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ABSTRACT
Chemotherapy treatment is the standard in triple negative breast cancers, a cancer subgroup which lacks a specific target. The mechanisms
leading to the response, as well as any markers that allow the differentiation between responder and non-responder groups prior to treatment
are unknown. In parallel, miRNAs can act as oncogenes or tumor suppressors and there is evidence of their involvement in promoting
resistance to anticancer drugs. Therefore we hypothesized that changes inmiRNA expression after doxorubicin treatment may also be relevant
in treatment response. Objective: To study miRNAs that are differentially expressed in response to doxorubicin treatment. Methods: One
luminal-A and two triple negative, breast cancer cell lines were exposed to doxorubicin. Microarray analysis was performed to identify the
common and differentially modified miRNAs. Genes and pathways that are theoretically regulated by these miRNAs were analyzed. Results:
Thirteen miRNAs common to all three lines were modified, in addition to 25 that were specific to triple negative cell lines, and 69 that changed
only in the luminal-A cell line. This altered expression pattern seemed to be more strongly related to the breast cancer subgroup than to the
treatment. The analysis of target genes revealed that cancer related pathways were themost affected by these miRNAs, moreover many of them
had been previously related to chemotherapy resistance; thus suggesting follow-up studies. Additionally, through functional assays, we
showed that miR-548c-3p is implicated in doxorubicin-treated MCF-7 cell viability, suggesting a role for this miRNA in resistance. J. Cell.
Biochem. 116: 2061–2073, 2015. © 2015 Wiley Periodicals, Inc.
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Triple negative breast cancer (TNBC) is characterized by the
absence of estrogen receptor (ER), progesterone receptor (PgR),

and human epidermal growth factor receptor 2 (HER2) expression [Yi
et al., 2010]. It currently represents a minority (15%) of all breast
cancers and but more frequently affects younger women, often those
carrying BRCA mutations. However, despite its sparse prevalence,
targeting TNBC is now one of the most important objectives in
oncological research because of its highly aggressive and metastatic
nature, and because it has a poorer prognosis [Carey 2011] than the
other breast cancer subtypes [Andre and Zielinski 2012; Boyle 2012].
This is mainly due to the lack of known specific molecular
therapeutic targets for it [Crown et al., 2012;Joensuu and Gligorov

2012], meaning that conventional chemotherapy is the main
treatment used for these patients; anthracyclines, specifically
doxorubicin, and taxane combinations (with cyclophosphamide
and doxorubicin), are among the most commonly used for TNBC
treatment [Liedtke et al., 2008 Oakman et al., 2010; Joensuu and
Gligorov 2012]. Specifically, doxorubicin is an antracicline anti-
biotic that is considered to be the most effective agent in breast
cancer treatment [Smith et al., 2006]. Nevertheless, resistance to this
agent is frequent which represents a potential obstacle to successful
treatment.

Women with TNBC treated with conventional chemotherapy
respond differently to treatment [Rouzier et al., 2005; Carey et al.,
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2007; Liedtke et al., 2008; De Laurentiis et al., 2010]. Studies on
neoadjuvant chemotherapy have shown that TNBC patients with
pathological complete response (pCR) to treatment correlate with
good clinical outcomes, with rates similar to non-TNBC patients.
However, most TNBC patients (63%) have residual disease after
treatment, showing a peak risk of relapse at around three years post-
treatment, as well as an increased mortality rate [74%] [Carey et al.,
2007; Dent et al., 2007; Cheang et al., 2008; Liedtke et al., 2008; Dent
et al., 2009; Oakman et al., 2011; Andre and Zielinski 2012; Yu et al.,
2013]. Although there are two TNBC patient groups: chemotherapy-
sensitive and chemoresistant, the mechanism of this differing
treatment response is unknown and so there is a clear need to resolve
these differences and/or to identify specific targets as the basis for
future therapies.

Data from gene profiling studies have been very useful in defining
the characteristics of different cancers and have contributed to
advancing both the treatment of breast cancer and predicting its
outcome and therapeutic response. More recently, studies of
epigenetic modifications, including miRNAs, have implicated these
alterations in the initiation and progression of cancer [Pe~na-Chilet
et al., 2014]. MiRNAs are molecules that can regulate gene
expression at the post-transcriptional level by binding to 30 UTR
mRNA target sequences, and it has been postulated that each miRNA
regulates up to 100 different mRNAs [Hummel et al., 2010]. MiRNAs
play an important role in cellular processes including development,
proliferation, differentiation, apoptosis and stress response, and
several studies have shown that they are aberrantly expressed in
different types of cancer. In fact, expression studies in normal breast
tissue and tumors identified numerous miRNAs that are deregulated
in breast cancer, thus allowing normal and malignant breast tissues
to be distinguished [Iorio et al., 2009; Leivonen et al., 2014].
Therefore miRNAs may have a causal role in tumorigenesis by
modulating the expression of known oncogenes or tumor suppressor
genes [Garzon et al., 2006; Cowland et al., 2007; Cho 2007; Zhang
et al., 2007; Hummel et al., 2010], and are also thought to be involved
in differential treatment responses [Eroles et al., 2015; Tian et al.,
2013]. Several microarray studies have demonstrated that drug-
resistant and drug-sensitive cell lines have different miRNA
expression profiles [Chen et al., 2010; Pogribny et al., 2010; Zhou
et al., 2010) and somiRNAs can be considered not only as biomarkers
but also as novel therapeutic anticancer targets.

Given the aggressive nature of TNBC, and the known role of
miRNAs in cancer development and treatment resistance, in this
study we focused on analyzing miRNA expression profiles in
response to doxorubicin treatment in two TNBC cell lines (MDA-MB-
231 and MDA-MB-468). We compared this profile to a non-TNBC
luminal-A cell line (MCF-7), which is almost exclusively used for
such studies, with the aim of better understanding the response and
resistance mechanisms of TNBC.

METHODS

BREAST CANCER CELL LINES AND REAGENTS
MDA-MB-231, MDA-MB-468, MCF-10A and MCF-7 cell lines were
obtained as kind gifts fromDr. JoanAlbanell at the IDIBELL Institute,

Vall D’ Hebron Hospital, Barcelona. All cell lines were grown at 37°C
in a humidified, 5% CO2, 95% air incubator. MDA-MB-231 and
MDA-MB-468 were grown in Dulbecco’s Modified Eagle medium:
nutrient mixture F-12 (DMEM/F12) with 2.5mM L-Glutamine and
15mM HEPES (Gibco), supplemented with 10% FBS and 1%
penicillin-streptomycin. MCF-7 cells were grown in DMEM/F12
with 1 g/l D-Glucose, 4mML-Glutamine, and 1mMPyruvate (Gibco),
supplemented with 10% FBS and 1% penicillin-streptomycin. MCF-
10A cells were grown in DMEM/F12 with 0.1% insulin, 0.5mg/ml
hydrocortisone, and 16 ng/ml EGF, supplemented with 10% FBS and
1% penicillin-streptomycin. Doxorubicin (Ferrer Farma) was used at
5mM, according to previous reports [Tapia et al., 2007].

RNA ISOLATION
Total RNA, containing small RNAs, was isolated using a mirVana
miRNA isolation kit (Ambion, Austin, Texas) according to the
manufacturer’s protocol. The concentration and purity of the RNA
obtained was measured as the OD260/280 ratio using a GeneQuant
pro spectrophotometer (GE, Healthcare). RNA integrity was
determined by capillary electrophoresis using an RNA 6000 Nano
Lab-on-a-Chip kit and a Bioanalyzer 2100 (Agilent Technologies,
Santa Clara, CA). Only RNA extracts with an integrity value of 8 or
higher were used for further analysis. The time point selected for
analysis was 24 h doxorubicin exposure.

SMALL NON-CODING RNA EXPRESSION-PROFILING
Small non-coding RNA expression-profiling was performed using a
GeneChip miRNA 2.0 Array (Affymetrix, Santa Clara, CA). The array
contains 15,664 mature miRNA sequences from the miRBase (v15),
including encoded miRNAs from 131 organisms encompassing
2,334 snoRNAs and scaRNAs, and 2,202 probe sets unique to pre-
miRNA hairpin sequences.

