumab treatment induced Gl
arrest in both cell types. The transfection of miR-26a also showed
a 22% (p=0.14) and 11% (p=0.0002) increment of the Gl
proportion, and a 20% (p=0.005) and 10% (p=0.0005)
decrement in the S phase in SKBR3 andBT474 cells, respectively.
In contrast, the G2/M phase had no significant changes in both
cell types. miR-30b also increased the G1 phase by 6% and 8%,
and decreased the S phase by 5% and 7%, respectively, whereas
the G2/M phase did not change. Thus, exogenous miR-26a and
miR-30b induced G1 arrest in SKBR3 and BT474 cells.
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Table 1. Trastuzumab responsive microRNAs.
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doi:10.1371/journal.pone.0031422.t001

Using the Annexin-V assay, we also examined whether
apoptosis was involved in the cell growth suppression induced by
miR-26a and miR-30b. The trastuzumab treatment significantly
increased the portion of apoptotic cells from 8.1% to 14.7%
(Figure 5, p=10.012), and from 2.5% to 6.1% (p = 0.003) inSKBR3
and BT474 cells, respectively. The transfection of miR-26a
induced apoptosis in both cell types, as compared with the non-
targeting control microRNA (from 11.3% to 39%, p=0.012 in
SKBR3, and from 4.7% to 15.2%, p=0.012 in BT474 cells),
whereas miR-30b did not show any significant effect on apoptosis.

Identification of target genes against miR-30b

In the present study, we tried to identify the target mRNAs of
miR-30b that were related to miR-30b-induced G1 arrest. First,
we utilized three different algorithms for predicting the microRINA
targets, TargetScan5.1 (hitp://www.targetscan.org/), miRanda
(http://www.microrna.org), and PicTar (http://www.pictar.org/).
Among the putative target genes listed by all of three prediction
engines, we selected 3 cell cycle-related genes, CCNE2, CCNAI,
and CDC7. We then examined whether these three genes were
actually regulated by miR-30b or not, using luciferase reporter
vectors containing the 3"UTR of these genes (Figure 6A). CCNE2

‘;@: PLoS ONE | www.plosone.org

MicroRNAs with more than 1.5-fold change in HER2-positive cells but not in HER2-negative cells.
" RFC, relative fold change = (Fold change of miR) - {average fold change of the miR in MCF7 and MBA-MD-231).

and CDC7 have two and one putative binding sites for miR-30b in
the conserved regions of the 3'-UTR, respectively, whereas
CCNAI possesses one miR-30b binding site in a poorly conserved
region of the 3'-UTR.

Among the three reporter constructs with the wild-type 3'-UTR
of these genes, miR-30b reduced the luciferase activity only of the
CGCNE2-wt construct (27% reduction, p =0.005, Figure 6B). To
confirm whether miR-30b was associated with the predicted
binding sites, we generated three derivative constructs with
mutations at the miR-30b binding sites (Figure 6A). These
mutations abolished the post-transcriptional repressive effect of
miR-30b (Figure 6C), which indicated that miR-30b interacts
directly with both binding sites. However, transfecting excessive
exogenous microRINA may lead an artificial effect. Thus, we tried
to assess suppressive effect of microRNAs at the endogenous level.
First, we used microRNA inhibitor for co-transfection (Figure S2),
which did not show any significant effect. We speculated that other
miR-30 family members with the same seed sequence could
compensate the function of blocked miR-30b. Alternatively, we
transfected reporter constructs without miR-30b mimic oligos into
cells (Figure 6D). Endogenous microRNAs suppressed 54-59% of
reporter actively by binding CCNE2. When mutated construct at
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Figure 2. Identification of trastuzumab-responsive microRNAs. 2A: A heat map and clustergram of the expression profile of 71 pre-filtered
microRNAs. The red and green represent higher and lower expression levels, respectively. (tras +): with trastuzumab treatment, (tras —): without
trastuzumab treatment. 2B: A heatmap and clustergram of the fold-change of microRNA expression by trastuzumab treatment. The red and green
represent up- and down-regulation. 2C and 2D: The expression levels of miR-26a (2C) and miR-30b (2D) were validated by qRT-PCR (n=3). The data
are shown as microRNA expression levels relative to a control treatment (PBS). 2E: The expression level of miR-26a and miR-30b in different
trastuzumab concentrations was measured (n=2). The microRNA expression levels were normalized against miR-16. All bars and error bars represent

means & SEM. *: p<<0.05.
doi:10.1371/journal.pone.0031422.9g002

both two miR-30b binding sites was used, 11-35% reporter
actively was recovered, which represented the total suppressive
effect of endogenous miR-30 family through CCVE2 3'UTR.

