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FIGURE 1. Suppression of cancerous cell proliferation by exosome isolated from non-cancerous cells. A, cell growth inhibition by a conditioned medium
derived from PNT-2 cells is shown. PC-3M-luc cells were incubated for 3 days in a conditioned medium isolated from PC-3M-luc cells, PNT-2 celis, or a culture
medium followed by a cell growth assay as described under “Experimental Procedures.” The values on the y axis are depicted relative to the normalized
luciferase activity of culture medium-treated cells, which is defined as 1. Each bar is presented as the mean S.E. (n = 3). %, p < 0.05 as compared with culture
medium-treated PC-3M-luc cells; Student's t test. B, treatment with GW4869 to donor cells restored the reduced cell growth by the PNT-2-derived CMis shown.
Donor PNT-2 cells were incubated in the presence or absence of 10 um GW4869 for 2 days. The conditioned medium from PC-3M-luc cells was used as a control.
The values on the y axis are depicted relative to the normalized luciferase activity of PC-3M-luc-conditioned medium-treated cells, which is defined as 1. Each
baris presented as the mean S.E. (n = 3).*, p < 0.05; Student’s t test. C, cell growth inhibition by exosomes derived from PNT-2 cells is shown. PC-3M-luc cells
were incubated in exosomes isolated from PNT-2 cells or PC-3M-luc cells followed by a cell growth assay, as described under “Experimental Procedures.” The
values on the y axis are depicted relative to the normalized luciferase activity of cells treated with exosomes derived from PC-3M-luc cells is defined as 1. Each
bar is presented as the mean S.E. (n = 3). **, p < 0.005, as compared with exosomes isolated from PC-3M-luc cells; Student’s t test, D, shown are fluorescent
photos of BODIPY-ceramide-labeled PNT-2 and PC-3M-luc cells marked by PKH67. PNT-2 cells and PC-3M-luc cells were labeled with red fluorescent BODIPY-
ceramide and green fluorescent PKH67, respectively, as described under “Experimental Procedures.” After treatment of PNT-2 by BODIPY-ceramide, PKH67-
labeled PC-3M-luc cells were added. After co-culturing for 3 or 12 h,images were obtained. Fluorescent photos were detected with the Eclipse TE 2000 Inverted
Research Microscope, and images were produced using NIS-Elements BR software. Arrowheads show yellow colored cancer cells. The size bar indicates 100 um.

of exosomes. We collected two separate aliquots of CM from
PNT-2 cells incubated with or without GW4869, a specific
inhibitor for neutral sphingomyelinase 2. The isolated exo-
somes were verified by the detection of CD63 protein, a well
established exosome marker, with immunoblotting (supple-
mental Fig. 1B), and the activity of GW4869 was confirmed by
the decreased amount of exosomal protein (supplemental Fig.
1C). The CM prepared in the presence of the GW4869 com-
pound cancelled most tumor-suppressive activity of the non-
treated PNT-2 CM (Fig. 1B; compare lanes 1-3). Furthermore,
proliferation of PC-3M-luc cells was inhibited by the addition
of the exosome fraction isolated from the PNT-2 CM by ultra-
centrifugation (Fig. 1C). These observations suggest that exo-
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somal miRNAs derived from non-cancerous cells were trans-
ferred to cancerous cells, resulting in the inhibition of their
proliferation.

To visualize the transfer of ceramide-containing exosome
from PNT-2 to PC-3M-luc in vitro, a co-culture experiment
was performed. Before the co-culture, 2 X 105 PNT-2 cells were
incubated for 30 min with red fluorescent BODIPY-ceramide
dye, which can label the exosomes inside the cells (13, 14). After
washing five times with PBS, equal numbers of PC-3M-luc cells
labeled by green fluorescent PKH67, a cellular membrane indi-
cator, were added into the culture dishes. Three hours later we
did not observe any PC-3M-luc cells with a yellow color
(Merged photo in upper panel of Fig. 1D), indicating that car-
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FIGURE 2. Down-regulation of cellular and extracellular tumor-suppressive miRNAs in PC-3M-luc cells. A, shown is a schematic representation of
hypothetical tumor initiation process. Neighboring healthy cells {blue) secrete tumor-suppressive miRNAs (light yellow) to inhibit the proliferation of abnormal
cells (gray), and this cell population returns to the initial healthy condition (a homeostatic cycle). Once the cell competitive cycle is compromised, this niche
become susceptible to tumor initiation (indicated by a dashed arrow). B, comparison of cellular and extracellular miRNAs expression in PNT-2 and PC-3M-luc
cells is shown. miRNA expression levels were determined by a Tag-Man QRT-PCR. The values on the y axis are depicted relative to the normalized expression
level of PNT-2 cells, which is defined as 1. C, secretion of miR-143 was suppressed by the treatment with GW4869. PNT-2 cells were seeded and cultured in a
24-well plate for 48 h in the indicated concentrations of GW4869. After the incubation, the medium was subjected to QRT-PCR for miR-143. The values on the
y axis are depicted relative to the amount of miR-143 at 0 um GW4869, which is defined as 1. D, shown is cell growth inhibition by miR-143 in PC-3M-luc cells
but not in PNT-2 cells, PNT-2 and PC-3M-luc cells were transfected with 10 nm miR-143 molecules (miR-143) or 10 nm negative control molecules (control) or
without RNA molecules (Mock). The values on the y axis are depicted relative to the normalized luciferase activity of untreated cells (Mock), which is defined as

1. Each bar is presented as the mean S.E. (n = 3). %, p < 0.05; **, p < 0.005, as compared with untreated PC-3M-luc cells; Student’s t test.

ried-over red dyes were thoroughly removed as 3 h is enough
time for the dye to be incorporated directly into the cells. By
contrast, after 12 h of co-culture, yellow fluorescence was
observed in green-labeled PC-3M-luc cells (indicated by arrow-
headsin Merged photo in the lower panel of Fig. 1D), suggesting
that ceramide-containing exosomes from PNT-2 cells were
transferred to the PC-3M-luc cells. This result is corroborated
by the uptake experiment using the PKH67-labeled exosomes
purified from PNT-2 culture medium (supplemental Fig. 1D).
Green fluorescence was detected in PC-3M-luc cells after 16 h
of incubation, providing a direct evidence for exosome uptake
by cancerous cells.

Tumor-suppressive miRNAs Down-regulated in Cancerous
Cells Were Secreted from Non-cancerous Cells—We propose a
hypothetical model of tumor initiation involving cell competi-
tion and anti-proliferative secretory miRNAs (Fig. 24). In a cell
competition cycle, as illustrated in the bottom part of Fig. 24,
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growth inhibitory miRNAs are actively released from non-
cancerous cells to kill abnormal cells with a partial oncogenic

ability, thereby restoring them to a healthy state. Indeed,

inhibitory capacity of these miRNAs appears to be limited in
the setting of single treatment with the PNT-2 CM (Fig. 14);
however, they can potentially prevent emergence of tumor
cells in a physiological condition. Because abundantly exist-
ing healthy cells continuously provide nascent overprolifera-
tive cells with tumor-suppressive miRNAs for a long period,
a local concentration of secretory miRNAs can become high
enough to restrain a tumor initiation. A dashed arrow in Fig.
2A indicates the way whereby the disruption of the homeo-
static system leads to tumor expansion. If precancerous cells

- acquire resistance to anti-proliferative secretory miRNAs or
normal cells cannot supply an adequate amount of miRNAs,
then this defensive system will fail to maintain the healthy
condition.
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To test this hypothesis we checked the secretion amount of
representative tumor-suppressive miRNAs by comparing
PNT-2 and PC-3M-luc cells with Taq-Man QRT-PCR analysis.
As shown in Fig. 2B, miR-16, miR-205, and miR-143, which are
already reported to be dysregulated in prostate cancer (10, 15,
16), were down-regulated in PC-3M-luc cells at a cellular and
extracellular level. The GW4869 inhibitor suppressed the
secretion of miR-143 from PNT-2 cells in a dose-dependent
manner (Fig. 2C), whereas its cellular level was not altered (sup-
plemental Fig. 24). Additionally, the application of small inter-
fering RNAs specific for human neutral sphingomyelinase 2
gene knocked down its mRNAs, resulting in profound decrease
in miR-143 secretion (supplemental Fig. 2, B and C). On the
contrary, the expression of miR-143 in the cells was not
changed after the transfection of neutral sphingomyelinase 2
siRNA (supplemental Fig. 2D). Taken with the result of Fig. 1B,
these results suggest that the secreted tumor-suppressive
miRNAs are implicated in the process of growth inhibition by
PNT-2 CM.