Microarray experiments were conducted according to the
manufacturer’s protocol. Briefly, 300 ng of total RNA was labelled
with a FlashTag Biotin HSR RNA labeling kit from Genisphere. The
labeling reaction was hybridized onto the miRNA array in an
Affymetrix hybridization oven 640 at 48°C for 17 h. The arrays were
stained using a Fluidics Station 450 with the fluidics script
FS450_0003 (Affymetrix) and then scanned on a GeneChip Scanner
3,000 7G (Affymetrix, Santa Clara, CA), using the GeneChip
Command Console© Software supplied by Affymetrix to perform
gene expression analysis. MiRNA probe outliers were defined and
further analyzed as per the manufacturer’s instructions (Affymetrix),
and quality control, as well as data summarization and normal-
ization, was carried out using the web-based miRNA QC Tool (www.
affymetrix.com).

MICROARRAY DATA ANALYSIS
Data (.CEL files) were analyzed and statistically filtered using Partek
Genomic Suite v6.4 software (Partek Inc., ST Louise, MO), and input
files were normalized with the multi-array average algorithm (RMA)
for miRNAs. A one-way analysis of variance (ANOVA) was
performed with the Partek Genomic Suite on all samples. Statisti-
cally significant small non-coding RNAs between the different
groups and treatments studied were identified using an analysis of
variance model with a probability value (P-value) of 0.05 or less.
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The imported data were analyzed by principal components
analysis (PCA) to determine the significant sources of variability in
the data; PCA reduces the complexity of high-dimensional data and
simplifies the task of identifying patterns and sources of variability
in a large data set. The samples (eighteen biological replicates, each
hybridized to a separate GeneChip) are represented by the spheres in
the three-dimensional plot. The distance between any pair of points
is related to the similarity between the two samples in high-
dimensional space (in this case, each variable represents a one-
dimensional space). Samples that are near each other in the plot have
a large number of variables in common. Conversely, samples that are
far apart in the plot are different in a large number of variables.
Finally, the selected small non-coding RNAs were imported into
Pathway Studio v8 software (Ariadne) to classify the biological
processes represented by the miRNAs that were differentially
expressed in treated and non-treated cells.

REAL TIME PCR VALIDATION
Validation was carried out in MDA-MB-231, MDA-MB-468, and
MCF-7 cell lines. In addition, expression levels for the chosen
miRNAs were checked in normal MCF-10A breast cells. Reverse
transcription (RT) was performed with random hexamers using
MultiScribeTM reverse transcriptase (Applied Biosystems). First-
strand cDNA synthesis was performed at 42°C for 30min; the
reaction was stopped by heating the mixture at 95°C for 5min, and
was then stored at �20°C until further use. Previously-developed
TaqMan primers specific for the housekeeping miRNA RNU43 and
miRNAs of interest: miR-27a-5p, miR-27b-5p, miR-29b-1-5p, miR-
424-3p (miR-424*), miR-1972, miR-23a-5p (miR-23a*), miR-449c-
5p, miR-1207-5p, miR-1275, and miR-25-5p were purchased from
Applied Biosystems and transcript levels were detected using the
9700HT Fast Real-time PCR System (Applied Biosystems). Each PCR
reaction contained 5 ng of RT product, 10mL TaqMan universal
master mix II (Applied Biosystems), and 1mL Taqman assay 20x in a
final volume of 20mL. The PCR conditions were as follows: 50°C for
2min, 95°C for 10min, followed by 40 cycles of 95°C for 15 sec and
60°C for 1min. All PCR reactions were cycled in the linear region of
amplification; results were normalized according to RNU43 miRNA
housekeeping control quantification. The threshold cycle (CT) was
automatically determined, and then the relative miRNA expression
was calculated as follows: relative amount¼ 2-D(DCT), where DCT¼
CT target-CT housekeeping control, and D (DCT)¼DCT studied
group-DCT baseline. MiRNA levels in non-treated cells were chosen
as the baseline. All experiments were performed three times in
triplicate. Data are represented as the mean plus or minus the
standard deviation (� SD). Comparison between two groups was
performed with a two-tailed t-test. P-values of less than 0.05 were
considered to be statistically significant.

ANALYSIS OF MIRNA-GENE INTERACTIONS
The miRBase database (http://www.mirbase.org/), a searchable
resource containing published miRNA sequences and annotations,
was used to rename all miRNAs with similar criteria. Each entry in
the miRBase sequence database represents a predicted hairpin
portion of an immature miRNA transcript (termed mir), and contains
information on the location and sequence of the mature miRNA

sequence (termed miR). The miRNA-gene interactions were
computationally predicted and combined by calculating the Union
of Targeted Genes (Gene Union) using the DIANA-microT-CDS web
service [Vlachos et al., 2012]. The DIANA-miRPath v2.1 web service
was used to identify pathways from KEGG (Kyoto Encyclopedia of
Genes and Genomes) which were significantly targeted by the
selected miRNAs. From the all of the targeted pathways sub-groups
were selected by combining their statistical significance, number of
targeted genes, and biological significance within the context of our
study. The miRNA gene-interactions picture was built using the Heat
map Builder1 Version 1.1 software for each pathway.

FUNCTIONAL STUDIES: MIRNA TRANSFECTION AND CELL VIABILITY
In order to transfect the cell lines with either mimic or inhibitor
miRNA, hsa-miR-548c-3p pre-miR miRNA precursor (#AM17100),
or hsa-miR-548c-3p anti-miR miRNA inhibitor (#AM17000), were
purchased from Ambion. CyTM3-labeled pre-miR (#AM17120;
Ambion) was used as a negative control for transfection. The
reaction was performed with the TransIT-X2 Dynamic Delivery
System reagent (Mirus), following the manufacturer’s instructions.
The MDA-MD-231, MDA-MB-468, and MCF-7 cell lines were
transfected in 96-well plates with different miRNA mimic/inhibitor
concentrations, and then exposed to 5mM of doxorubicin for
different amounts of time. Cell viability was then measured using a
MTT-based Cell Growth Determination Kit (#GDC1; Sigma); given
that mitochondrial metabolic activity is often used as an indicator of
cell viability, this assay is based on the reduction of tetrazolium salt
by active mitochondria to produce insoluble formazan salt. MTT was
added to each well under sterile conditions (final concentration was
10% of total volume) and the plates were incubated for 4 h at 37°C.
Formazan crystals were dissolved in solubilization solution (1:1).
The purple formazan crystals were formed from yellow MTT by
succinate dehydrogenase in viable cells. Absorbance of the formazan
product was measured at 570 nm with background correction at
690 nm using a microplate reader. Significant differences were
assessed by using the t-student test.

COMPREHENSIVE SEARCH IN ARRAY DATA PUBLIC REPOSITORIES
We performed a comprehensive search in the currently available
array data public repositories Gene Expression Omnibus and Array
Express. The aim was to find miRNA array data from breast cancer
patients coming from tumor biopsies obtained before and after
doxorubicin treatment. To our knowledge, no studies following these
criteria have been carried out to date. This is explained by the fact
that breast cancer tumor re-biopsies are rare events in clinical
practice which limits the feasibility of testing tumor miRNA
transcriptomic changes in response to treatment in patient samples.
As an alternative approach, we looked for coding RNA array data.
The idea was to observe the indirect effect of the deregulated miRNA
over target gene expression in post treatment tumor patient samples.
We also failed to find public array data fitting our criteria.

However, we were able to validate miRNA differential expression
between healthy breast tissues and breast tumor samples using the
Gene Expression Omnibus dataset GSE45666 [Lee et al., 2013] which
included array data from 101 breast tumors and 15 adjacent breast
normal tissue samples. We downloaded raw data and used a custom
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modification of AgiMicroRna R package to summarize probe level
information into total gene signal using AFE algorithm. Normal-
ization between arrays was carried out using quantile method. We
analyzed themiRNAs selected for validation (miR-27a-5p, miR-27b-
5p, miR-29b-1-5p, miR-424-3p, miR-1972, miR-23a-5p, miR-449c-
5p, miR-1207-5p, miR-1275, and miR-25-5p) and a set of additional
miRNAs (miR-125b, miR-1305, miR-200c, miR-222, miR-3163, and
miR-548c-3p) chosen with the criteria of its implication in cancer
pathways. Fifteen normal breast tissues, 36 TNBC and 30 luminal
breast tumors were included in the analysis. The t-student test was
used for statistical signification.