Figure S3 showed that exogenous miR-30b mimic-oligos and
inhibitors did not change mRNA levels of CGNEZ2. One of possible
reasons is that miR-30b may regulate CCGNVEZ only by translational
inhibition. Another reason would be the change of cell cycle
proportion of treated cells. The CCNVEZ is upregulated in G1 phase
of cell cycle in a normal condition. Because introduction of
miR26a/30b oligos increase G1 phase, CCVEZ expression will be
affected both by change of cell cycle phase proportion and post-
transcriptional suppression due to these microRNAs. Because the
two luciferase genes in reporter vector and internal control vector
(pGL4.73) were driven by the same promoter (SV40), this system
can assess the post-transcriptional regulation without any cell
cycle-related bias.

Discussion

Recent evidence has shown that altered patterns of miRNA
expression are correlated with carcinogenesis, malignant potential,
prognosis [14], and the treatment response of various human
cancers. In breast cancers, a high expression level of miR-10b [15]
and miR-21 [16] are associated with metastasis and a poor
outcome. Regarding the treatment response of breast cancer, the
in vitro experiments showed that miR-34a [17] and miR-221/222
[18,19] are involved in the actions of docetaxel and tamoxifen,
and that multidrug resistance—associated protein (MRP) was
targeted by miR-7, mir-326, and miR-345 [20,21]. However,

1.2 1

Relative WST-1 Activity
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little has been reported in terms of microRNAs associated with the
molecular mechanisms of trastuzumab treatment. This was the
aim of this study.

At the beginning of this study, we confirmed the genome
amplification and mRNA expression status of HER2 among the
11 breast cancer cell lines. SKBR3 andBT474 cells have high
levels of genomic amplification and mRNA expression, and also
exhibited trastuzumab sensitivity. This finding was also consistent
with previous studies [22,23].

To screen the microRNAs related to the mechanisms of
trastuzumab treatment, we initially set two selection criteria.
The first one was microRNAs that were differentially expressed
between trastuzumab sensitive and resistant HERZ-positive breast
cancer cells, and the second was microRNAs that were induced or
reduced by trastuzumab treatment only in HERZ-positive cells.
For the former criterion, all of the HER2-positive breast cancer
cells were trastuzumab sensitive. Furthermore, to establish
trastuzumab-resistant HER2-positive cells, we administered tras-
tuzumab to SKBR3 andBT474 cells at a concentration of 32 pug/
mL for more than three months. However, these long-treated cells
gained only 10-20% resistance as compared to the original cells,
which were still moderately sensitive, similar to the MDA-MB-453
cells (data not shown). This was the reason why we chose the latter
criteria in this study.

Using microarray-based microRNA profiling analysis and these
screening criteria, we obtained a list of trastuzumab responsive
microRNAs, as shown in Table 1. The validation of the RT-PCR
demonstrated that most of the seven microRINAs had expression
results consistent with the microarray data. Among the seven

ncRNA
miR-26a
miR-30b

Figure 3. Effects of miR-26a and miR-30b on cell proliferation. The cells were transfected with negative control RNA (ncRNA), miR-26a, or
miR-30b. At 72 hours after the transfection, the amount of viable cells was assessed by the WST-1 assay. The WST-1 activity values were normalized
against that of the ncRNA-treatment. All bars and error bars represent means = SEM (n=4). *: p<0.05.

doi:10.1371/journal.pone.0031422.g003
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Biosciences) at 72 hours after transfection. All bars and error bars represent means = SEM (n=6). *: p<0.05, **: p<<0.005.
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microRNAs, we focused on miR-26a as a miccoRNA up-regulated
in bothSKBR3 andBT474 cells, and on miR-30b, because three
out of five miR-30 family members were up-regulated inBT474
cells.

