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Abstract Docetaxel is a chemotherapy drug to treat
breast cancer, however as with many chemotherapeutic
drugs resistance to docetaxel occurs in 50% of patients,
and the underlying molecular mechanisms of drug resis-
tance are not fully understood. Gene regulation through
microRNAs (miRNA) has been shown to play an important
role in cancer drug resistance. By directly targeting mRNA,
miRNAs are able to inhibit genes that are necessary for
signalling pathways or drug induced apoptosis rendering
cells drug resistant. This study investigated the role of
differential miRNA expression in two in vitro breast cancer
cell line models (MCF-7, MDA-MB-231) of acquired
docetaxel resistance. MiRNA microarray analysis identi-
fied 299 and 226 miRNAs altered in MCF-7 and MDA-
MB-231 docetaxel-resistant cells, respectively. Docetaxel
resistance was associated with increased expression of
miR-34a and miR-141 and decreased expression of miR-7,
miR-16, miR-30a, miR-125a-5p, miR-126. Computational
target prediction revealed eight candidate genes targeted by
these miRNAs. Quantitative PCR and western analysis
confirmed decreased expression of two genes, BCL-2 and
CCND1, in docetaxel-resistant cells, which are both tar-
geted by miR-34a. Modulation of miR-34a expression was
correlated with BCL-2 and cyclin D1 protein expression
changes and a direct interaction of miR-34a with BCL-2
was shown by luciferase assay. Inhibition of miR-34a
enhanced response to docetaxel in MCF-7 docetaxel-
resistant cells, whereas overexpression of miR-34a
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conferred resistance in MCF-7 docetaxel-sensitive cells.
This study is the first to show differences in miRNA
expression, in particular, increased expression of miR-34a
in an acquired model of docetaxel resistance in breast
cancer. This serves as a mechanism of acquired docetaxel
resistance in these cells, possibly through direct interac-
tions with BCL-2 and CCNDI, therefore presenting a
potential therapeutic target for the treatment of docetaxel-
resistant breast cancer.
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Introduction

Breast cancer is the most common disease in women
worldwide with 44,000 new cases in the UK every year.
One treatment strategy is chemotherapy with the taxane
docetaxel (Taxotere®), which was shown to be more
effective compared to other drugs including anthracyclines
[1] and paclitaxel, another taxane [2]. It leads to cell cycle
arrest and apoptosis by binding to and inhibiting the
depolymerisation of the f-tubulin subunit of microtubules.
As with other chemotherapeutic agents, many patients are
either intrinsically resistant or acquire resistance to doce-
taxel during the course of treatment. Chemotherapy drug
resistance involves various different mechanisms including
gene mutations altering the mode of action of chemother-
apeutic agents [3-6]. In addition, there is evidence that
alteration of gene expression through DNA methylation
and histone modifications can lead to drug resistance in
cancer [7, 8]. MicroRNAs (miRNAs) are small molecules
that are able to control gene expression by direct interac-
tion with an mRNA target. These 19-25 nucleotide long
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molecules originate in the nucleus, where they are pro-
cessed and exported into the cytoplasm [9]. Here, the
mature miRNA exerts its gene regulatory function by
binding to the 3'UTR of the target gene leading to either
degradation of the mRNA transcript or inhibition of the
protein translation process [10]. Advances in miRNA
profiling showed that miRNAs play an important role in
biological processes like development, differentiation and
proliferation, therefore also influencing cancer develop-
ment and progression. In addition, current research high-
lights their role in drug resistance in cancer. Studies have
revealed a variety of miRNAs that can be directly linked to
altering gene expression, therefore causing chemotherapy
drug resistance in gastric [11] and prostate cancer [12]. In
breast cancer, it was shown that miR-328 is associated with
mitoxantrone-resistance [13] and increased miR-221 and
miR-222 expression was associated with tamoxifen-resis-
tant cells by targeting p27/kipl [14]. Other miRNAs that
can be associated with chemotherapy drug resistance in
breast cancer include miR-326 [15] and miR-21 [16]. Even
though miRNAs have been intensively studied, no study
investigated the role of miRNA expression in docetaxel
resistance in breast cancer. This study is the first to report
miR-34a-mediated BCL-2 and CCNDI regulation in
docetaxel-resistant breast cancer cells. More importantly, it
was shown that increased miR-34a expression was asso-
ciated with acquired docetaxel resistance and changes in
miR-34a expression modulated response to docetaxel in
these cells.