RESULTS

PRINCIPAL COMPONENTS ANALYSIS
In order to get an overview of the differences in the miRNA
expression profiles in normal and doxorubicin treatment conditions,
both between breast cancer cell lines and in each cell line separately,
PCA was carried out on the small non-coding RNAs obtained in our
study with a GeneChip miRNA 2.0 Array; each breast cancer cell line
was represented (in triplicate) with colored dots (Fig. 1a) grouped
onto colored ellipsoids (Fig. 1b, c and d). Similar miRNA expression
profiles were observed for the MDA-MB-231 and MDA-MB-468 cell
lines, as shown by the strong grouping of the dots from each
condition and cell line. However, the MCF-7 cell line substantially
differed from the others (Fig. 1a). In addition, strong differences were

shown between normal conditions versus doxorubicin treatment in
each separate breast cancer cell line (Fig. 1b, c and d).

REGULATION OF SMALL NON-CODING RNAS IN DOXORUBICIN
TREATMENT CONDITIONS
ANOVA (with a significance P-value of 0.05 or less) was
performed to compare the normal condition versus doxorubicin
treatment for the three breast cancer cell lines. According to these
results seven groups (I to VII) were created, and a total of 218
miRNAs were found to have a significantly altered expression
profile. Thirteen miRNAs were found to change in all three cell
lines (group I), twenty-five changed only in the MDA-MB-231 and
MDA-MB-468 cell lines (group II), sixty-nine were found only in
the MCF-7 cell line (group III), a total of forty-six miRNAs changed
significantly only in the MDA-MB-231 cell line (group IV), fifty-
two changed only in the MDA-MB-468 cell line (groupV), eight
changed in the MDA-MB-231 and MCF-7 cell lines (group VI), and
five changed in the MDA-MB-468 and MCF-7 cell lines (group
VII). See Figure 2 and Supplementary Table 1. Given that our study
focused on elucidating the global doxorubicin response and the
differences in response between TNBC and Luminal breast cancer
cells, groups I, II, and III were selected for further heat map
analysis. This analysis again showed closer miRNA expression
patterns between the MDA-MB-231 and MDA-MB-468 cell lines
than the MCF-7 cell line, both in normal and doxorubicin
treatment conditions (Figure 3).

Fig. 1. Principal component analysis of the small non-coding RNA profiles in normal and doxorubicin-treated breast cancer cell lines. The small non-coding RNA expression
profiles of the three breast cancer cell lines were analyzed by principal components analysis (PCA). The MDA-MB-231 cell line profile (a, b) is represented by red dots (control
cells) and blue dots (treated cells). The MDA-MB-468 cell profile (a, c) is represented by green dots (control cells) and purple dots (treated cells). The MCF-7 cell profile (a, d) is
represented by orange dots (control cells) and turquoise dots (treated cells). The colored ellipsoids show a different directionality in each cell line based on similarities and
differences between normal conditions and doxorubicin-treatment cohorts. The axes correspond to principal components; PC1: x-axis, PC2: y-axis, and PC3: z-axis.
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Finally, we focused on the expression values in terms of miRNA
fold change between the control and treatment conditions in each
groups. Real time PCR for several miRNAs was used to validate the
expression changes observed in the microarrays. MiR-27a-5p, miR-
27b-5p, miR-29b-1-5p, miR-424-3p, miR-1972, miR-23a-5p, miR-
449c-5p, miR-1207-5p, miR-1275, and miR-25-5p were validated,
confirming the downregulation of nine of them and the upregulation
of miR-449c. The expression values obtained are shown in
Supplementary Table 2.

In group I, representing miRNAs that changed in all three cell
lines, we found that all of the miRNAs showed the same trend of
increased or decreased expression in the three cell lines; however,
not all of them were up-or downregulated by similar amounts.
Several miRNAs, such as miR-27a-5p, miR-29b1-5p, miR-1972, and
miR-449c-3p were more affected in TNBC cell lines than in the
luminal-A cell line; others, such as miR-4298, and miR-1275,
showed lower expression in MCF-7 cells than in TNBC cells, whereas
miR-27b-5p showed a bigger fold change in MDA-MB-231 cells.

In group II (the TNBC group), once again, most miRNAs showed
the same regulation trend, with the exception of miR-940 which was
downregulated in MDA-MB-231 cells and upregulated in MDA-MB-
468 cells, and miR-759 that was upregulated in MDA-MB-231 cells

and downregulated in MDA-MB-468 cells. In addition, miR-21-3p,
miR-1308, miR-222-5p, and miR-181a-3p were more affected by
doxorubicin in MDA-MB-231 cells, while miR-92a-1-5p was more
affected in MDA-MB-468 cells. The specific changes in groups III
(MCF-7), IV (MDA-MB-231), V (MDA-MB-468), VI (MDA-MB-231,
and MCF-7), and VII (MDA-MB-468 and MCF-7 cells) are shown in
Supplementary Table 1.

Interestingly, a high percentage of star miRNAs (miRNAs*) were
significantly changed after doxorubicin treatment. Specifically,
46.1% of the miRNAs in group I, 28% in group II, 15.9% in group III,
8.96% in group IV, and 13.46% in group V were miRNAs*.

EXPRESSION OF DOXORUBICIN-MODULATED MIRNAS IN NORMAL
MCF-10A BREAST CELLS
In order to confirm that the changes in miRNA expression were
specific to breast cancer tumor cells, we evaluated their expression in
normal MCF-10A breast cells. The MCF-10A cell line was treated
with 5mMdoxorubicin for 24 h and then themiRNAswere extracted.
Expression of the selected miRNAs was then analyzed by
quantitative PCR and compared to untreated cells. These results
show that miR-1972, miR-1207-5p, and miR-1275 are elevated with
treatment in this normal cell line, which is in contrast to observations
in the breast cancer cell lines. However, miR-27b-5p is dowregulated
with treatment. The rest of the miRNAs did not significantly change
(Supplementary Table 2).

DIFFERENTIAL EXPRESSION OF DOXORUBICIN-MODULATED
MIRNAS IN PRIMARY BREAST TUMOR VERSUS NORMAL BREAST
TISSUE
We analyzed the data available in Gene Expression Omnibus
dataset GSE45666, in order to know the status of expression of
miRNAs in primary breast tumor (pre-treatment) and normal breast
tissue. MiR-424* (miR-424-3p), miR-1207-5p, miR-125b were
significantly upregulated in normal breast tissue versus breast
tumor (P-values¼ 0. 0018, 0.0002 and <2.2 e-16 respectively).
Oppositely, miR-200c was significantly downregulated in normal
breast tissue versus breast tumor (P-value¼ 6.44 e-7). Analysis of
the breast cancer subgroups revealed similar tendencies that
analysis above for miR-1207-5p, miR-125b, and miR-200c
(P-values¼ 0.0025, <2.2 e-16 and 0.0002 respectively) and a
significant higher expression of miR-1305 in TNBC versus normal
breast tissue (P-value¼ 0.0115). MiR-1207-5p, miR-125b, miR-
1275, miR-23a* (miR-23a-5p), miR-424* showed a significant
downregulation in the subgroup of luminal breast tumors versus
normal breast tissue (P-values¼ 1.23 e-5, 4.11 e-11, 0.0022, 0.0015,
and 1.75 e-6 respectively). Again, MiR-200c was significantly lower
in normal breast tissue than in luminal breast tumor (P-value
¼ 1.06 e-7). No other miRNAs showed any significant changes
between samples (Figure 4).

ANALYSIS OF GENE TARGETING BY DOXORUBICIN-MODIFIED
MIRNAS
MiRPath V2.1 from Diana Tools was used to determine both the
genes and the pathways (microT-CDS) which are theoretically
regulated by the miRNAs altered by doxorubicin treatment in each
subset. The miRNA regulation pathways found were based on 30 UTR

Fig. 2. Venn diagram showing the small non-coding RNAs regulated in the
three classes of breast cancer cell lines when treated with doxorubicin. Venn
diagram representing differentially expressedmiRNAs observed in each cell line
separately and comparisons between each of the three cell lines. A total of 218
miRNAs were found to have a significantly altered expression profile. These
miRNAs were classified into different groups; 46 were found in MDA-MB-231
cells (group IV), 52 in MDA-MB-468 cells (group V), and 69 in MCF-7 cells
(group III). Thirteen were commonly changed in all three lines (group I), 25
changed in MDA-MB-231 and MDA-MB-468 cells (group II), 8 changed in
MDA-MB-231 and MCF-7 cells (group VI), and 5 changed in MDA-MB-468
and MCF-78 cells (group VII).
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base alignment complementarity, andfiltered according to a P-value
threshold of 0.05 and a microT threshold of 0.8. Selection criteria
were: statistical significance, number of genes targeted, number of
miRNAs implicated in these pathways, and the biological meaning
and impact in the context of our study. The main pathways (KEGG),
including PI3K-Akt (hsa04151),Wnt (hsa04310), cancer (hsa05200),
focal adhesion (hsa04510),MAPK (hsa04010), ErbB (hsa04012), and
adherens junctions (hsa04520) were selected based on the criteria
mentioned above and subjected to further analysis (Table I).