A down-regulation of miR-26a has been observed in various
human malignancies, such as thyroid [24], liver cancer [25] and
rhabdomyosarcoma [26], indicating that miR-26a is a tumor-
suppressor microRNA. This study showed that the up-regulation
of miR-26a by trastuzumab induced Gl arrest and apoptosis,
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Figure 5. Effects of miR-26a and miR-30b on apoptosis. The
apoptotic cells were detected using FITC-Annexin V at 72 hours after
microRNA transfection. The percentage of Annexin V-FITC positive cells
to the total cells was shown in the bar graphs. All bars and error bars
represent means *+ SEM (n=4). *: p<0.05, **: p<<0.005.
doi:10.1371/journal.pone.0031422.g005
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which was consistent with previous observations. Some papers
have reported the genes that were targeted by miR-26a, and are
related to cell cycle and apoptosis. miR-26a regulated the cell cycle
by targeting ¢yelin D2 and CCNE2 [27], and induced apoptosis by
silencing the enhancer of zeste, drosophila, homolog 2 (EZH2), and
metadherin (MTDH) {28].

The expression of miR-30b was suppressed in invasive bladder
cancer [29] and lung squamous cell carcinoma [30], as compared
with superficial bladder cancer and the adjacent normal lung
tissues, respectively. This suggests that miR-30b is also a tumor-
suppressor microRNA. Transfecting with miR-30b had a cell
growth suppressive effect and induced G1 cell cycle arrest, which
was in agreement with the previous reports. Although information
regarding the target genes of miR-26a was available, little has been
known in terms of miR-30 target. Therefore, we screened the
target genes of miR-30b that contributed to the miR-30b-induced
G1 arrest. In this study, we demonstrated that miR-30b interacts
directly with two binding sites in the 3'-UTR of CCNE2, and
suppresses the expression of CCNE2. Cyclin E as well as Cyclins A
and D are required for mammalian cells to transverse G1 and
enter the S phase. Cyclin E1 and E2 activate cyclin-dependent
kinase 2 (CDK?2) by forming a CCNE-CDK2 complex [31], and
initiate DNA synthesis. Therefore, it was a reasonable finding that
the downregulation of GCNE2 by miR-30b induced G1 arrest. In
Table 1, miR-30c and miR-30d were up-regulated by trastuzumab
in BT474 cells. These miR-30 family members share the same
sequence, 5'-GUAAACA-3', in their seed regions. Thus, CCNE2
would be reduced in trastuzumab-treated BT474 cells not only by
an up-regulation of miR-30b and miR-26a, but also by that of
miR-30c/d. Recently, Scaltriti et al. demonstrated that gene
amplification and overexpression of CCNE] were associated with
resistance of trastuzumab treatment for breast cancer [32],
suggesting that cell cycle check-point system by CCNE is a key
function for HER2-positive breast cancer. Thus, our finding that
trastuzumab-inducible miR-26a/30b are regulating CCNE2 was
consistent with the their finding.

As shown in table 1, miR-125a-5p level was up-regulated both
in SKBR3 and BT474 cells by trastuzumab exposure. Nishida et
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doi:10.1371/journal.pone.0031422.g006

al. recently showed that miR-125a-5p targets HER2, and that it
acts synergistically with trastuzumab in gastric cancer [33]. Our
result suggested that the same mechanism would underlie
trastuzumab therapy for breast cancer.

However, generally, each microRNA can target potentially
hundreds of genes. Therefore, the cell cycle/apoptosis may not be
the only processes affected/regulated by miR-26a/miR-30b. In
addition, this study is not suggesting that the suppressive effect in
endogenous level of these microRINA is a main mechanism of
trastuzumab therapeutic effect. Direct blocking effect of HER2
signal pathway is still the major mechanism of trastuzumab
therapy, and alteration of microRNA expression could play a
supporting role in the downstream of HER? signal.