For a global understanding of the expression change of non-
cancerous and cancerous cells, we performed an miRNA
microarray analysis against cellular and exosomal RNAs puri-
fied from PNT-2 and PC-3M-luc cells. In the sub-dataset of
secretory exosomal miRNAs from PNT-2 cells, we found 40
miRNAs whose cellular amounts were lowered by one-half in
PC-3M-luc cells (Table 1). The selected miRNAs expectedly
include several types of tumor-suppressive miRNAs, such as
miR-15a, miR-200 family, miR-148a, miR-193b, miR-126, and
miR-205 (10, 15, 17-20). This observation supports the idea
that secretory tumor-suppressive miRNAs are transferred from
non-cancerous cells to cancerous cells, in accordance with the
concentration gradient of the miRNA.

We have so far demonstrated that normal cells have a
higher secretion of tumor-suppressive miRNAs than cancer-
ous cells; however, it remains unclear whether or not these
secreted miRNAs affect the proliferation of cells of their ori-
gin. To answer this question, we introduced synthesized
miR-143 to both PNT-2 and PC-3M-luc cells and assessed
their proliferation rates. After 3 days of transfections, the
miR-143 analog induced growth inhibition of PC-3M-luc
cells compared with mock and control small RNA transfec-
tion (Fig. 2D, left panel). In contrast, the exogenously trans-
duced miR-143 did not show its anti-proliferative effect in
PNT-2 cells (Fig. 2D, right panel), indicating that excessive
miR-143 did not confer an additional growth inhibitory
effect on normal cells in which expression of miR-143 is
maintained to a physiological level. This finding suggests
that animal cells may have their own threshold amount for
miRNA activity. The different sensitivity found in different
cell types can help secretory miRNAs fulfill their purpose to
combat exclusively precancerous cells. It is possible that
secretory miRNAs, at least, derived from non-cancerous
cells such as PNT-2 cells could supplement growth-suppres-
sive signals that are decreased in cancerous cells. Thus,
secreted miR-143 might be involved in the cell competitive
regulatory system.
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TABLE 1

A list of PNT-2-derived secretory miRNAs that were down-regulated
less than 0.5-fold in PC-3M cells compared with PNT-2 cells

miRNAs Fold change®
hsa-miR-141 0.0
hsa-miR-200c 0.0
hsa-miR-886-3p 0.0
hsa-miR-30a* 0.0
hsa-miR-155 0.0
hsa-miR-205 0.0
hsa-miR-224 0.0
hsa-miR-148a 0.0
hsa-miR-130a 0.0
hsa-miR-30a 0.1
hsa-miR-663 0.1
hsa-miR-181a-2* 0.1
hsa-miR-484 0.1
hsa-miR-10a 0.1
hsa-miR-192 0.1
hsa-miR-193b 0.1
hsa-miR-200a 0.1
hsa-miR-429 0.1
hsa-miR-769-5p 0.1
hsa-miR-200b 0.2
hsa-miR-195 0.2
hsa-miR-203 0.2
hsa-miR-7 0.2
hsa-miR-200a* 0.2
hsa-miR-200b* 0.2
hsa-miR-30c 02
hsa-miR-126 0.3
hsa-miR-149 0.3
hsa-miR-30d 0.3
hsa-miR-181a 0.3
hsa-miR-30e* 0.3
hsa-miR-365 0.4
hsa-miR-135b 0.4
hsa-miR-454* 0.4
hsa-miR-129* 0.4
hsa-miR-30b 0.4
hsa-miR-181b 0.4
hsa-miR-210 0.4
hsa-miR-455-3p 0.5
hsa-miR-15a 0.5

“Fold change of the expression of miRNAs in PC-3M cells compared with PNT-2
cells is indicated.

Secretory miR-143 Inhibited Prostate Cancer Cell Prolifera-
tion in Vitro—To examine whether miR-143 released from
normal cells exert an anti-proliferative activity, we generated
HEK293 cells overexpressing miR-143 by nearly 200-fold
compared with control (supplemental Fig. 34). After a 3-day
incubation with the CM derived from the miR-143-overpro-
ducing HEK293 cells and control HEK293 cells, PC-3M-luc
cells showed an ~50% decrease in proliferation (Fig. 34,
lanes 1 and 3). Importantly, the decrease was recovered by
the transfection of anti-miR-143 in PC-3M-luc cells (Fig. 34,
lane 3 and 4). These data indicate that the growth inhibition
is attributable to secretory miR-143 contained in the super-
natant of miR-143-overexpressing HEK293 cells. In agree-
ment with the exosome-dependent machinery of miRNA
secretion, we observed a similar result by using exosome
fractions purified from miR-143-transduced HEK293 cells
(Fig. 3B).

To further study miRNA transfer on a molecular level, we
performed a target gene expression analysis and an miRNA-
responsive reporter assay. The immunoblotting analysis shows
that the addition of the CM isolated from miR-143-overex-
pressing HEK293 cells significantly knocked down expression
of KRAS, a target gene for miR-143 (21), in PC-3M-luc cells
(Fig. 3C). In addition, we implemented luciferase analyses using
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FIGURE 3. Transfer of secretory miR-143 to PC-3M-luc cells in vitro. A, the transfection of anti-miR-143 to PC-3M-luc cells restored the reduced cell growth
by the CM derived from miR-143 overproducing cells. After the transfection with 3 nm miR-143 inhibitor molecule (anti-miR-143) (lanes 2 and 4) or its control
molecule (anti-NC) (lanes 1 and 3), PC-3M-luc cells were incubated for 3 days in a control conditioned medium (fanes 7 and 2) and CM containing extracellular
miR-143 (lane 3 and 4) followed by a cell growth assay as described under “Experimental Procedures.” The values on the y axis are depicted relative to the
normalized luciferase activity of cells treated in a culture medium, which is defined as 1. Each bar is presented as the mean S.E. (n = 3). (*, p < 0.05; Student’s
ttest; n.s., notsignificant). 8, cell growth inhibition by exosomes derived from miR-143-transduced HEK293 cells is shown. PC-3M-luc cells were incubated in the
exosomes followed by cell growth assay as described under “Experimental Procedures.” The values on the y axis are depicted relative to the normalized
luciferase activity of cells treated with exosomes derived from original HEK293 cells, defined as 1. Each bar is presented as the mean S.E. (n = 3). (**, p < 0.005;
Student's t test). C, secretory miR-143-mediated KRAS suppression in PC-3M-luc cells is shown. Ten micrograms of protein of whole cell lysates prepared from
PC-3M-luc cells treated with or without secretory miR-143 were applied to electrophoresis. Immunoblotting was performed with KRAS and actin antibodies
and visualized by LAS-3000 system. D, extracellular miR-143 derived from HEK293 cells suppressed the luciferase activity of the sensor vector. HEK293 cells
transfected with an miR-143 sensor vector were used as recipient cells. The recipient cells were incubated in a CM containing extracellular miRNAs. After a 2-day
incubation, a luciferase reporter assay was performed as described under “Experimental Procedures.” The values on the y axis are depicted relative to the
normalized luciferase activity of original HEK293-conditioned medium-treated cells, which is defined as 1. Each baris presented as the mean S.E. (n = 3). %, p <
0.05; Student’s t test). F, extracellular miR-143 did not reduce the luciferase activity of the mutated sensor vector. HEK293 cells transfected with the mutated
miR-143 sensor vector were used as recipient cells. The recipient cells were incubated in a conditioned medium containing extracellular miRNAs. The luciferase
assay was carried out as described above. The values on the y axis are depicted relative to the normalized renilla luciferase activity of control cells, which is
defined as 1. Each bar is presented as the mean S.E. (n = 3). n.s. represents not significant.

a sensor vector harboring renilla luciferase fused in tandem
with miR-143 seed sequence in the 3'-UTR. As shown in Fig.
3D, the normalized renilla luciferase activities were reduced by
the treatment of miR-143-enriched CM derived from HEK293
cells stably expressing miR-143. In contrast, we did not detect
any changes of luminescence by using a mutated vector instead
of the intact sensor vector (Fig. 3E). Furthermore, we quantified
cellular amounts of miR-143 in PC-3M-luc cells incubated with
CM derived from HEK293 cells or miR-143 overproducing
HEI293 cells by QRT-PCR. As shown in supplemental Fig. 35,
miR-143 was clearly increased at a cellular level by the treat-
ment of the miR-143 enriched CM. These results indicate that
secretory miR-143 exhibits its on-target growth-inhibitory
effect in neighboring precancerous cells, thereby suppressing
their disordered growth.