For each pathway, each gene theoretically targeted by one of our
selected miRNAs was recorded and mapped onto a heat map
(Supplementary Figure 1). The miRNAs with the highest number of
targeted genes in each group per pathway were considered (Table II
and Supplementary Figure 1). In group I, miR-1207-5p targeted a
large number of genes; in group II, miR-200c-3p, miR-9-5p and
miR-940 showed the highest number of gene interactions; in MCF-7
cells (group III) miR-548c-3p, and miR-1305 appeared to regulate a
large number of genes per pathway; while miR-335-3p inMDA-MB-
231 cells (group IV) and miR-3163 in MDA-MB-468 cells (groupV)
were found to regulate a higher percentage of the total number of
genes targeted in each pathway. Bibliographic analysis of the
significantly changed miRNAs in each group detected that 23% of
the miRNAs had been previously related to chemotherapeutic
resistance, and many of them have experimentally validated targets
(Table III).

MIRNA-548C-3P EXPRESSION MODULATES SURVIVAL IN
DOXORUBICIN-TREATED MCF-7 CELLS
Analysis of the genes and pathways regulated by the doxorubicin-
treatment-modified miRNAs, specifically highlighted miRNA-548c-
3p. Microarray results showed that this miRNA was significantly
upregulated in MCF-7 cells after doxorubicin treatment (fold
change¼ 1.37, P¼ 0.045), whereas there were no significant changes
in this miRNA in the other two cell lines after similar treatment.
MiRNA-548c-3p regulates a high percentage of theoretical target
genes in cancer pathways (see Table II andSupplementaryFigure 1). In
order to evaluate the functional implication of miR-548c-3p in cell
viability after doxorubicin treatment, we carried out transfection
experiments to over-and underexpress this miRNA. The results show
thatmiR-548c-3p overexpression significantly increased the viability
ofMCF-7 cells treated with doxorubicin at 24h, 48h and 72h, but did
not affect the other cell lines we tested (Fig.5). In addition, miR-548c-
3p reduction not only reversed the resistance, but also increased
sensitivity to the drug. This suggests thatmiR-548c-3p is implicated in
doxorubicin treatment resistance in MCF-7 cells.

DISCUSSION

Deregulation of miRNA expression is common in all types of human
cancer; some of these alterations correlate with the severity of the

Fig. 3. Heat map of the expression profile changes between normal conditions versus doxorubicin treatment. Thirteen miRNAs were found to significantly change their
expression in all three cell lines (3, a). Twenty-five miRNAs changed in MDA-MB-231 andMDA-MB-468 but not in MCF-7 cells (3, b). Sixty-nine miRNAs changed significantly
in MCF-7 but not MDA-MB-231 and MDA-MB-468 cells (3, c). The expression scale is shown under each heat map. Blue boxes represent low-expression while red boxes
represent high-expression. DO: doxorubicin treatment. Control: no treatment.
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Fig. 4. Expression of miRNAs in primary breast cancer versus normal breast tissue. Figures from left to right show: expression of miRNAs in normal breast tissue (n¼ 15) versus
tumor (triple negative and luminal breast cancer, n¼ 66); expression of miRNAs in normal breast tissue (n¼ 15) versus triple negative breast tumor (n¼ 36); expression of
miRNAs in normal breast tissue (n¼ 15) versus luminal breast cancer (n¼ 30). MiRNAs with a significant difference in expression are shown.

TABLE I. MiRNA Targeted Pathways

KEGG
pathway

PI3K-Akt
(hsa04151)

Wnt
(hsa04310)

Cancer
(hsa05200)

Focal adhesion
(hsa04510)

MAPK
(hsa04010)

ErbB
(hsa04012)

Adherents
junction

(hsa04520)

GROUP I p-value 7.43 � 10�6 9.99� 10�6 2.82� 10�3 1.29� 10�4 4.42� 10�6 1.42� 10�3 1.47 � 10�4

#genes 60 33 52 37 50 16 17
#miRNAs 12 10 10 9 8 7 7

GROUP II p-value 1.41 x .10�16 1.51 � 10�11 1.05 � 10�12 1.52 � 10�22 1.02 � 10�18 1.84 � 10�30 1.62 � 10�10

#genes 119 60 121 83 100 46 35
#miRNAs 19 17 19 18 19 13 15

GROUP III p-value 2.18 � 10�38 5.83 � 10�26 6.08 x .10�26 6.08� 10�26 2.69� 10�39 1.21� 10�15 1.25 � 10�5

#genes 161 78 162 97 129 47 38
#miRNAs 28 27 31 29 31 26 24

GROUP IV p-value 5.13 � 10�42 1.91 � 10�21 3.74 � 10�37 4.49 � 10�26 9.22 � 10�29 6.04 � 10�16 2.83 � 10�14

#genes 180 84 180 111 113 60 48
#miRNAs 43 37 40 39 39 35 32

GROUP V p-value 8.92 � 10�32 2.92 � 10�18 7.88 � 10�35 9.39 � 10�21 2.91 � 10�25 5.36 � 10�11 1.44 � 10�11

#genes 190 95 188 120 145 55 50
#miRNAs 45 43 41 39 42 38 32

GROUP VI p-value _ _ _ _ 2.61 � 10�2 _ _
#genes _ _ _ _ 7 _ _
#miRNAs _ _ _ _ 3 _ _

GROUP VII p-value _ _ _ _ 1.32 � 10�2 _ 1.77 � 10�6

#genes _ _ _ _ 30 _ 16
#miRNAs _ _ _ _ 4 _ 5

Crosslink between number of altered miRNAs involved in each pathway and number of genes theoretically targeted inside of a given pathway. P-values <0.05 were
considered to be significant.
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disease because they regulate key transcripts involved in the
initiation and progression of tumors. MiRNAs can act as true
oncogenes or tumor suppressors to inhibit or exacerbate the
expression of cancer related target genes, and to promote or
suppress tumorigenesis [Zhang et al., 2007; Ng et al., 2009; Lo�pez-
Camarillo et al., 2013].

In our study we evaluated changes in miRNA expression after
treatment with doxorubicin in one luminal-A cell line and two TNBC
cell lines. Importantly, doxorubicin strongly affected/modulated
miRNA expression in all three breast cancer cell lines. However, as
we expected, this altered expression pattern seemed to be more
closely related to the molecular subtype than to the treatment. PCA
analysis and heat map clustering revealed that the changes between
treatment conditions in MDA-MB-231 andMDA-MD-468 cells were
closer than for MCF-7 cells. Another fact that supports this
observation is the number of miRNAs with altered expression which
were grouped in our study (shown in a Venn diagram in Fig. 2).

We analyzed the miRNAs with changes in expression in the two
breast cancer subtypes, both separately and as a group, in order to
highlight/propose different ways in which they might be able to
respond to and/or resist doxorubicin treatment. Most of the miRNAs
which were altered in response to doxorubicin treatment had not
been widely described before, in part due to their star strand
character, and so there was little or no evidence for their role in the
main cancer-related pathways. Nonetheless, we reviewed the
information available on validated targets in the literature using
the Ariadne program (Supplementary Figure 2). The majority of
miRNAs with validated targets were involved in processes related to
cancer such as growth and proliferation, angiogenesis, invasion,
metastasis, suppression of immune recognition, and cell survival
pathways (Fig. 6); these data confirm that these pathways are
regulated by miRNAs, as previously reported by others [Gramma-
tikakis et al., 2013]. The drug absorption, distribution, metabolism
and excretion (ADME) pathway also stood out because its regulation
results in a distinct drug response [Harquail et al., 2012].