On the other hand, it is largely unknown how miR-26a and
miR-30b are up-regulated by trastuzumab treatment. One
possible explanation of this phenomenon is regulation via c-myc
(MYC) [34]. MYC is located downstream of the HER2 signal
pathway [35]. Thus, trastuzumab treatment can reduce the levels
of phospho-MYC [36]. According to the MYC ChIP-seq data
registered in the UCGSC genome browser [37], there are c-myc
binding peaks around the transcriptional start sites of the miR-26a

@ PLoS ONE | www.plosone.org

primary genes (CTDSPL in chromosome 3p22.2 and CTDSP? in
12q14.1). Actually, a report showed that miR-26a was repressed
by MYC [38]. Furthermore, there is a MYC-binding site in a CpG
island located upstream of the intergenic and polycistronic miR-
30b and miR-30d. Thus, we hypothesized that inactivation of
MYC may upregulate miR-30b/d expression. However, knock
down of MYC by siRNA down regulated miR-30b expression
(Figure S4 and S5). Therefore, unknown mechanisms rather than
MYC upregulate miR-30b expression in trastuzumab treatment.

The present study demonstrated that a subset of microRNAs
played a biological role in the mechanisms responsible for
trastuzumab’s  antitumor effects. This finding suggests that
trastuzumab-resistant /ER2-positive breast cancer cells could be
sensitized to trastuzumah therapy by modulating the expression of
these microRINAs [39]. Alternatively, some microRNAs would be
biomarkers to predict the treatment response of trastuzumab.

In summary, trastuzumab treatment for breast cancer cells
modulated the expression of a subset of microRNAs, including
miR-26a and miR-30b. The up-regulation of miR-30b by
trastuzumab may play a biological role in trastuzumab-induced
cell growth inhibition by targeting CCNEZ.
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Supporting information

Figure S1 Tagman RT-PCR to validate the microarray
results. The fold change in the log2 values are shown in the Y-
axis.

(TIFE)

Figure $2 Effect of microRNA inhibitors on the GCNE2-
3'UTR reporter assay. SKBR3 cells were transfected with
CCNE2-wt construct and microRNA inhibitors to assess the
suppressive effect of endogenous microRNAs. Twenty-four hours
after the transfection, the reporter luciferase activity was
measured. NTC: non-specific control oligos. The data were

shown as the luciferase activity relative to that of NC. All bars and

error bars represent means = SEM (n=3). * p<0.05, Aok

p<0.005.
(TIFF)

Figure $3 Effect of knockdown and overexpression of
miR-26a and 30b on CCNE2 mRNA expression. SKBR3
and BT474 cells were transfected with microRNA mimic oligos
and inhibitors. Twenty-four hours after the transfection, mRNA
level of CCNE2 was measured by quantitative RT-PCR. GAPDH
mRNA level was used for normalization of data. The data using
inhibitor and mimic oligo were shown as relative expression to
each non-specific control (NC) oligo. All bars and error bars
represent means = SEM (n=4).

(TTFE)

Figure S4 Knocking down efficiency of MYC by siRNA.
MYC mRNA level was measured by quantitative RT-PCR after
72 hours later than control siRNAs (siCont) or 4 different siRNAs
(Qiagen) against MIC gene that were purchased from Qjagen,
designated as sIMYC1, siMYC5, siMYC7, and siMYC8. The
sIMYC5 and siMYC7 were selected for further study. Y-axis: M¥C
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ABSTRACT A consensus conference was held to inves-
tigate issues related to the local management of early breast
cancer. Here, we highlight the major topics discussed at the
conference and propose ideas for future studies. Regarding
axillary management, we examined three major issues.
First, we discussed whether the use of axillary reverse
mapping could clarify the lymphatic system of breast and
whether the ipsilateral arm might help avoid lymphedema.
Second, the use of an indocyanine green fluorescent navi-
gation system was discussed for intraoperative lymphatic
mapping. These new issues should be examined further in
practice. Finally, some agreement was reached on the
importance of “four-node diagnosis” to aid in the diag-
nostic accuracy of sentinel nodes. Regarding breast
treatment, there was general agreement that the clinical
value of surgical margins in predicting local failure was
dependent on the tumor’s intrinsic biology and subtypes.
For patients treated with preoperative chemotherapy, less

This study is conducted on behalf of the 2009 Kyoto Breast Cancer
Consensus Conference panelists.
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extensive excision may be feasible in those who respond to
systemic therapy in an acceptable manner. Most trials of
preoperative chemotherapy lack outcome data on local
recurrence. Therefore, there is a need for such data for
overview analysis. We also agreed that radiation after
mastectomy may be beneficial in node-positive cases
where more than four nodes are involved. Throughout the
discussions for both invasive and noninvasive disease, the
investigation of nomograms was justified for major issues
in the decision-making process, such as the presence or
absence of microinvasion and the involvement of nonsen-
tinel nodes in sentinel node-positive patients.