Secretory miR-143 Functions as Tumor Suppressor in Vivo—
To our knowledge it has never been demonstrated that extra-
cellular tumor-suppressive miRNAs can be transferred into liv-
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ing cells and induce phenotypic change in vivo. To address this
possibility, we injected CM derived from miR-143 overproduc-
ing HEK293 cells or parental HEK293 cells into nude mice
implanted with PC-3M-luc cells. Four days after the subcuta-
neous implantation, we carried out iz vivo imaging and CM
injections according to the timetable shown in Fig. 44. Tumor
expansions have been restrained for 8 days with intratumor
administrations of miR-143 enriched CM, and consequently
the tumor masses shrank by ~0.5-fold on day 8 (Fig. 4B). The
representative luminescent images of inoculated PC-3M-luc
cells on day 8 were shown in Fig. 4C. Consistent with the finding
that miR-143 did not impair growth activity of non-cancer cells
in vitro (Fig. 2D), no toxicity was observed in these mice (data
not shown). In addition, the expressions of miR-143 target
genes, such as KRAS and ERKS5 (16, 21), were decreased after
miR-143-transduced CM injections, indicative of intercellular
miRNA transfer in vivo (Fig. 4D). Thus, our prostate cancer
xenograft model suggests that the tumor-suppressive miRNAs
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detected on day 8 with IVIS imaging system. D, shown is secretory miR-143-mediated KRAS and ERK5 suppression in inoculated tumor cells. On day 8 the
inoculated tumor masses were isolated and applied to immunoblotting analysis for the quantification of KRAS and ERK5 on a protein level.

secreted from normal cells could be efficiently delivered into
their neighboring tumors ix vivo.

DISCUSSION

In this study we documented that miR-143 derived from
non-cancerous cells had the ability to suppress the growth of
cancer cell proliferation not only in vitro but also in vivo. These
observations suggest that tumor-suppressive miRNAs can be
implicated in cell competition between cancer cells and non-
cancer cells. In this context, normal cells attempt to prevent the
outgrowth of precancerous cells by secreting anti-proliferative
miRNAs and maintain a healthy condition; however, the abnor-
mal cells can circumvent this inhibitory machinery, finally
resulting in a tumor expansion (Fig. 24). Cell competition could
be ahomeostatic mechanism that tumor cells need to overcome
(1).

Here, we discuss two possible mechanisms by which cancer
cells can gain resistance to secretory tumor-suppressive
miRNAs. One is a blockade for the uptake of miRNAs, and the
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other is a cancellation of silencing activity of the incorporated
miRNAs. As previously reported, miRNAs are loaded into exo-
somes and then secreted from living cells (7, 22, 23). If exosomes
enriched in miRNAs are actively incorporated by recipient cells,
cancer cells can impair the uptake mechanism to escape from the
attack of secretory tumor-suppressive miRNAs. This scenario is
supported by a recent publication regarding a Tim4 expected for
an exosome receptor (24).

In the latter case cancer cells need to specifically compromise
the incorporated tumor-suppressive miRNAs because there are
some types of miRNAs that are indispensable for the expansion
of cancer cells. A RISC assembly is composed of many protein
families, such as the mammalian AGO family, GW182, and heat
shock proteins (25). Moreover, each gene family also consists of
many members, thereby generating diversity of RISC assem-
blies. The heterogeneity of RISC assemblies allows tumor-sup-
pressive miRNAs to selectively bind with a RISC and silence
their target genes on the complex. If cancer cells can exclusively
destroy the tumor-suppressive RISC assembly, they can safely
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grow in a limited niche full of anti-proliferative miRNAs. The
detailed mechanism of the resistance to cell competition
remains unknown.

In addition to the acquired resistance, there is another pos-
sibility that normal cells will lose secretory capacity of exosomal
miRNAs. p53 was shown to enhance exosome production in
cells undergoing a p53 response to stress (26). In other words,
dysfunction of p53 will result in decreased miRNA secretion.
The tumor-suppressive ability of p53 can partly depend on the
control of miRNA release from normal cells.

Numerous studies show a broad variety of reasons for tumor
initiation, including gene amplification, cellular stress, meta-
bolic alteration, and epigenetic changes. This work suggests
that the disruption of the cell competitive process mediated by
secretory miRNAs will result in the occurrence of neoplasm.
Understanding the mechanism by which homeostasis is
impaired leads to a novel therapeutic approach for cancer
progression.
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Abstract

drug sensitivity in MCF7-ADR.

expression changes.

Background: Acquisition of drug-resistance in cancer has led to treatment failure, however, their mechanisms have
not been clarified yet. Recent observations indicated that aberrant expressed microRNA (miRNA) caused by
chromosomal alterations play a critical role in the initiation and progression of cancer. Here, we performed an
integrated genomic analysis combined with array-based comparative hybridization, miRNA, and gene expression
microarray to elucidate the mechanism of drug-resistance.

Results: Through genomic approaches in MCF7-ADR; a drug-resistant breast cancer cell line, our results reflect the
unique features of drug-resistance, including MDR1 overexpression via genomic amplification and miRNA-mediated
TP53INP1 down-regulation. Using a gain of function study with 12 miRNAs whose expressions were down-
regulated and genome regions were deleted, we show that miR-505 is a novel tumor suppressive miRNA and
inhibits cell proliferation by inducing apoptosis. We also find that Akt3, correlate inversely with miR-505, modulates

Conclusion: These findings indicate that various genes and miRNAs orchestrate to temper the drug-resistance in
cancer cells, and thus acquisition of drug-resistance is intricately controlled by genomic status, gene and miRNA

Keywords: aCGH, microRNA, gene expression, breast cancer, drug resistance

Background

Systemic therapy improves disease-free survival in patients
with breast cancer, but does not cure patients with
advanced or metastatic disease, and fails to benefit the
majority of patients with localized breast cancer. Intrinsic
resistance to chemotherapy is emerging as a significant
cause of treatment failure, and evolving research has iden-
tified several potential causes of resistance [1]. For
instance, P-glycoprotein (Pgp), the drug efflux pump
encoded by the MDR-1 gene is associated with multidrug
resistance in several kinds of advanced cancer. Further-
more, the multidrug resistance-associated protein MRP1
[2,3], breast cancer resistance protein (ABCG2) and other
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Research Institute, 1-1, Tsukiji, 5-chome, Chuo-ku, Tokyo 104-0045, Japan
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transporters [4], which act as energy-dependent efflux
pumps capable of expelling a large range of xenobiotics,
have been reported to be upregulated in tumor cells show-
ing the multidrug-resistant phenotype. In addition, overex-
pression of anti-apoptotic proteins, such as Bcl-2 and
Bcl-xL, are also associated with drug resistance and poor
clinical outcome in cancer patients. It is essential to decide
the molecular target to treat the advanced cancer by mole-
cular targeted therapies such as RNA interference and
antibody treatment, however, regulatory networks under-
lying drug resistance in cancer cells have been elusive.
MicroRNAs (miRNAs) are small non-coding RNA of
21-25nt transcripts, playing central roles in physiological
and pathological processes, including cell differentiation,
apoptosis, and oncogenesis by either inducing mRNA
degradation or by regulating the translational efficiency
of mRNA [5-7]. Recently, several research groups have

@© 2011 Yamamoto et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http//creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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provided evidence that some miRNA expression levels
are frequently modulated by genomic aberrations, such
as genomic DNA copy number gain or loss, transloca-
tions, and epigenetic regulations [8]. For example, miR-
15a and miR-16-1, whose genomic regions are deleted
and expressions are down-regulated in the majority of
chronic lymphocytic leukemia (CLL). Furthermore, their
target Bcl-2 is overexpressed in CLL at the mRNA and
protein level [9]. Another study showed that the expres-
sion level of miR-34a was down-regulated by deletion of
1p36 heterozygosity in neuroblastoma and contributed to
an aggressive phenotype [10]. As reported in the studies
of cancer genetics in lung, leukemia, colon, breast and
ovary, a large number of miRNAs are located at chromo-
somal fragile sites, i.e., minimal regions of loss of hetero-
zygosity (LOH) and minimal regions of genomic
amplification [11]. These reports indicated that the
emphasis on a genomic analysis was due to the fact that
DNA copy number alterations are associated with
expression levels of miRNAs and genes.