Materials and methods
Cell culture

Human breast cancer cell lines (MCF-7, MDA-MB-231)
were obtained from the European Collection of Animal
Cell Culture (Centre for Applied Microbiology and
Research, Salisbury, UK). Each parental cell line (termed
docetaxel-sensitive cells) was made resistant to docetaxel
(termed docetaxel-resistant cells) following sequential
exposure to docetaxel (Sanofi-Aventis, Surrey, UK) at
increasing concentrations, as described previously [17].
Cells were cultured and maintained in RPMI-1640
medium including r-glutamine, supplemented with 10%
(v/v) foetal calf serum and 1% (v/v) penicillin/streptomycin
(100,000 U/ penicillin, 100 mg/l streptomycin), at 37°C in
a humidified atmosphere containing 5% carbon dioxide.

RNA extraction

RNA was extracted from TRIzol® reagent frozen cells,
according to the manufacturer’s protocol (Invitrogen,
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Paisley, UK). RNA quality and quantity was determined by
Nanodrop spectrophotometry (Nanodrop 1000 Spectro-
photometer, Thermo Scientific, Loughborough, UK). RNA
was reverse transcribed with SuperScript™ II Reverse
Transcriptase (Invitrogen), according to the manufacturer’s
protocol, using random hexamers (GE Healthcare,
Buckinghamshire, UK).

Small RNA isolation and reverse transcription

Total RNA was extracted as described. The RT? qPCR-
Grade miRNA isolation kit (SABiosciencesTM, Frederick,
MD, USA) was used to isolate small RNA from total RNA.
Briefly, 0.75 pg total RNA was used to isolate small RNA
according to manufacturer’s instructions. Small RNA
quantity and integrity was determined using the nanodrop
(Thermo Scientific) and by Agilent Bioanalyser (Agilent
Technologies UK Ltd., Wokingham, UK). Small RNA
(150 ng) was reverse transcribed using the RT? miRNA
first strand kit according to manufacturer’s instructions
(SABiosciencesTM).

Quantitative real-time PCR

Quantitative real-time PCR was performed using SYBR
green master mix (Roche Diagnostics GmbH, Mannheim,
Germany), according to the following PCR conditions:
initial denaturation at 95°C for 5 min followed by 45
cycles of amplification at 95°C for 10 s and 60°C for 15 s.
The amplified fluorescent signal was detected by Roche
LightCycler 480 (Roche Diagnostics). Relative quantifi-
cation was assessed using secondary derivative maximum
(Roche Diagnostics). Gene expression was normalised to
GAPDH and changes in expression measured relative to
the control (docetaxel-sensitive cells). Table 1 represents
the PCR primer sequences used (Sigma-Genosys, Haver-
hill, UK). For each gene studied, all experiments were
repeated in triplicate using two independent cDNA
extractions with RNA isolated from three independent
RNA extractions.

miRNA quantitative PCR array analysis

MiRNA expression was measured using the RT? miRNA
PCR array system (SABiosciences'™). Expression analysis
of 376 miRNA sequences was performed according to
manufacturer’s instructions. The LightCycler 480 was used
for all reactions (Roche Diagnostics). PCR conditions were
set according to SABioscience recommendations (SABio-
sciences' ™). Data analysis was performed using the
RT? Profiler PCR Array Data Analysis Template v3.1
(SABiosciences ™). Data was normalised to four miRNAs
(hsa-SNORD-44, hsa-SNORD47, hsa-SNORD48 and
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Table 1 Primer sequences for