When the paradigm for breast cancer treatment shifted
from the localized Halstedian view to Fisher’s systemic
vision, the role of surgery in the local management of breast
cancer changed simultaneously. Appropriate local man-
agement is critical for the effective treatment of early breast
cancer, because local recurrence might be a marker for the
development of distant disease. In addition, reducing the
failure of local treatment might result in the reduction of
systemic treatment failure. Understanding the biological
and pathological phenotype of breast cancer helps in con-
structing systemic therapeutic plans as well as in achieving
successful individualized local management strategies.

Among the aspects of breast cancer treatment that have
recently drawn attention, we have focused on the local
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management of primary noninvasive and invasive breast
cancer, including: breast conservation in conjunction with
preoperative systemic treatments; axillary management;
radiation therapy for the breast, chest wall, and regional
lymph nodes; and the pathological assessment of excised
tissues. At the Kyoto Breast Cancer Consensus Conference,
held in 2009, we clarified these issues for purposes of
discussion and sought to reach a consensus.

PATHOLOGICAL ANALYSIS

Tumor extension to the surgical margins of the resected
specimen should be examined meticulously using appro-
priate inking protocols. Ductal carcinoma in sitn (DCIS)
found at an inked margin should be considered as a positive
margin. The best method of manipulating the specimen to
reveal the status of the margin (e.g., the use of a perpendic-
ular cut versus Carter’s orange peel technique) is
controversial. Furthermore, no consensus was attained on the
definition of negative margin. The definitions of a negative
margin ranged from no tumor at the inked margin to an
invasive tumor at a minimum of 5 mm from the edge. In
addition, even greater margins have been proposed for DCIS
when postoperative radiation therapy was not performed.

There was a lack of agreement about the number of
levels of a frozen section required to adequately examine
the sentinel -lymph nodes. Other points of discussion
included the appropriate use of cytokeratins and the type of
methodology used (e.g., molecular or immunohistochemi-
cal analysis) (Table 1). Despite the differences in the
definition of isolated tumor cells (ITC) and micrometasta-
sis (MIC), there was general agreement that the presence of
ITC should be considered node negative, whereas the
presence of MIC (0.2-2 mm) should be considered node
positive for staging purposes.

In addition to histological grading according to the
Nottingham criteria, the analysis of the status of cell
proliferation using biomarkers such as the MIB1/Ki67
index provides important prognostic information.? To
collect the data necessary to reach a consensus regarding
controversial issues such as the definition of positive
margins, it is recommended that each institution maintain
precise records.

AXILLARY SURGERY

Sentinel lymph node biopsy (SLNB) partially reduces the
complications related to axillary staging by avoiding level I
axillary lymph node dissection (ALND), level [l ALND, and
full ALND in the case of sentinel node-negative patients
based on the reports of the ALMANAC experience.”

TABLE 1 Pathological factors to be recorded while analyzing breast
cancer specimens

Tumor size

Measured microscopically in orthogonal directions including the
largest size of invasion

Margin
Method used to assess (orange peel or perpendicular cut)
Definition of positive margin
Distance of margin from cut edge (mm)
Additional treatment in positive cases (re-excision or boost RT)
Biological markers
ER (%)
PR (%)
HER-2 (IHC or FISH)
MIB1/Ki67 index (%)
Other conventional factors
Nuclear grade
Vessel invasion
Fixation
Time to fixation
Time for fixation
Sentinel lymph nodes (SLNs)
Techniques to identify SLNs (R, dye, fluorescent or others)
Method of diagnosis (HE, IHC, molecular analysis or others)
Definition of metastasis
Number of excised SLNs
Number of positive SLNs
Number of frozen sections
Was ALND performed?

PR progesterone receptor, JHC immunohistochemistry, FISH fluo-
rescent in situ hybridization, HE hematoxylin and eosin

Lymphatic Mapping

SLNB causes arm lymphedema in approximately 5-8%
of patients, even when they are assessed at 6 months
postoperatively. The axillary reverse mapping (ARM)
procedure, which can clarify the anatomical relationship
between the lymphatic system of the breast and the ipsi-
lateral arm, may provide a method to avoid this
complication.* In nearly 98% of primary breast cancer
cases, the lymphatics from the arm, which were identified
with a subcutaneous injection of blue dye in the volar
surface of the upper arm, did not drain into the sentinel
lymph node of the breast. This method should be stan-
dardized for common practice.