In this study, to better understand the regulatory net-
work underlying drug resistance in breast cancer cells, we
focus on miRNAs and genes located on the genome-
amplified and -deleted regions because genomic aberration
is closely associated with gene expression, and this expres-
sion alteration might be constantly maintained. For the
identification of molecular targets, we initially performed
an integrated genomic analysis to compare the DNA copy
number and expression profile of mRNA and miRNA
between MCF7; a parental breast cancer cell line and
MCF7-ADR; a drug-resistant breast cancer cell line
[12,13]. Through the genomic analysis, we found that the
genomic alterations of drug resistance-related genes, e.g.
amplified genomic regions and overexpression of MDR-1
and miRNA-mediated TP53INP1 down-regulation. In
addition, of 12 miRNAs whose expressions were down-
regulated and genomic regions were deleted, we deter-
mined that miR-505 promotes the inhibition of cell
growth in MCF7-ADR cells, by inducing apoptotic cell
death in the presence of docetaxel (DOC).

Methods

Cell culture

MCF7 human mammary carcinoma cells and multidrug-
resistant MCF7-ADR human mammary carcinoma cells
were obtained from Shien-Lab, Medical Oncology,
National Cancer Center Hospital. MCF7-ADR-Luc cells
were established by transfecting with a pLuc-neo expres-
sion vector, which has the firefly luciferase GL3 cDNA
cloned into the downstream of the SV40 promoter and
the G418 selective marker gene. Cells were selected in a
medium containing 0.6 mg/ml of G418 (Gibco BRL) and
were maintained and passaged in an RPMI 1640 medium
(Gibco BRL) supplemented with 10% fetal bovine serum
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(Gibco BRL) under 5% CO, in a humidified incubator at
37°C.

RNA and genomic DNA extraction

Total RNA was extracted from MCF7, MCF7-ADR, and
MCF7-ADR-Luc cells using the ISOGEN solution (Nip-
pon Gene, Tokyo, Japan) according to the manufacturer’s
protocol. Genomic DNA was prepared from MCF7 and
MCF7-ADR. The yield and purity of the genomic DNA
and total RNA were measured using a NanoDrop ND-
1000 spectrophotometer (Thermo Fisher Scientific). The
quality of the total RNA was verified to have an RNA
Integrity Number using a Bioanalyzer and RNA 6000 Lab-
Chip Kit (Agilent Technologies).

Oligonucleotide array CGH (aCGH) Analysis

All DNA labeling reactions and hybridizations were
carried out following the manufacture’s protocol (Agilent
Oligonucleotide Array-Based CGH for Genomic DNA
Analysis, Version 4.0, Direct Method). Briefly, 3.0 pug of
MCEF-7, MCF7-ADR and reference DNA (Promega,
female, p/n G1521) were digested with Alul and Rsal for
2 hours at 37°C, followed by heat inactivation at 65°C for
10 minutes. Digested DNA was then labeled using the
Agilent Genomic DNA Labeling Kit Plus (p/n 5188-5309)
using random primers and the exo-Klenow fragment to
differentially label genomic DNA samples with fluores-
cently labeled nucleotides. All experimental and reference
samples were labeled with Cyanine-5 dUTP and Cyanine-
3 dUTP, separately, for 2 hours at 37°C to enable duplicate
hybridizations with the corresponding dye reversal arrays.
Experimental and reference targets for each hybridization
were purified with a Microcon YM-30 column (Millipore)
and validated by the NanoDrop ND-1000, respectively to
ensure the yield and the specific dye incorporation activity
of the labeled genomic DNA. The individual pair of
labeled targets were combined together, mixed with Cot-1
DNA (Invitrogen) and 10xBlocking Agent (Agilent), and
then mixed with Agilent 2xHybridization Buffer (p/n
5188-5220). Before hybridization, the combined mixtures
were denatured for 3 minutes at 95°C, incubated for
30 minutes at 37°C and then applied to the Agilent
Human 244A CGH arrays (G4411B). Using an Agilent
microarray hybridization chambers, the hybridization was
carried out for 40 hours at 65°C in a rotating oven (Agi-
lent) at 20 r.p.m. The hybridization chambers were then
disassembled and array slides were washed for 5 minutes
at room temperature in Agilent Oligo aCGH Wash Buffers
1, followed by 1 minute at 37°C in Agilent Oligo aCGH
Wash Buffer 2 (p/n 5188-5226) (prewarmed to 37°C over-
night). The slides were removed from the wash buffer 2
slowly (5-10 seconds) after which time they were comple-
tely dry and were scanned using an Agilent DNA Microar-
ray scanner with 5 um resolution. The data of microarray
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images were extracted by Agilent Feature Extraction Soft-
ware v9.5 in which a modified Feature Extraction protocol,
CGH-v4_95_Feb07 was used in conjunction with a gene
list on chromosome 21 g-arm to normalize spot-intensity
values and ratios to each extraction set. These ratio data
along with associated error values and flagged features
were imported into CGH Analytics Software v3.4 (Agi-
lent). The dye reversal data and intra-replicate spots were
then combined while the data centralization and fuzzy
zero algorithms were not applied in the CGH Analytics.
To make aberration calls, an aberration detection algo-
rithm, ADM-2 [14] was used at threshold 10 and an aber-
ration filter was set at 2 for the minimum number of
probe region and 1 for minimum absolute average log2
ratio for regions in the CGH Analytics to reduce false
positives.

Gene Expression Analysis

All RNA labeling reactions and hybridizations were carried
out following the manufacture’s protocol (Agilent One-
Color Microarray-Based Gene Expression Analysis, Ver-
sion 5.0.1). Briefly, polyA(+)RNA in 500 ng of total RNA
was primed with an oligo (d)T-T7 primer and converted
into dsDNA with MMLV-RT, then transcribed and simul-
taneously labeled with Cyanine 3-CTP for 2 hours at 40°C
using Agilent Low RNA Input Linear Amplification Kit
(p/n 5188-5339). After labeling and cRNA purification,
c¢RNA was quantified and the specific dye incorporation
activity was validated using the NanoDrop ND-1000. 1.65
pg of labeled cRNA was mixed with Agilent 10xBlocking
Agent and 25xFragmentation Buffer, then incubated at
60°C for 30 hours. After fragmentation, the cRNA mix-
tures were immediately mixed with Agilent 2xHybridiza-
tion Buffer (p/n 5188-5339) and applied to the Agilent
Human 4x44 K whole genome microarrays (G4112F) for
17 hours at 65°C (10 r.p.m.). Array slides were washed
with Agilent Gene Expression Wash Buffer 1 and 2 (p/n
5188-5327) and then scanned using the Agilent DNA
Microarray scanner with 5 um resolution and the
eXtended Dynamic range setting (XDR Hi 100%, Low
10%) to avoid saturated features. The data of microarray
images were extracted by Agilent Feature Extraction Soft-
ware v9.5 using the GE1_v5_95 protocol. The extracted
signal intensities and flagged information were imported
into GeneSpring 7.3.1 software and the data sets were nor-
malized by adjusting the intensity distribution of well-
above background and unflagged features to 50th percen-
tile to account for the interchip variability. Comparison of
MCF7 and MCF7-ADR was done using duplicate array
data set for each cell line.

miRNA Expression Analysis
All RNA labeling reactions and hybridizations were car-
ried out following the manufacture’s prototype protocol
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(Agilent miRNA Microarray system, Version 0.3, early
access). Briefly, 100 ng of total RNA including fraction of
small mature miRNA was dephosphorylated by calf intes-
tine alkaline phosphatase (p/n E2250Y, Amersham Bios-
ciences) for 30 minutes at 37°C and denatured by adding
DMSO (p/n D8418, Sigma) for 8 minutes at 100°C. Liga-
tion was then carried out with T4 RNA ligase (p/n
E2050Y, Amersham Biosciences) and pCp-Cy3 (p/n
5190-0408, Agilent) for 2 hours at 16°C that allowed us
to perform a quantitative direct labeling method [15].
The labeled miRNAs were desalted with Micro Bio-Spin
6 column (p/n 732-6221, Bio-Rad) and combined with
Agilent 10xGE Blocking Agent and 2xHybridization Buf-
fer (p/n 5190-0408). The mixture was heated for 5 min-
utes at 100°C and immediately cooled to 0°C. Each
sample was hybridized to the Agilent early access Human

* 8x15 K microRNA microarrays covered 470 miRNAs

(AMADID 015508, early access) for 20 hours at 55°C
(20 r.p.m.). Array slides were washed with 6x SSC/
0.005% Triton X-100 for 10 minutes, then 0.1x SSC/
0.005% Triton X-100 for 5 minutes, both at room tem-
perature. Slides were scanned using the Agilent DNA
Microarray scanner with 5 pum resolution and the
eXtended Dynamic range setting (XDR Hi 100%, Low
5%) to avoid saturated features. The data were extracted
by Agilent Feature Extraction Software v9.5 using the
miRNA_120106 protocol which extracts intensities of
multiple probes with multiple features per probe and
reports the measurements and errors as the TotalGen-
eSignal and TotalGeneSignalError for each of the miR-
NAs. These values were imported to the GeneSpring GX
version 7.3.1 without applying any normalization algo-
rithm. The miRNA profiles generated on the Agilent
platform were prior normalized to the amount of input
total RNA in which 100 ng of total RNA were equally
used for each assay and all of the labeled targets were
loaded on each array. Comparison of MCF7 and MCF7-
ADR was done using duplicate array data set for each cell
line.