miRNA target genes Gene Forward primer (5" — 3') Reverse primer (5’ — 3') i’igcl:{(ggduct
BCL2° ATGTGTGTGGAGAGCGTCAA ACAGTTCCACAAAGGCATCC 136
CCNDI GAGGAAGAGGAGGAGGAGGA GAGATGGAAGGGGGAAAGAG 237
CDKG6 AGAGACAGGAGTGGCCTTGA TGAAAGCAAGCAAACAGGTG 185
ERBB3 GGAGTCTTGCCAGGAGTCTG CTGGCATGACATAACCGTTG 299
hGAPDH GAGTCAACGGATTTGGTCGTA GCAGAGATGATGACCCTTTTG 349
HMGBI TCGGGAGGAGCATAAGAAGA CCTTTGATTTTTGGGCGATA 276
PTEN CTCCAATTCAGGACCCACACGAC AAGTACAGCTTCACCTTAAA 241
RAFI TTCTGTAGATGCGCAAGTGG GGCTGTTTGGTGCCTTATGT 231
SIRT1 GCAGATTAGTAGGCGGCTTG TCTGGCATGTCCCACTATCA 152
TUBB2A CGCATCTCCGAGCAGTTCAC TCGCCCTCCTCCTCCTCGA 208
VEGF CTACCTCCACCATGCCAAGT TGGTGATGTTGGACTCCTCA 263
ZEBI GCACCTGAAGAGGACCAGAG TGCATCTGGTGTTCCATTTT 72

hsa-U6) and relative miRNA expression levels were cal-
culated with 2°(—ACt). Duplicate experiments were per-
formed for each cell line.

miRNA target gene identification

For miRNA target gene identification computational anal-
ysis was used. The most recent version of miRecords
(http://mirecords.biolead.org/; September 2009) was used
to identify candidate target genes of identified miRNAs. To
predict target genes, miRecords integrates predicted targets
of 11 target prediction tools: DIANA-microT, Microln-
spector, miRanda, MirTarget2, miTarget, NBmiRTar,
PicTar, PITA, RNA22, RNAhybrid, and TargetScan/
TargertScanS.

Western blot

Protein expression analysis was performed as described
previously [17]. Briefly, 20 ng protein was separated by
SDS-PAGE using polyacrylamide gels (Invitrogen) and
transferred to a nitrocellulose membrane (Bio-Rad Labo-
ratories Ltd., Hertfordshire, UK). BCL-2 (clone # sc-509)
and cyclin D1 (clone # sc-2044) mouse monoclonal anti-
bodies were obtained from Santa Cruz Biotechnology Inc.
and used at a dilution of 1:500 and 1:750, respectively.
p-actin (1:20000; clone # mAbcam 8226, Abcam plc,
Cambridge, UK) was used as an internal loading control to
be able to normalise the expression patterns of each protein
of interest. Secondary antibodies were either horse radish
peroxidase labelled goat anti-mouse, goat anti-rabbit or
donkey anti-goat conjugated antibodies (Santa Cruz). All
secondary antibodies were used at a 1:5000 dilution. Pro-
teins were detected by chemiluminescence detection using
the Amersham ECL plus western blotting detection kit (GE
Healthcare) and visualised with the Biorad Flour S Imager

(Bio-Rad) and densitometry was performed using Quantity
One 4.6.3 software (Bio-Rad). Experiments were per-
formed from three independent protein extractions.

miRNA-34a transfection

MiRNA-34a was overexpressed in MCF-7 docetaxel-sen-
sitive cells using a miRNA-34a precursor (Applied Bio-
systems, Warrington, UK). In MCF-7 docetaxel-resistant
cells miRNA-34a was knocked down using a miRNA-34a
inhibitor (Exiqon A/S, Vedbaek, Denmark). 24 h prior to
transfection, cells were plated onto a six-well plate at a
density of 2 x 10° cells/well. Either 50 nM of the pre-
cursor or inhibitor molecule was transfected into the cells
using jetPrime transfection reagent (Autogen Bioclear UK
Ltd,Wilts, UK) according to manufacturer’s instructions.
Three independent experiments were performed. Per
experiment a positive control of Cy’-labelled scrambled
miRNA oligoprobe (Applied Biosystems) was used to
measure transfection efficiency. Transfection efficiency
was calculated in percent where total cell count of mock-
transfected cells was used as a control (100%). Typical
transfection efficiencies in MCF-7 docetaxel-sensitive cells
and resistant cells were ~90 and 65%, respectively.