Reviewing these pathways identified that these miRNAs are
principally involved in cancer and different neoplasms, although the
relevance of this information is relative because most miRNA* target

genes have not yet been validated. Accordingly, we used the DIANA
miRPathv2.0 software to analyze the genes theoretically targeted by
our miRNAs in order to find altered pathways that could explain
modifications in response to doxorubicin treatment. The main
potentially-targeted genes were classified into pathways related to
cancer (described in the results section); we noticed that several
miRNAs in each group seemed to regulate a high percentage of target
genes within these pathways.

Group I (MDA-MB-231, MDA-MB-468, and MCF-7) contained 13
changed miRNAs that could be considered as “common response”
miRNAs. First we found that all of these miRNAs showed the same
trend of increased or decreased expression in all three cell lines,
however not all of them changed by a similar amount (Supple-
mentary Table 1). Indeed there were some miRNAs which were more
greatly affected by doxorubicin in TNBC cells than in MCF-7 cells.
For example miR-27a-5p, an miRNA that coordinates the regulation
of the EGFR signaling axis by targeting EGFR, AKT1 and mTOR [Wu
et al., 2013]. Increased miR-27a-5p expression leads to a profound
cytotoxicity effect and decreased tumor growth in a murine model.
Therefore, miR-27a-5p downregulation in MDA-MB-231 and MDA-
MB-468 cells after doxorubicin treatment could be a mechanism of
doxorubicin resistance. Conversely, miR-1275 was more strongly
affected by doxorubicin in MCF-7 cells than in TNBC cell lines. This
miRNA suppressed Claudin11 expression thus promoting tumor cell
proliferation in human glioma stem cell-like cells [Katsushima et al.,
2012], although no evidence for its action in breast cancer has been
described so far. MiR-1207-5p expression was also significantly
downregulated: its potential targets include adherence, MAPK, cell
cycle progression and PI3K pathways (Table II).

Group II contained 25 miRNAs which were altered in both the
MDA-MB-231 and MDA-MB-468 cell lines: we therefore considered
this group to be the “TNBC-response fingerprint”. Most miRNAs
showed the same trend of regulation, with the exception of miR-940
that was downregulated in MDA-MB-231 and upregulated in MDA-
MB-468. This miRNA regulates many cancer pathway genes (Table
II), and it has been proposed that it has an anti-tumorigenic role in
response to glyceollins in TNBC cells which is mediated by targeting
RhoA, a prominent mediator of invasion and metastasis [Rhodes

TABLE II. The Number and Percentage of Theoretical Target Genes for the Mirnas Indicated, Grouped into Pathways

Group miRNA

Cancer pathways Ad. junctions Focal adhesion ERBB MAPK PI3K WNT

genes % genes % genes % genes % genes % genes % n° genes %

III hsa-miR-548c-3p 113 42.80 38 59.38 65 39.63 74 38.34 92 56.10 47 36.15
V hsa-miR-3163 85 32.20 49 29.88 24 33.33 57 29.53 79 48.17 54 41.54
IV hsa-miR-335-3p 62 23.48 12 18.75 47 28.66 22 30.56 44 22.80 80 48.78 29 22.31
III hsa-miR-1305 54 20.45 15 23.44 29 17.68 14 19.44 33 17.10 52 31.71 27 20.77
II hsa-miR-9-5p 29 10.98 8 12.50 21 12.80 9 12.50 27 13.99 23 14.02 7 5.38
I hsa-miR-1207-5p 16 6.06 7 10.94 15 9.15 4 5.56 21 10.88 19 11.59 11 8.46
II hsa-miR-200c-3p 25 9.47 4 6.25 21 12.80 15 20.83 28 14.51 27 16.46 10 7.69
III hsa-miR-27a-3p 32 12.12 5 7.81 27 16.46 19 26.39 30 15.54 41 25.00 17 13.08
III hsa-miR-29a-3p 23 8.71 2 3.13 27 16.46 6 8.33 13 6.74 33 20.12 5 3.85
IV hsa-miR-548o-3p 25 9.47 3 4.69 16 9.76 14 19.44 14 7.25 19 11.59 12 9.23
II hsa-miR-940 28 10.61 12 18.75 18 10.98 10 13.89 20 10.36 23 14.02 13 10.00
III hsa-miR-205-5p 21 7.95 11 17.19 10 6.10 7 9.72 11 5.70 16 9.76 14 10.77
VI hsa-miR-548a-5p 10 15.63 17 13.08

The percentage refers the number of genes affected by the specific miRNA from the total number of genes analyzed in each pathway. The group number on the left indicates
the origin of the miRNAs with significant expression changes after doxorubicin treatment.
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et al., 2012]. With regard to our results, upregulation of this miRNA
in MDA-MB-468 cells could lead to lower invasiveness, while
downregulation in MDA-MB-231 cells could reinforce their ability
to invade and metastasize. We also focused on miRNAs in this group
whose expression level was different between the two cell lines. For
example, miR-92a-1-5p was more downregulated in MDA-MB-468
than in MDA-MB-231 cells; it belongs to the 17-92 “oncomiR”
cluster known to promote tumorigenesis by antagonizing tumor-
suppressing mechanisms, apoptosis, and oncogene-induced sen-
escence through the activities of the different miRNAs it encodes
[Hong et al., 2010].

In contrast miR-21-3p, miR-222-5p, andmiR-181a-3p were more
downregulated in MDA-MB-231 than in MDA-MB-468 cells. MiR-
21 has been described to play an important role in breast cancer
resistance to chemotherapy [Mei et al., 2010]. In addition, miR-222
has been related to breast cancer cell drug-resistance by targeting
PTEN [Zhong et al., 2013] and miR-181a-3p belongs to the 181a
family of tumor suppressor miRNAs which has been associated with
enhanced drug sensitivity in breast cancer cells by targeting the
Breast cancer resistance protein [BCRP] [Jiao et al., 2013]. Fifty-six
percent of the miRNAs which were significantly modified by
doxorubicin in the MDA-MB-468 and MDA-MB-231 group had
been previously related to chemotherapy resistance in breast cancer
(Table III). For example, miR-200 upregulation has been described in
several cancers and is implicated in promoting cell growth and
epithelial-mesenchymal transition [Park et al., 2008]. Our results
show its upregulation in doxorubicin-treated cells, suggesting that it
has a role in resistance. Moreover, the FOG2 protein, which inhibits
PI3K activity and suppresses cell growth, has been validated as one
of its targets [Hyun et al., 2009].

In group III (MCF-7) miR-548c-3p and miR-1305 were the most
strongly involved in the modification of cancer genes and pathways:
both were upregulated in doxorubicin-treated MCF-7cells. Our
results show that overexpression of miR-548c-3p increases the
viability of doxorubicin-treated MCF-7 cells, while its down-
regulation reduces cell viability. This suggests a specific role formiR-
548c-3p in doxorubicin resistance in MCF-7 cells which was not
observed in the other two cell lines assayed. A possiblemechanism of
action is a miR-548c-3p-mediated decrease in DNA damage after
chemotherapy treatment that consequently increases drug resist-
ance, thus determining its effectiveness [Srikantan et al., 2011].

MiR-335-3p was significantly upregulated in MDA-MB-231 cells
(Group IV). Interestingly, its non-carrier strand, miR-335-5p
suppresses metastasis and migration by targeting the progenitor
cell transcription factor SOX4 and extracellular matrix component
tenascin C, however the role of miR-335-3p remains unknown
[Tavazoie et al., 2008]. In Group V the expression of miR-3163 was
significantly decreased in MDA-MB-468 cells after doxorubicin
treatment; interestingly its expression is also downregulated in
colorectal cancer [Hamfjord et al., 2012] but there are no data
available for breast cancer.

Additionally, evaluation of miRNA expression in the normal
MCF-10A breast cell line, both with and without doxorubicin
treatment, showed results in contrast to the observations in the
breast cancer cell lines. It supports the idea that the changes observed
in response to treatment are specific to tumor cells and do not occur
in normal breast cells. In another step of validation/confirmation of
our results, search carried out in available array data public
repositories regarding to the analysis of miRNAs in primary human
breast cancer samples (not-treated) versus normal human breast
tissue revealed significant changes in several miRNAs. Comparing
these results with those obtained in tumor cell lines, we noticed that
some miRNAs (miR-424*, miR-1207-5p, miR1275, and miR-200c)
showed coincidence of expression trend in both primary tumor and
doxorubicin treated tumor cells (Supplementary Table 1 and Figure
4). These data are closer to resistance than to a favorable response to
treatment, since it is supposed that doxorubicin treatment would
reverse the expression of tumor associated miRNAs.