Transfection of miRNA into MCF7-ADR-Luc cells

For MCF7-ADR-Luc cells, transfection of miRNA was car-
ried out using DharmaFECT 1 (Dharmacon) according to
the manufacturer’s protocol. MCF7-ADR-Luc cells were
plated in growth medium 24 hours before transfection.
The cells, which were grown to 50% confluence, were
transfected with 20 nM miRNAs and cultured. Two or
3 days after transfection, the cells were subjected to
further analyses.

Apoptosis assay measurement of caspase activity in vitro

Caspase-7, which plays key effecter roles in apoptosis,
was detected in caspase-3-deficient MCF7-ADR-Luc
cells. The arrays used in an in vitro growth assay were
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measured with the Apo-ONE Homogeneous Caspase-3/
7 Assay (Promega) according to the manufacturer’s
instructions. Cells were incubated with the Apo-ONE
Caspase-3/7 Assay Reagent for 1.5 hours at room tem-
perature, and the fluorescence was then measured at
485Ex/535Em with a Wallac Multi-label Counter.

Hoechst staining

Cells were washed with PBS(-), and a fixative and staining
solution was added (4% paraformaldehyde, 1 pg/ml
Hoechst 33342 in PBS). Ten minutes after incubation,
cells were washed with PBS, and the number of apoptotic
cells was then determined in three microscopic fields of
each well by fluorescence microscopy (Olympus).

Luciferase assay for the measurement of cell growth
MCF7-ADR-Luc cells were plated into 5 x 10 cells per
well and cultured. The cell growth in each well was then
estimated by firefly luciferase activity because the cell
numbers were correlated with the bioluminescence from
MCEF7-ADR-Luc cells. Luciferase assays were performed
with a Wallac Multi-label Counter (PerkinElmer) and
Bright-Glo Luciferase Assay System (Promega, Tokyo,
Japan) according to the manufacturer’s protocol.

Real-time RT-PCR

The total RNA was used to produce cDNAs with the
SuperScript™ II First-Strand Synthesis System (Invitrogen,
Tokyo, Japan) according to the manufacturer’s protocol.
For quantification, cDNA samples were subjected to real-
time PCR using Platinum SYBR Green qPCR SuperMix
UDG (Invitrogen) in triplicates, and reactions were carried
out in an ABI PRISM 7300 (Applied Biosystems, Tokyo,
Japan). The specific sequences of primers for the analyzed
genes are shown in Additional File 1 Table S1. The
expression levels of genes were normalized to GAPDH.
For miRNA real-time RT-PCR, total RNAs of approxi-
mately 100 ng were reverse-transcribed using the Tagman
miRNA reverse transcription kit (Applied Biosystems).
Real-time quantitative PCR amplification of the cDNA
template was done using Tagman Universal PCR Master
Mix (Applied Biosystems, Tokyo, Japan) in an ABI PRISM
7300 (Applied Biosystems). The PCR conditions were
50°C for 2 minutes and 95°C for 10 minutes followed by
50 cycles of 95°C for 15 seconds and 60°C for 1 minute.
Tagman probes for human were used to assess the expres-
sion levels of miRNAs (hsa-miR-505, ID: 4373230, hsa-
miR-130, ID: 000454, and hsa-miR-155, ID: 002623).

3’'UTR assay plasmid constructs

A 1235 bp fragment from the 3'UTR of Akt3 containing
the predicted target sequence of miR-505 (located at posi-
tions 529-535 of the Akt3 3'UTR) and a 934 bp fragment
from the 3'UTR of Akt3 containing the predicted target

Page 4 of 16

sequence of miR-505 (located at positions 529-535 of this
fragment) were PCR-cloned from MCF7-ADR cells iso-
lated total RNA. Three prime A-overhang was added to
the PCR products after 15 minutes of regular Taq poly-
merase treatment at 72°C. The PCR products were cloned
into a pGEM-T easy vector (Promega). The amplified pro-
ducts were ligated into the Notl sites of the 3'UTR of the
Renilla luciferase gene in the psi-check-2 plasmid (Pro-
mega) to generate psi-Akt3_1 (1235 bp) and psi-Akt3_2
(934 bp). Primer sequences used for PCR-cloning were
shown as below: Akt3_F, GAGCCAGAGAGCATCT
TTCC, Akt3_R1, GCTGCCTTAGTAAAATGCCC, and
Akt3_R2, GACTTCACAGGCTGCTITTGG.

Statistical analysis

The results are given as the mean + s.d. Statistical analy-
sis was conducted using the analysis of variance with the
Student’s t-test. A P value of 0.05 or less was considered
to indicate a significant difference.

Results

An integrated genomic analysis unveils the status of
cancer cells

MCF7-ADR is a multi-drug resistant cell line derived
from MCEF?7 breast cancer cell line. We utilized these two
cell lines to understand the regulatory network underly-
ing drug resistance in breast cancer and conducted three
types of genomic analysis, i.e. array-based comparative
hybridization (aCGH) (Figure 1B), miRNA (Additional
File 2 Figure. S1A) and gene expression (Additional File
2 Figure. S1B). Genes and miRNAs, which are located on
the genome-amplified and -deleted regions, are expected
to be responsible for drug resistance and sensitivity.
Moreover, these three types of array data were used for
miRNA target prediction and pathway to further eluci-
date key factors for drug resistance (Figure 1A).

As a consequence of array-based CGH, changes in DNA
copy number in MCF7-ADR and MCF7 as compared with
normal female genome were found in a large number of
regions as amplification and deletion (Figure 1B). Accuracy
of array-based CGH was validated by dye flip experiment
that exhibited strikingly mirroring images (Additional File
3 Figure. S2). The numbers of genes and miRNAs located
on the amplified and deleted genome regions (fold change
> 3) in MCF7-ADR and MCF7 cells are shown (Figure
1C). On further comparison, a large number of changes in
gene and miRNA expressions were observed between
MCF7 and MCF7-ADR (Additional File 2 Figure. S1A and
B). These genes with aberrant differences were observed
predominantly in amplified region in MCF7 and, in con-
trast, they were mainly in deleted regions in MCF7-ADR
(Figure 1B and 1C). In a different criterion of aCGH data
(fold change > 2), we could see the same propensity more
clearly (Additional File 4 Figure. S3A and B).
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Figure 1 An integrated genomic analysis to clarify drug resistance in MCF7-ADR (drug-resistant breast cancer cell line). (A) Schematic
representation of an integrated genomic analysis. During the acquisition of drug resistance in breast cancer cell (MCF7; parental cell line and
MCF7-ADR; drug resistance cell line), a large number of genomic alterations were raised, such as amplification or deletion, to modulate the
expression of genes and miRNAs. Based on aCGH, miRNAs and genes on the aberration region of genome are selected for further analysis of its
target genes and their associated-pathways in silico. (B) aCGH analysis of MCF7 and MCF7-ADR as compared with normal human female
genome. Blue line shows normal vs. MCF7, and red line shows normal vs. MCF7-ADR (top). Amplified or deleted genome regions (fold change >
3) are highlighted (bottom). (C) The numbers of genes and miRNAs located on the amplified or deleted genome regions (FC > 3). (D and E) The
expression tendency of genes located on the aberrant genome regions. 426 genes from MCF7 amplified regions and 6 genes from MCF7-ADR
amplified regions are plotted in left panels of each scatter plot. Six genes from MCF7 deleted regions and 25 genes from MCF7-ADR deleted
regions are plotted in right panels of each scatter plot.
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Because genomic amplification and deletion are
thought to be associated with up- and down-regulation
in expression, respectively, 426 genes on the amplified
region in MCF7 and 6 genes on the deleted regions in
MCEF?7 were plotted (Figure 1D). When the expression
levels of amplified 426 genes and deleted 6 genes were
checked, the expression of 426 genes tended to increase
(Figure 1D left), and vice versa that of 6 genes tended to
decrease in MCF7 as compared with MCF7-ADR (Fig-
ure 1D right), although these gene numbers were
counted based on the comparison of MCF7 and normal
female genome. Consistent with MCF7 result, we can
see similar tendency in gene expression in the result of
MCEF7-ADR (Figure 1E), indicating that the gene expres-
sion levels and genomic alterations are broadly corre-
lated in this experiment.