Another novel and highly sensitive method for visual-
izing the lymphatic system and the sentinel lymph nodes
involved indocyanine green fluorescent (ICGf) n.’:x\/‘igation‘5
A photodynamic eye that recognizes fluorescence emission
from protein-binding ICG enables real-time mapping of the
lymphatic network. It was generally agreed that further
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studies, such as clinical trials and long-term outcome
studies, are needed to elucidate the issue of lymphatic
mapping and determine the ultimate impact of these
modalities on the incidence of lymphedema. It is necessary
to determine more precisely the value of combination of
ICGf with radioisotope (RI) in prospective studies.

Number of Nodes Required for Diagnosis

Non-SLN metastases have been reported in 4-7% of
SLN-negative cases.® It is crucial to consider the number of
nodes that should be excised for diagnosis and staging and
from the perspective of the therapeutic benefit of local
control.” ! We agreed that examination of four SLN-
containing nodes was sufficient to determine the status of
metastases in the axilla. There were indications that four-
node diagnosis would help to avoid unnecessary ALND
and may enable less extensive axillary surgery (Fig. 1).
Another important issue discussed was lymph node dis-
section for SLN-positive patients. Several studies have
indicated that it may be possible to avoid subsequent
axillary dissection in certain subgroups of node-positive
patients.'*™** Table 2 summarizes these options.

Para-sentinel
nodes

Sentinel
nodes

Regional
nodes

kY
Y
1
1
1

I

. » L&
Lymphatic metastasis

I S e

Removal of lymph nodes

Limited dissection

FIG. 1 Limited axillary lymph node dissection

TABLE 2 Impact of four-node diagnosis for sentinel nodes on
subsequent ALND

No. of involved nodes Requirement for completion of ALND

0 (ITC included) Avoidable
1-3 Avoidable (individually)
More than 3 Inevitable

ITC isolated tumor cells

SLNB Prior to Systemic Therapy

Although SLNB before preoperative systemic therapy
(PST) under local anesthesia is difficult, we concluded at
the meeting that it is useful for the purpose of confirming
the nodal status, especially in clinically node-negative
cases. In clinically node-positive cases, SLNB before PST
is controversial. The nodal information is important for
designing and individualizing therapeutic plans for local
and systemic treatment, because the nodal status can be
altered by the treatment.

SLNB after PST is also controversial.'”> The major
concerns are the relatively high false-negative rate and the
uncertainty in the conversion of the positive nodes to
negative. Puture studies are warranted to clarify the
accuracy of lymphatic mapping after PST, including anti-
human epidermal growth factor receptor 2 (HER2) thera-
pies, and to develop nomograms to facilitate the decision-
making process (Table 3).

SLNB in DCIS

SLN metastases were identified by RI lymphatic map-
ping in approximately 1.4% of 854 patients with pure
DCIS.'® Most of these patients underwent complete
ALND, and only one of these patients exhibited additional
positive axillary lymph nodes. Several studies investigating
the long-term outcomes of local control in proven DCIS
cases determined that local failures were rare.!” During the
conference, there was general agreement that SLNB can be
recommended for patients with DCIS who undergo mas-
tectomy and for those diagnosed with invasive carcinoma
upon final pathology. In addition, there was agreement that
SLNB should be avoided in patients with needle biopsy-
proven DCIS and without high risk factors for invasive
cancer who undergo breast-conserving surgery (BCS).
Therefore, the development of an algorithm to predict
potential invasion and thus avoid SLNB for needle biopsy-
proven DCIS (Table 3) is warranted.'®

BREAST SURGERY
Ipsilateral Breast Tumor Recurrence (IBTR)

It is difficult to decide upon one margin width that is
appropriate for all patients.'® Opinions about the minimal
acceptable margin in local breast cancer resection varied
from less than 5 mm to more than 20 mm. The recom-
mendations were divided into three major categories based
on tumor location: within 5 mm, tumor within 2 mm, and
tumor at the margin. With respect to the re-excision criteria
in the case of BCS, the consensus was that a 2 mm
radial margin was satisfactory and should not prompt