One of the most surprising findings of our study was the high
percentage of star miRNAs that were significantly changed after
doxorubicin treatment in all groups (data shown above). MiRNAs*,
or “passenger” or “carrier strands”, had been thought to be
biologically inactive, however mature functional miRNAs* have
recently been reported, and therefore miRNA/miRNA* ratios may
dramatically vary at different developmental and/or disease stages
[Lai et al., 2003; Kuchenbauer et al., 2011]. Several studies have
described important roles for miRNAs* [Yang et al., 2011] in
response to treatments such as metformin [Avci et al., 2013],
berberine [Lo et al., 2013], and 5-fluorouracil [Shah et al., 2011] .
This suggests that miRNA* expression is a generalized response to
anti-cancer treatments, which might represent possible new (and so
far unexplored) drug-response and/or resistance generation

Fig. 5. Modulation of doxorubicin-treated cell viability by miR-548c-3p. MDA-MB-231 (A) MDA-MB-468. (B) and MCF7 (C) cell lines were transfected with miRNA mimic
(548c-3p up) or inhibitor (548c-3p down) at different concentrations, and then treated with 5mM doxorubicin for different amounts of time. MiRNA scramble was used as a
negative transfection control. Results are represented as the average of three independent measurements, and statistical analysis of miR-548c-3p up versus miRNA scrambled is
shown (*P-value < 0.05).
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mechanisms. Therefore it is important to examine the role of
miRNAs* in greater depth in future studies.

In conclusion, our results suggest an important role for miRNAs
in gene transcriptional regulation after doxorubicin treatment in

breast cancer. A high number of the miRNAs that were
differentially expressed after treatment were implicated in the
modulation of genes and pathways relevant in cancer. Further-
more, an elevated percentage (23% of the total) of miRNAs with
altered expression after doxorubicin treatment had already been
related to chemotherapy resistance in the literature. This data
supports the idea that one of the consequences of doxorubicin
treatment is the generation of resistance to therapy, which is
exemplified by the implication of miR-548c-3p in MCF-7 cell
viability after doxorubicin treatment. Therefore, further inves-
tigation including functional and mechanistic studies must be
undertaken in order to address the biological implications of these
miRNAs, and to elucidate their involvement in cancer-related
pathways and in treatment response and resistance

ACKNOWLEDGMENTS
This work was supported by RD12/0036/0070 and PI12/01421
grants from Instituto de Salud Carlos III to ALl and an INCLIVA
Biomedical Research Institute grant to PE. ET is funded by RD12/
0036/0070; B P is funded by “Juan de la Cierva” program. GR and JC
are “Miquel Servet” and “Ram�on y Cajal “researchers respectively.

REFERENCES
Andre F, Zielinski. CC. 2012. Optimal strategies for the treatment of
metastatic triple-negative breast cancer with currently approved agents. .
Ann Oncol 23(Suppl6): vi46–vi51.

Avci C B, Harman E, Dodurga Y, Susluer S Y, Gunduz. C. 2013. Therapeutic
potential of an anti-diabetic drug, metformin: Alteration of miRNA
expression in prostate cancer cells. Asia Pac J Cancer Prev 14:765–768.

Bourguignon LY, Spevak CC, Wong G, Xia W, Gilad. E. 2009. Hyaluronan-
CD44 interaction with protein kinase C(epsilon) promotes oncogenic
signaling by the stem cell marker Nanog and the Production of micro-
RNA-21, leading to down-regulation of the tumor suppressor protein PDCD4,
anti-apoptosis, and chemotherapy resistance in breast tumor cells. J Bio
Chem 284:26533–26546.

Boyle P 2012. Triple-negative breast cancer: Epidemiological considerations
and recommendations. Ann Oncolo 23(Suppl6): vi 7–12.

Carey L A 2011. Directed therapy of subtypes of triple-negative breast cancer.
Oncologist 16(Suppl1):71–78.

Carey L A, Dees E C, Sawyer L, Gatti L, Moore D T, Collichio F, Ollila D W,
Sartor C I, Graham M L, C M Perou. 2007. The triple negative paradox:
Primary tumor chemosensitivity of breast cancer subtypes. J Exp Clin Cancer
Res 13:2329–2334.

Cochrane D R, Spoelstra N S, Howe E N, Nordeen S K, Richer. J K. 2009.
MicroRNA-200c mitigates invasiveness and restores sensitivity to micro-
tubule-targeting chemotherapeutic agents. Mol Cancer Ther 8:1055–1066.

Cowland J B, Hother C, Gronbaek. K. 2007. MicroRNAs and cancer. APMIS
115:1090–1106.

Crown J, O0Shaughnessy J J, Gullo G. 2012. 23 Suppl 6 Emerging targeted
therapies in triple-negative breast cancer. Ann Oncolo vi56–vi65.

Cheang M C, Voduc D, Bajdik C, Leung S, McKinney S, Chia S K, Perou C M,
Nielsen. T O. 2008. Basal-like breast cancer defined by five biomarkers has
superior prognostic value than triple-negative phenotype. Clin Cancer Res
14:1368–1376.

Chen GQ, Zhao ZW, Zhou HY, Liu Y J, Yang H J. 2010. Systematic analysis of
microRNA involved in resistance of the MCF-7 human breast cancer cell to
doxorubicin. Medical oncology 27:406–415.

Fig. 6. Representation offivemajor clustered groups of analyzedmiRNAs, and
their relationship with several processes connected with cancer. AM: ADME
(drug absorption, distribution, metabolisms and excretion), GP: Growth and
proliferation, A: Angiogenesis, IM: invasion and metastasis, SIR: suppression of
immune recognition, CS: cell survival. # upregulated miRNAs. Group I (MDA-
MB-231, MDA-MB-468, andMCF-7); Group II (MDA-MB-231 andMDA-MB-
468); Group III (MCF-7); Group IV (MDA-MB-231); Group V (MDA-MB-468).

JOURNAL OF CELLULAR BIOCHEMISTRY MICRORNA PROFILE IN RESPONSE TO DOXORUBICIN 2071



Cho W C 2007. OncomiRs: The discovery and progress of microRNAs in
cancers. Mol Cancer 6:60.

De Laurentiis M, Cianniello D, Caputo R, Stanzione B, Arpino G, Cinieri S,
Lorusso V, De Placido. S. 2010. Treatment of triple negative breast cancer
(TNBC): Current options and future perspectives. Cancer Treat Rev
36(Suppl3):S80–S86.

Dent R, HannaWM, TrudeauM, Rawlinson E, Sun P, Narod SA. 2009. Pattern
of metastatic spread in triple-negative breast cancer. Breast cancer Res Treat
115:423–428.

Dent R, TrudeauM, Pritchard K I, HannaWM, Kahn H K, Sawka CA, Lickley L
A, Rawlinson E, Sun P, Narod S A. 2007. Triple-negative breast cancer:
Clinical features and patterns of recurrence. Clin Cancer Res 13:4429–4434.

Eroles P, Tormo E, Pineda B, Espin E, Lluch A. 2015. MicroRNAs in breast
cancer: one More Turn in Regulation. Curr Drug Targets.

Fei X, QiM,WuB, Song Y,Wang Y, Li. T. 2012.MicroRNA-195-5p suppresses
glucose uptake and proliferation of human bladder cancer T24 cells by
regulating GLUT3 expression. FEBS Lett 586:392–397.

Garzon R, Fabbri M, Cimmino A, Calin G A, Croce C M. 2006. MicroRNA
expression and function in cancer. Trends Mol. Medin 12:580–587.

Grammatikakis I, Gorospe M, Abdelmohsen. K. 2013. Modulation of Cancer
Traits by Tumor Suppressor microRNAs. International. J Mol Sci 14:
1822–1842.

Hamfjord J, Stangeland AM, Hughes T, Skrede M L, Tveit K M, Ikdahl T, Kure
E H. 2012. Differential expression of miRNAs in colorectal cancer:
Comparison of paired tumor tissue and adjacent normal mucosa using
high-throughput sequencing. PloS ONE 7:34150.

Harquail J, Benzina S, Robichaud. G A. 2012. MicroRNAs and breast cancer
malignancy: An overview of miRNA-regulated cancer processes leading to
metastasis. Cancer Biomarkers 11:269–280.