An integrated genomic analysis reflects the unique
features of drug resistance in breast cancer cells

We hypothesized that genes and miRNAs in the region of
genomic alteration were relevant to drug resistance in
MCEF7-ADR cells. In the most amplified region in MCF7-
ADR, we found MDR1 gene, which is an important efflux
pump for drug resistance. Its genome locus was amplified
more than 20-fold (Figure 2A), and its expression was up-
regulated 800-fold or more in MCF7-ADR by microarray
(Figure 2B). Expression level of MDR1 was confirmed by
real-time RT-PCR and was observed to be remarkably up-
regulated in MCF7-ADR consistent with our previous
study (Figure 2C) [13], suggesting that the genomic ampli-
fication and overexpression of MDR1 were one of the rea-
sons for drug resistance of MCF7-ADR.

Next, we tried to know the target genes of differentially-
expressed miRNA in MCF7-ADR, because these genes
might act as key molecules for drug resistance. Seventy-
four miRNAs were 2 fold or more up-regulated in MCF7-
ADR (Figure 3A), and we selected genes that have binding
sites of more than 15% of up-regulated miRNAs in their
3’'UTR. The scatter plot shows expression levels of these
genes (Figure 2D), and 3 gene names are displayed
because their expression levels are considerably down-
regulated in MCF7-ADR. One of them is tumor protein
p53 inducible nuclear protein 1 (TP53INP1) (Figure 2D),
which has been recently shown to be suppressed by several
miRNAs such as miR-130 and miR-155 [16,17]. Further-
more, decreased expression of TP53INP1 is involved in
breast cancer progression [18]. As shown in Figure 2E,
expression of miRNAs which potentially bind to 3'UTR of
TP53INP1 were plotted, and it displays names of miRNAs
whose expression levels were considerably up-regulated in
MCEF7-ADR. These included miR-130 and miR-155 also
known as TP53INP1 binding miRNAs, and most of them
are highly expressed in MCF7-ADR, indicating that these
miRNAs and TP53INP1 expressions were inversely
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correlated. From the real-time RT-PCR analysis, down-
regulation of TP53INP1 and up-regulation of miR-130
and miR-155 in MCF7-ADR as compared with MCF-7
(Figure 2F and 2G). Taken together with our results and
recent publications, our integrated genomic analysis can
clearly reflect the status of multi-drug resistant MCF7-
ADR.

Pathway analysis of up- and down-regulated miRNA
target genes

Cancer cells abrogate the function of drug sensitive genes,
such as tumor suppressor gene and related-gene pathway
after the anticancer drug treatment, and thus we specu-
lated that differentially-expressed miRNAs between
MCEF7-ADR and MCF7 controlled the gene pathway gov-
erning drug resistance. As shown in Figure 3A, 74 miR-
NAs and 32 miRNAs were up- and down-regulated in
MCF7-ADR, respectively. Target gene prediction showed
up-regulated 74 miRNAs had 5, 137 genes and down-
regulated 32 miRNAs had 3, 579 genes as target candi-
dates (Figure 3A). Expression levels of these genes were
plotted in the scatter plots, however, decreasing and
increasing expression tendencies were not clearly observed
(data not shown). So, with these genes, we next checked
what kind of gene pathways were expected to be regulated
by differentially-expressed miRNAs. A large number of
pathways were significantly chosen (Top 20 pathways
shown in Additional File 5 Table S2). Surprisingly, many
common pathways were enriched in both up-and down-
regulated miRNA targeted genes, suggesting that the dif-
ferentially-expressed miRNAs orchestrated to lead the glo-
bal gene expression changes in MCF7-ADR. Intriguingly,
these miRNAs seem to regulate some of drug resistance
related signaling pathways, such as Wnt, insulin, EGFR1,
MAPK and TGF-beta receptor (Additional File 5 Table
S2, Figure. 3B and Additional File 6 Figure. S4). This data
shows the possibility that differentially-expressed miRNAs
might cooperatively regulate their target pathways and
change drug resistance and sensitivity in MCF7-ADR.

Identification of miRNAs that suppress cell proliferation in
MCF7-ADR

We next explored whether the miRNAs that were located
on the aberrant genome regions played a role in regulating
drug resistance of MCF7-ADR. To this end, genomic sta-
tus between MCF7-ADR and MCF7 were directly com-
pared (Figure 4A). The numbers of genes and miRNAs
that were located on the aberrant regions are shown (Fig-
ure 4B) and most of them were on the deleted regions in
MCEF7-ADR. A scatter plot showed 49 miRNAs on the
deleted genomic regions in MCF7-ADR (Figure 4C) and
expression levels of these 49 miRNAs had decreasing

~ trend in MCF7-ADR. In this study, we focus on miRNAs

whose expressions were down-regulated and genomic
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Figure 2 Genomic amplification and overexpression of MDR1, and a number of miRNA regulation of TP53iNP1. (A) Twenty fold
amplification of multi-drug resistance gene (MDR1) region in MCF7-ADR as compared with MCF7. (B and C) Overepression of MDR1 gene in
MCF7-ADR by microarray and real-time PCR, respectively. (D) Scatter plot of miRNA target genes predicted by Targetscan. More than 15% of
miRNAs up-regulated in MCF7-ADR (74 miRNAs) were predicted to potentially bind the 3-UTR of these genes. Expression levels of three
(TPS3INP1, PURB and TRPS1) of them are clearly dwon-regulated. (E) Scatter plot of miRNAs that might bind to 3'UTR of TP53INP1 gene. (F and
G) Confirmation of TP53INP1 gene, miR-130 and miR155 expression by real-time PCR. Standard deviation was calculated in triplicate
determinants in the experiment.
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Figure 3 Pathway enrichment analysis of up- and down-regulated miRNAs in breast cancer cells. (A) Diagram of GO analysis of MCF7 and
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Red boxes show high expression genes, and green boxes show low expression genes.




Yamamoto et al. Molecular Cancer 2011, 10:135
http://www.molecular-cancer.com/content/10/1/135

Page 9 of 16

A

H

MCF7-ADR minus MCF7

Dol

RAAAL I

o
b

i

e T TR D e 1Y

T T T

| i
AR

:
i
H
|

;14;15

o
P
;

|
3
4

!
|
i
o
B
T

I :
[T WA TR B 3

MCF7-ADR vs MCF7

C

BANR HCETATA fontien aeds

MCFT-ADR

O werr

" MCF7

DNA copy
Number Gene miRNA
Amp 3 0
Del 1,566 49
FC>2
D, . E .
IMCF7-ADR | MCF7-ADR
. i
‘- s
b i
: ~ MCF7

n

Cell growth
(Relative light unit (x10%))

Figure 4 Screening of miRNAs responsible for drug resistance in MCF7-ADR. (A) Direct comparison of MCF7 and MCF7-ADR genomic
status based aCGH. Modified Figure18, differences in genomic status between MCF7 and MCF7-ADR are shown (FC > 2). (B) The number of
genes and miRNAs located on the amplified or deleted genome regions in MCF7-ADR as compared with MCF7 (FC > 2). (C) Scatter plot of 49
miRNAs that locates in the deleted genomic regions in MCF7-ADR. (D) Scatter plot of 72 miRNAs whose expression was down-regulated in
MCF7-ADR when compared with MCF7. (E) Twelve miRNAs (miR-23b, miR-25, miR-27b, miR-93, miR-106b, miR-189, miR-489, miR-505, miR-542-5p,
miR-565, miR-652 and let-7d), which are overlapped between deleted and down-regulated in MCF7-ADR, are candidates responsible for drug
resistance in MCF7-ADR. (F) Transfection analysis of selected 12 miRNAs in MCF7-ADR-Luc, which stably express luciferase. All miRNAs were
transfected at 20 nM. Seventy-two hours after transfection, cell growth was estimated by luciferase activity in MCF7-ADR-Luc cells (n = 3-6 per

group). P < 0.05.
N

N
(o]

15 .
10 |

[¢;]

o

miR-23b
miR-25

miR-27b
miR-93
miR-106b
miR-189
miR-489

miR-505

s nane

i

miR-542-5p

Down-
regulated Deleted
miRNAs miRNAs
Analyze their effects

on cell proliferation

*

2 8 R o
L9 v =z
x x =

S S




Yamamoto et al. Molecular Cancer 2011, 10:135
http://www.molecular-cancer.com/content/10/1/135

status was deleted in MCF7-ADR cells as compared to
MCEF7. Expression levels of 72 miRNAs were significantly
down-regulated (p < 0.05, Additional File 7 Table S3 and
Figure 4D) and 49 miRNAs (Additional File 8 Table S4
and Figure 4C) were located in deleted regions (FC > 2) in
MCE7-ADR cells. Twelve miRNAs were overlapped
between the 72 down-regulated miRNAs and 49 deleted
miRNAs (Table 1 and Figure 4E).

To examine the functions of these miRNAs, we tested the
effects of 12 miRNAs on cell proliferation in MCF7-ADR
cells. The 12 miRNAs (miR-23b, miR-25, miR-27b, miR-
93, miR-106b, miR-189, miR-489, miR-505, miR-542-5p,
miR-565, miR-652, and let-7d) were transfected into
MCE7-ADR-Luc cells (Figure 4F). Interestingly, miR-25,
miR-93, and miR-106b are known as polycistronic miR-
NAs [19] and their expression and genomic region were
coincidently changed between MCF7-ADR and MCF7
(Additional File 9 Figure. §5). Consistent with previous
report, transfection with miR-93 and miR-106b promoted
cell proliferation as compared with negative control
miRNA, suggesting that they actually act as oncogenic
miRNAs [19,20]. Inversely, transfection of miR-505 and
let-7d inhibited the cell proliferation of MCF7-ADR-Luc
cells. Let-7 family is a well known tumor suppressive
miRNA as described in many reports [21-23]. Inhibitory
effects of cell growth by miR-505 and let-7d transfection
are at similar level (Figure 4F). These data suggest that
miR-505 is a novel tumor suppressive miRNA and plays a
role in the regulation of cell proliferation similar to let-7d.

miR-505 inhibits cell growth by inducing apoptotic cell
death in MCF7-ADR cells

Since transfection of miR-505 showed the inhibition of
cell proliferation effectively and significantly (Figure 4F
and 5A), we focused on miR-505 to evaluate its molecu-
lar function in this study. From the aCGH data, geno-
mic region of miR-505 locus in MCF7-ADR was deleted
(Figure 5B), in contrast it was intact in MCF7. The

Table 1 Selected 12 miRNAs
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expression level of miR-505 was also decreased by real-
time RT-PCR analysis in MCF7 and MCF7-ADR cells
(Figure 5C). To further examine the mechanism of cell
growth inhibition, we sought to check whether miR-505
is responsible for cell apoptosis in MCF7-ADR cells. A
mature form of miR-505 was transfected into MCF7-
ADR cells in the presence or absence of DOC (1 nM),
as MCF7-ADR cells are resistant to DOC, and caspase-7
activity was measured to estimate apoptotic cell death in
MCEF7-ADR. The results of the caspase-7 assay indicated
that transfection of miR-505 with DOC resulted in a
marked induction of apoptosis (p < 0.05, Figure 5D),
although no significant difference was seen in the sam-
ples without DOC. We validated this result by counting
the Hoechst-stained cells showing apoptotic nuclear
condensation and fragmentation and found that signifi-
cantly higher apoptotic cell death was observed in cells
with miR-505 than in control miRNA (p < 0.05, Figure
5E and 5F). Taken together, we concluded that transfec-
tion of miR-505 inhibit the growth of drug resistance
cells, MCF7-ADR, through the inducing apoptosis.

Akt3, correlates inversely with miR-505 expression,
modulates drug sensitivity

It has been already known that drug resistance in cancer
cells was an acquired characteristic by activation of multi-
ple drug resistance-responsible genes. To investigate what
kind of the genes are responsible for the drug sensivity by
miR-505 induce gene suppression, we combined gene
expression data and gene ontology (Figure 6A). As for
gene expression data, since the expression level of
miRNA-regulating genes was up-regulated when miRNA
expression was lower in MCF7-ADR than in MCF7 cells,
up-regulated genes judged by the T-test (1, 758 genes,
Additional File 10 Table S5) were selected as candidates of
miR-505. As miR-505-targeted genes, apoptosis-related
genes (153 genes, Additional File 11 Table S6) were cho-
sen using a database (KEGG web site, http://www.genome.

Name MCF7-ADR/MCF7 Chromosome Start Stop
hsa-miR-565 048 3 45705468 45705564
hsa-miR-489 0.01 7 92951184 92951267
hsa-miR-25 0.16 7 99529119 99529202
hsa-miR-93 0.15 7 99529327 99529406
hsa-miR-106b 0.15 7 99529552 99529633
hsa-let-7d 037 9 95980937 95981023
hsa-miR-23b 0.18 9 96887311 96887407
hsa-miR-27b 0.12 9 96887548 96887644
hsa-miR-189 (miR-24) 0.00 9 96888124 96888191
hsa-miR-652 018 X 109185213 109185310
hsa-miR-542-5p 0.56 X 133501037 133505133
hsa-miR-505 053 X 138833973 138834056
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Figure 5 miR-505 inhibits cell growth by inducing apoptotic cell death in MCF7-ADR. (A) Images show typical MCF7-ADR cells transfected
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jp/kegg/) because transfection of miR-505 induced apopto-
tic cell death in MCF7-ADR-Luc cells. By combining these
data, we postulated that Akt3 gene is candidate of miR-
505-regulating gene, which is responsible for the drug
resistance in breast cancer cell (Figure 6A). Notably, sev-
eral studies have reported that Akt3 promotes melanoma
development [24] and that the down-regulation of Akt3
distinctly inhibited the proliferation of ovarian cancer cell
lines by slowing G2-M phase transition [25]. Given this
evidence and the observed phenotype in miR-505-trans-
fected MCF7-ADR-Luc cells, we sought to determine
whether Akt3 was a target of miR-505 or not. As shown in
Figure 6B, decrease in relative gene expression was
observed with miR-505 in MCF7-ADR-Luc cells, suggest-
ing that miR-505 suppresses the gene expression of Akt3.
However, we found that miR-505 could not bind to the 3'-
UTR of Akt3 gene (Additional File 12 Figure. S6), indicat-
ing that down-regulation of Akt3 after miR-505 overex-
pression was caused by indirect effect of miR-505-
mediated gene suppression. Finally, transfection of Akt3
siRNA was conducted to examine whether down-regula-
tion of the Akt3 gene induced cell growth arrest in the
presence or absence of DOC. Three days after transfec-
tion, the expression of Akt3 was clearly suppressed (Addi-
tional File 13 Figure. S7), and cell growth rates were
assayed with or without 1, 10, and 20 nM DOC condi-
tions. A slight decrease in cell growth was observed with
1 nM DOC condition, and more remarkable decreases
was detected with 10 and 20 nM DOC conditions in Akt3
siRNA-transfected MCF7-ADR cells than in control
siRNA-transfected cells (Figure 6C). Therefore, our data
show that Akt3, whose expression is correlated conversely
with miR-505, regulates DOC sensitivity in MCF7-ADR
cells.

Discussion

According to recent high-throughput analyses of both
coding and non-coding genes, cancer progression is
caused by genetic alteration involving structural and
expression abnormalities of oncogenes and tumor sup-
pressor genes [6,26]. In this study, we performed an inte-
grated genomic analysis to link miRNA expression data
to aCGH and gene expression microarray, using the par-
ental cell line MCF7 and the drug-resistant cell line
MCF7-ADR, to examine the molecular mechanism gov-
erning drug resistance in breast cancer. We found that
the expression of miR-505 was down-regulated, and its
genomic region was deleted in MCF7-ADR cells, which
provided evidence that miR-505 was a tumor suppressive
miRNA and had a pivotal role for inducing apoptosis in
drug resistant cancer cells. In addition, by using the data
of gene expression and bioinformatics analysis (gene
function), our data identified Akt3 whose expression was
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conversely correlated with miR-505, which modulated
drug sensitivity in MCF7-ADR.