Hong L, Lai M, ChenM, Xie C, Liao R, Kang Y J, Xiao C, HuWY, Han J, Sun. P.
2010. The miR-17-92 cluster of microRNAs confers tumorigenicity by
inhibiting oncogene-induced senescence. Cancer Res 70:8547–8557.

Hummel R, Hussey D J, Haier. J. 2010. MicroRNAs: Predictors and modifiers
of chemo- and radiotherapy in different tumour types. Eur J cancer 46:
298–311.

Hyun S, Lee J H, Jin H, Nam J, Namkoong B, Lee G, Chung J, Kim. V N. 2009.
Conserved MicroRNA miR-8/miR-200 and its target USH/FOG2 control
growth by regulating PI3K. Cell 139:1096–1108.

Iorio MV, Casalini P, Piovan C, Di Leva G, Merlo A, Triulzi T, Menard S, Croce
C M, Tagliabue. E. 2009. MicroRNA-205 regulates HER3 in human breast
cancer. Cancer Res 69:2195–2200.

Jiao X, Zhao L, Ma M, Bai X, He M, Yan Y, Wang Y, Chen Q, Zhao X, Zhou M,
Cui Z, Zheng Z,Wang E,Wei. M. 2013.MiR-181a enhances drug sensitivity in
mitoxantone-resistant breast cancer cells by targeting breast cancer
resistance protein (BCRP/ABCG2). Breast cancer Res Treat 139:717–730.

Joensuu H, Gligorov J. 2012. Adjuvant treatments for triple-negative breast
cancers. Ann Oncol 23(Suppl6):40–45.

Kastl L, Brown I, Schofield. A C. 2012. MiRNA-34a is associated with
docetaxel resistance in human breast cancer cells. Breast cancer Res Treat
131:445–454.

Katsushima K, Shinjo K, Natsume A, Ohka F, Fujii M, Osada H, Sekido Y,
Kondo Y. 2012. Contribution of microRNA-1275 to Claudin11 protein
suppression via a polycomb-mediated silencingmechanism in human glioma
stem-like cells. J Bio chem 287:27396–27406.

Kovalchuk O, Filkowski J, Meservy J, Ilnytskyy Y, Tryndyak V P, Chekhun V
F, Pogribny. I P. 2008. Involvement of microRNA-451 in resistance of the
MCF-7 breast cancer cells to chemotherapeutic drug doxorubicin. Mol Cancer
Ther 7:2152–2159.

Kuchenbauer F, Mah S M, Heuser M, McPherson A, Ruschmann J, Rouhi A,
Berg T, Bullinger L, Argiropoulos B, Morin R D, Lai D, Starczynowski D T,
Karsan A, Eaves C J, Watahiki A, Wang Y, Aparicio S A, Ganser A, Krauter J,

Dohner H, Dohner K, Marra M A, Camargo F D, Palmqvist L, Buske C,
Humphries. R K. 2011. Comprehensive analysis of mammalian miRNA*
species and their role in myeloid cells. Blood 118:3350–3358.

Lai E C, Tomancak P, Williams R W. 2003. Computational identification of
Drosophila microRNA genes. Genome Biol 4:R42.

Lau L, Chan K, Khoo. U. 2010. Identification of microRNAs associated with
tamoxifen resistance in breast cancer. In: Proceedings of the 101st Annual
Meeting of the American Association for Cancer Research; 2010 Apr 17-21;
Washington, DC. Philadelphia (PA): AACR; Cancer Res 2010;70(8 Suppl):
Abstract nr 2040.

Lee C H, KuoWH, Lin C C, Oyang Y J, Huang H C, Juan. H F. 2013.MicroRNA-
Regulated Protein-Protein Interaction Networks and Their Functions in
Breast Cancer. Int J Mol Sci 14:11560–11606.

Leivonen S K, Sahlberg K K, Makela R, Due E U, Kallioniemi O, Borresen-Dale
A L, Perala. M. 2014. High-throughput screens identify microRNAs essential
for HER2 positive breast cancer cell growth. Mol Oncol 8:93–104.

Liang Z, Wu H, Xia J, Li Y, Zhang Y, Huang K, Wagar N, Yoon Y, Cho H T,
Scala S, Shim. H. 2010. Involvement of miR-326 in chemotherapy resistance
of breast cancer through modulating expression of multidrug resistance-
associated protein 1. Biochem Pharmacol 79:817–824.

Liedtke C, Mazouni C, Hess K R, Andre F, Tordai A, Mejia J A, Symmans W F,
Gonzalez-Angulo A M, Hennessy B, Green M, Cristofanilli M, Hortobagyi G
N, Pusztai. L. 2008. Response to neoadjuvant therapy and long-term survival
in patients with triple-negative breast cancer. J Clin Oncol 26:1275–1281.

Lo T F, Tsai W C, Chen. S T. 2013. MicroRNA-21-3p, a berberine-induced
miRNA, directly down-regulates humanmethionine adenosyltransferases 2A
and 2B and inhibits hepatoma cell growth. PloS ONE 8:75628.

Lo�pez-Camarillo C, Marchat L, Are�chaga-Ocampo E, Azuara-Liceaga E,
Pe�rez-Plasencia C, Fuentes-Mera L, Fonseca-Sa�nchez M, Flores-Pe�rez. A.
2013. Functional Roles of microRNAs in Cancer: MicroRNomes and
oncomiRs Connection. In: Lo�pez-Camarillo Ce�sar and Are�chaga-Ocampo
Elena, editors. Oncogenomics and Cancer Proteomics-Novel Approaches in
Biomarkers Discovery and Therapeutic Targets in Cancer. Intech. p 71–91.

Mei M, Ren Y, Zhou X, Yuan X B, Han L, Wang G X, Jia Z, Pu P Y, Kang C S,
Yao Z. 2010. Downregulation ofmiR-21 enhances chemotherapeutic effect of
taxol in breast carcinoma cells. Technol Cancer Res Treat 9:77–86.

Miller T E, Ghoshal K, Ramaswamy B, Roy S, Datta J, Shapiro C L, Jacob S,
Majumder. S. 2008. MicroRNA-221/222 confers tamoxifen resistance in
breast cancer by targeting p27Kip1. J Biolo chem 283:29897–29903.

Ng E K, Wong C L, Ma E S, Kwong. A. 2009. MicroRNAs as New Players for
Diagnosis, Prognosis, and Therapeutic Targets in Breast Cancer. J Oncol
2009:305420.

Oakman C, Moretti E, Galardi F, Biagioni C, Santarpia L, Biganzoli L, Di Leo.
A. 2011. Adjuvant systemic treatment for individual patients with triple
negative breast cancer. Breast 20(Suppl3):S135–S141.

Oakman C, Viale G, Di Leo. A. 2010. Management of triple negative breast
cancer. Breast 19:312–321.

Park S M, Gaur A B, Lengyel E, Peter. M E. 2008. The miR-200 family
determines the epithelial phenotype of cancer cells by targeting the E-
cadherin repressors ZEB1 and Z EB2. Genes Devt 22:894–907.

Pe~na-Chilet M, Martinez M T, Perez-Fidalgo J A, Peiro-Chova L, Oltra S S,
Tormo E, Alonso-Yuste E, Martinez-Delgado B, Eroles P, Climent J, Burgues
O, Ferrer-Lozano J, Bosch A, Lluch A, Ribas G. 2014. MicroRNA profile in
very young women with breast cancer. BMC Cancer 14:529.

Pogribny I P, Filkowski J N, Tryndyak V P, Golubov A, Shpyleva S I,
Kovalchuk. O. 2010. Alterations of microRNAs and their targets are
associated with acquired resistance of MCF-7 breast cancer cells to cisplatin.
International journal of cancer. J Int Du cancer 127:1785–1794.

Ranade A R, Cherba D, Sridhar S, Richardson P,Webb C, Paripati A, Bowles B,
Weiss. G J. 2010. MicroRNA 92a-2*: A biomarker predictive for chemo-
resistance and prognostic for survival in patients with small cell lung cancer.
J Thoracic Oncol 5:1273–1278.

JOURNAL OF CELLULAR BIOCHEMISTRY2072 MICRORNA PROFILE IN RESPONSE TO DOXORUBICIN



RaoX, Di Leva G, LiM, Fang F, Devlin C, Hartman-Frey C, BurowME, IvanM,
Croce C M, Nephew. K P. 2011. MicroRNA-221/222 confers breast cancer
fulvestrant resistance by regulating multiple signaling pathways. Oncogene
30:1082–1097.