Akt is a homolog of the retroviral oncogene v-Akt,
which is ubiquitously expressed and has 3 members;
Aktl, Akt2, and Akt3 [27]. Downstream genes of the Akt
signal pathway modulate the cell cycle, DNA repair, and
nitric oxide production. Moreover, Akt inhibits apoptotic
cell death by inactivation of a key apoptotic molecule and
is broadly activated in various kinds of cancer. Impor-
tantly, the Akt signal pathway is tightly related to drug
resistance in cancer. Several studies have reported that
inactivation of Akt promotes drug-induced apoptosis
[28,29]. Therefore, inhibition of Akt3 is a therapeutic
strategy for cancers by inducing apoptotic cell death and
reversing drug resistance. However, our results showed
that inhibition of Akt3 was less effective than transfection
of miR-505 in cell growth arrest. A simple explanation of
a low effect might be that miRNA could modulate the
expression of a large number of downstream target genes
in a highly orchestrated manner to control apoptosis and
cell cycle processes

Concerning the variations in the DNA copy numbers
and genomic aberrations, several reports have shown
the deletions of miRNAs that act as tumor suppressors,
namely miR-15, miR-16, and miR-34a. They are
observed in cancer, and down-regulation of these miR-
NAs contributed to cancer progression, indicating that
variations in DNA copy numbers are closely associated
with miRNA expression and carcinogenesis [9,10].
Meanwhile, several data provided evidences that miRNA
expressions were regulated by epigenetic modifications,
such as DNA hypomethylation and hypermethylation. It
has been demonstrated that miR-342 was methylated in
colorectal cancer and the reconstitution of miR-342
induced apoptosis in a colorectal cancer cell line [30]. A
recent study showed that miR-127, which was embedded
in a CpG island, was expressed in normal fibroblast but
silenced or down-regulated in cancer cells. The silencing
of the miRNA promoter region of miR-127 was
mediated by CpG island hypermethylation, which could
be reversed by simultaneous treatment with the chroma-
tin-modifying drugs 5-aza-2’-deoxycytidine and 4-phe-
nylbutyric acid [31]. In addition, recent studies have
shown that impaired miRNA processing contributes to a
decrease in mature miRNA expression and accelerates
tumorigenesis [32], and a number of groups have also
revealed that miRNA expression is regulated by tran-
scription factors and cytokines as well as coding genes
[33]. In this study, we found 12 miRNAs whose expres-
sions are down-regulated and their genomic regions are
deleted in MCF7-ADR. Interestingly, some of them,
such as miR25-93-106b and miR-23b-27b-189, are
located in close proximity and their expressions are
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expected to be regulated by the same transcriptional
regulators. Curiously, miR-23b-27b-189 is localized on
the Ch9q22.3, and LOH of this region is strongly corre-
lated with cancer progression and lymph node metasta-
sis [34-36]. In our assay we could not observe any
significant differences, however, they could be related to
malignancy in different aspects [37,38].

Pathway analysis, which was based on miRNA target
prediction, proved that differentially-expressed miRNA
cooperatively regulated a large number of signaling path-
ways, including Wnt, insulin, EGFR1, MAPK and TGF-f
receptor, which are relevant to drug resistance as well as
tumorigenesis. Concerning the Wnt signaling pathway, it
has been reported that activation of the Wnt/B-catenin
pathway plays critical roles in establishment of MLL leu-
kemic stem cells and conferring drug-resistant properties
[39]. Additionally, activation of Wnt/beta-catenin signal-
ing in plasma cells induced chemoresistance [40], and
RNAi-mediated gene silencing of B-catenin negatively
regulated drug-induced apoptosis [41]. Therefore, Wnt/
B-catenin signaling pathway would be a potential thera-
peutic target to sensitize drug-resistant cancer cell.
Furthermore, other pathways were also reported to be
associated with drug resistance and apoptosis. Sequential
treatment of TGF-B induced MDR1 expression in rat
hepatocytes [42]. In contrast, TGF-B also induces apopto-
tic cell death in hepatocytes and activation of the MAPK/
ERK pathway confers resistance to TGF-B-induced cell
death [43]. Our findings showed that a lot of pathways
were commonly enriched in up- and down-regulated
miRNA targets, however, it is hard to decide whether
these pathways are positively or negatively regulated in
MCEF7-ADR, because a large number of target candidates
exist in each signaling pathway. Further investigation
such as systems biology would be needed to clarify this
point.

We believe that the integrative genomic analyses as
described here have a huge potential to fundamentally
understand transcriptional regulatory networks and iden-
tify the novel molecular targets for therapy in the field of
cancer biology. By integrating array data and bioinfor-
matics, it could be possible to expeditiously explore the
key molecule in the all aspects of pathophysiology. Our
studies by means of an integrated genomic analysis not
only identified miR-505 as a tumor suppressive miRNA
that inhibited cell proliferation by inducing apoptotic cell
death but also, more broadly highlighted that various
genes and miRNAs orchestrate to temper the drug resis-
tance by intricately controlling genomic status, gene and
miRNA expression in cancer cells. Thus, it would be a
useful approach to accelerate the understanding of cancer
genetics and discover the key targets for diagnosis, prog-
nosis and therapy.
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Additional material

Additional file 1: Table S1. Primer list for real-time PCR.

Additional file 2: Figure. S1. Microarray analysis of gene expression and
miRNA in MCF7-ADR and MCF7. (A) Scatter plot of gene expression. 41,
000 probes (n = 3). (B) Scatter plot of MiRNA expression. 470 probes (n =
2).

Additional file 3: Figure. S2. Validation of accuracy of aCGH in MCF7
and MCF7-ADR. (A) aCGH analysis of MCF7. (B) aCGH analysis of MCF7-
ADR. For each sample, the experiment was repeated once, wherein the
dye was reversed between the experimental and the reference sample,
in order to account for dye-incorporation bias. An aberration filter was
set at 2 for the minimum number of probe region and 1 for minimum
absolute average log?2 ratio for regions in the CGH Analytics to reduce
false positives.

Additional file 4: Figure. $3. aCGH analysis of MCF7 and MCF7-ADR as
compared with normal human female genome. (A) Blue line shows
normal vs. MCF7, and red line shows normal vs. MCF7-ADR (top).
Amplified or deleted genome regions (fold change > 2) are highlighted
(bottom). (B) The numbers of genes and miRNAs located on the
amplified or deleted genome regions (FC > 2).

Additional file 5: Table S2. Up and Down miRNA target gene related
pathways.

Additional file 6: Figure. S4. TGF-§ signaling pathway. Seventy-four
miRNA-targeted genes are plotted in TGF-B signaling pathway map (left),
32 miRNA-targeted genes are plotted (right).

Additional file 7: Table $3. List of down-regulated miRNAs in MCF7-
ADR.

Additional file 8: Table S4. List of miRNAs located in genome deletion
regions in MCF7-ADR.

Additional file 9: Figure. $5. Polycistronic miRNAs; miR-106-25 cluster.
miR-106-25 cluster is located on the deleted genomic region, and the
expression is coincidently downregulated.

Additional file 10: Table S5. List of up-regulated genes in MCF7-ADR
judged by T-test in comparison with MCF7.

Additional file 11: Table S6. List of genes accosiated with apoptosis
(KEGG web site).

Additional file 12: Figure. S6. The 3-UTR assay of Akt3 by miR-505 in
MCF7-ADR cells and HEK293 cells. (A) MCF7-ADR cells and (B) HEK293
cells were co-transfected with pre-miR-505 or pre-NC and the psi-Akt3_1
or with psi-Akt3_2. After 48 h, luciferase activities were measured. n.s.
represents not significant.

Additional file 13: Figure. S7. Real-time RT-PCR analysis of Akt3 gene
by transfection of siRNA in MCF7-ADR cells. Real-time RT-PCR analysis
was performed to examine Akt3 from RNA extracted from MCF7-ADR
cells transfected with either Akt3 siRNA or negative control siRNA. Akt3
expression levels were normalized to GAPDH expression levels, The mean
+ 5. D. of results from triplicate transfections is shown. Results represent
the mean % S. D. (n = 3). Since Akt3 siRNA-1 was most effectively
inhibited the expression of Akt3 genes, it was used for the analysis of
cell growth arrest.
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