Rhodes L V, Tilghman S L, Boue SM,Wang S, Khalili H,Muir S E, BrattonMR,
Zhang Q, Wang G, Burow M E, Collins-Burow. B M. 2012. Glyceollins as
novel targeted therapeutic for the treatment of triple-negative breast cancer.
Oncol Lett 3:163–171.

Rouzier R, Perou CM, SymmansW F, Ibrahim N, Cristofanilli M, Anderson K,
Hess K R, Stec J, Ayers M, Wagner P, Morandi P, Fan C, Rabiul I, Ross J S,
Hortobagyi G N, Pusztai. L. 2005. Breast cancer molecular subtypes respond
differently to preoperative chemotherapy. Clin Cancer Res 11:5678–5685.

Saito Y, Liang G, Egger G, Friedman J M, Chuang J C, Coetzee G A, Jones P A.
2006. Specific activation of microRNA-127 with downregulation of the
proto-oncogene BCL6 by chromatin-modifying drugs in human cancer cells.
Cancer Cell 9:435–443.

Salter K H, Acharya C R, Walters K S, Redman R, Anguiano A, Garman K S,
Anders C K, Mukherjee S, Dressman H K, Barry W T, Marcom K P, Olson J,
Nevins J R, Potti. A. 2008. An integrated approach to the prediction of
chemotherapeutic response in patients with breast cancer. PloS ONE 3:e1908.

Shah M Y, Pan X, Fix L N, Farwell M A, Zhang. B. 2011. 5-Fluorouracil drug
alters the microRNA expression profiles in MCF-7 breast cancer cells. J Cell
Physiol 226:1868–1878.

Smith L, Watson M B, O0Kane S L, Drew P J, Lind M J, Cawkwell. L. 2006. The
analysis of doxorubicin resistance in human breast cancer cells using
antibody microarrays. Mol cancer Ther 5:2115–2120.

Song B,Wang Y, TitmusMA, Botchkina G, Formentini A, KornmannM, Ju. J.
2010.Molecular mechanism of chemoresistance bymiR-215 in osteosarcoma
and colon cancer cells. Mol cancer 9:96.

Srikantan S, Abdelmohsen K, Lee E K, Tominaga K, Subaran S S, Kuwano Y,
Kulshrestha R, Panchakshari R, Kim H H, Yang X, Martindale J L, Marasa B S,
Kim M M, Wersto R P, Indig F E, Chowdhury D, Gorospe. M. 2011.
Translational control of TOP2A influences doxorubicin efficacy. Mol Cell Bio
31:3790–3801.

Tapia M A, Gonzalez-Navarrete I, Dalmases A, Bosch M, Rodriguez-Fanjul V,
RolfeM, Ross J S,Mezquita J,Mezquita C, BachsO, Gascon P, Rojo F, Perona R,
Rovira A, Albanell. J. 2007. Inhibition of the canonical IKK/NF kappa B
pathway sensitizes humancancer cells to doxorubicin. Cell cycle 6:2284–2292.

Tavazoie S F, Alarcon C, Oskarsson T, Padua D, Wang Q, Bos P D, Gerald W L,
Massague. J. 2008. Endogenous human microRNAs that suppress breast
cancer metastasis. Nature 451:147–152.

TianW, Chen J, He H, Deng. Y. 2013. MicroRNAs and drug resistance of breast
cancer: Basic evidence and clinical applications. Clin Trans Oncol 15:335–342.

Vlachos I S, Kostoulas N, Vergoulis T, Georgakilas G, Reczko M, Maragkakis
M, Paraskevopoulou M D, Prionidis K, Dalamagas T, Hatzigeorgiou A G.
2012. DIANA miRPath v.2.0: Investigating the combinatorial effect of
microRNAs in pathways. Nucleic Acids Res 40:W498–W504.

Wang H, Tan G, Dong L, Cheng L, Li K, Wang Z, Luo. H. 2012. Circulating
MiR-125b as a marker predicting chemoresistance in breast cancer. PloS ONE
7:e34210.

Weiss G, Nelson K, Edwards D, Boisvert S, Sima. C. 2010. MicroRNA
biomarkers associated with vandetanib, sunitinib, and/or erlotinib resistance.
Journal of Thoraci Oncology 5,S240–S241.

Wu X, Bhayani M K, Dodge C T, Nicoloso M S, Chen Y, Yan X, Adachi M,
Thomas L, Galer C E, Jiffar T, Pickering C R, Kupferman M E, Myers J N, Calin
G A, Lai. S Y. 2013. Coordinated targeting of the EGFR signaling axis by
microRNA-27a*. Oncotarget 4:1388–1398.

Xin F, Li M, Balch C, Thomson M, Fan M, Liu Y, Hammond S M, Kim S,
Nephew. K P. 2009. Computational analysis of microRNA profiles and their
target genes suggests significant involvement in breast cancer antiestrogen
resistance. Bioinformatics 25:430–434.

Yang J S, PhillipsMD, Betel D,Mu P, Ventura A, Siepel A C, Chen KC, Lai. E C.
2011. Widespread regulatory activity of vertebrate microRNA* species. RNA
17:312–326.

Yi S Y, Ahn J S, Uhm J E, Lim H, do, Ji S H, Jun H J, Kim K H, ChangMH, Park
M J, Cho E Y, Choi Y L, Park Y H, Im. Y H. 2010. Favorable response to
doxorubicin combination chemotherapy does not yield good clinical
outcome in patients with metastatic breast cancer with triple-negative
phenotype. BMC cancer 10:527.

Yu K D, Zhu R, ZhanM, Rodriguez AA, YangW,Wong S, Makris A, Lehmann
B D, Chen X, Mayer I, Pietenpol J A, Shao Z M, Symmans W F, Chang. J C.
2013. Identification of prognosis-relevant subgroups in patients with
chemoresistant triple-negative breast cancer. Clin Cancer Res 19:2723–2733.

Yu Y, Wang Y, Ren X, Tsuyada A, Li A, Liu L J, Wang. S E. 2010. Context-
dependent bidirectional regulation of the MutS homolog 2 by transforming
growth factor beta contributes to chemoresistance in breast cancer cells. Mol
cancer Res 8:1633–1642.

Zhang B, Pan X, Cobb G P, Anderson. T A. 2007. MicroRNAs as oncogenes
and tumor suppressors. Dev Biol 302:1–12.

Zhao J J, Lin J, Yang H, Kong W, He L, Ma X, Coppola D, Cheng. J Q. 2008.
MicroRNA-221/222 negatively regulates estrogen receptor alpha and is
associated with tamoxifen resistance in breast cancer. J Biol Chem
283:31079–31086.

Zhong S, Li W, Chen Z, Xu J, Zhao. J. 2013. MiR-222 and miR-29a contribute
to the drug-resistance of breast cancer cells. Gene 531:8–14.

Zhou M, Liu Z, Zhao Y, Ding Y, Liu H, Xi Y, Xiong W, Li G, Lu J, Fodstad O,
Riker A I, Tan. M. 2010. MicroRNA-125b confers the resistance of breast
cancer cells to paclitaxel through suppression of pro-apoptotic Bcl-2
antagonist killer 1 (Bak1) expression. J Biol Chem 285:21496–21507.

Zhou Y, Hu Y, YangM, Jat P, Li K, Lombardo Y, Xiong D, Coombes R C, Raguz
S, Yague. E. 2014. The miR-106b�25 cluster promotes bypass of
doxorubicin-induced senescence and increase in motility and invasion by
targeting the E-cadherin transcriptional activator EP300. Cell Death Differ
21:462–474.

Zhu J, Feng Y, Ke Z, Yang Z, Zhou J, Huang X, Wang. L. 2012. Down-
regulation of miR-183 promotes migration and invasion of osteosarcoma by
targeting Ezrin. Am J pathol 180:2440–2451.

Zhu Y,Wu J, Li S, Ma R, CaoH, JiM, Jing C, Tang. J. 2013. The function role of
miR-181a in chemosensitivity to adriamycin by targeting Bcl-2 in low-
invasive breast cancer cells. Cell Physiol Biochem 32:1225–1237.

SUPPORTING INFORMATION

Additional supporting information may be found in the online
version of this article at the publisher0s web-site.

JOURNAL OF CELLULAR BIOCHEMISTRY MICRORNA PROFILE IN RESPONSE TO DOXORUBICIN 2073