Dual luciferase assay

The pGL3-BCL-2 wild-type and pGL3-BCL-2 mutant
constructs were a kind gift of Dr Guido Bommer (De Duve
Institute, Brussel, Belgium) [50]. Either 400 ng pGL3-
BCL-2 wild-type or pGL3-BCL-2 mutant and 8 ng
pGL4.70[hRluc] (Promega Corp., Madison, WI, USA)
plasmid was co-transfected with 50 nM miRNA-34 pre-
cursor (Applied Biosystems). Transfected cells were incu-
bated for 24 h before performing the dual luciferase assay
according to manufacturer’s instructions (Promega). Firefly
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luciferase activity of the pGL3-control plasmid was nor-
malised to Renilla luciferase activity of pGL4.70[ARIuc].
Three independent experiments were performed.

Cell viability assay

In order to measure cell viability before and after trans-
fection, the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) assay was used as described
previously [17]. Briefly, 24 h post-transfection, 5 x 10*
cells per well were seeded onto a 96-well plate in 100 pl
medium and incubated for 24 h prior to docetaxel treat-
ment. Appropriate docetaxel concentrations made from a
40 mg/ml stock were added at 100 pl and cells were
incubated with the drug for 24 h. MTT (12 mM) (Sigma-
Aldrich, Dorset, UK) was added to each well and cell
viability was measured as described previously. Three
independent experiments with six replicates each were
performed.

Statistical analysis

Unpaired Student’s ¢ test was performed for all experi-
ments. All data, unless stated otherwise, are expressed as
mean =+ standard error of mean (SEM). A P value of less
than 0.05 was considered statistically significant. SPSS

Software, version 17 (SPSS Inc., Chicago, IL, USA) was
used for all statistical analyses.

Results

miRNA expression is altered in docetaxel-resistant
human breast cancer cells

To identify changes in miRNA expression in docetaxel-
resistant human breast cancer cells, miRNA expression
profiling of 376 human miRNAs was performed in two
different in vitro breast cancer models of acquired doce-
taxel resistance (MCF-7, MDA-MB-231). About 40% of
miRNAs had Ct values higher than 35, which were not
included in the subsequent analysis. In MCF-7 docetaxel-
resistant breast cancer cells miR-141 and miR-34a were
increased in expression whereas miR-16, miR-138, miR-
195, miR-7, miR-190b, miR-532-5p, miR-30d, miR129-3p,
miR-30a, miR-151-3p, miR-590-3p, miR-151-5p, miR-
126, miR-363, miR-125-5p, miR-149, and miR-361-5p
were down regulated in MCF-7 docetaxel-resistant cells
(Table 2). In contrast, only one of the altered miRNA
sequences in MDA-MB-231 docetaxel-resistant cells
reached statistical significance (Table 2). Here, miR-429
was downregulated in the docetaxel-resistant subline.

Table 2 Altered miRNA

. . Cell line miRNA miRNA Fold change P value
sequences associated with expression® (+SD)
docetaxel resistance P
MCF-7 hsa-miR-7 — —3.87 +0.08 0.018
hsa-miR-16 — —2.64 + 0.01 0.034
hsa-miR-30a — —2.03 £ 0.21 0.010
hsa-miR-30d — —2.58 + 0.32 0.048
hsa-miR-125a-5p — —1.88 + 0.11 0.042
hsa-miR-126 — —2.96 + 0.55 0.025
hsa-miR-129-3p — —6.95 + 4.51 0.006
hsa-miR-138 — —6.29 + 0.61 0.045
hsa-miR-149 — —2.24 +0.18 0.023
hsa-miR-151-3p — —2.37 £ 0.16 0.007
hsa-miR-151-5p — —2.79 £ 0.46 0.009
hsa-miR-190b — —3.18 + 0.61 0.047
Results represent mean fold .
changcs based on duplicate hsa-mlR-l95 - 7270 + 004 0019
experiments hsa-miR-203 — —3.23 + 0.09 0.030
? miRNA expression in hsa-miR-361-5p - —3.56 + 0.59 0.030
docetaxel-resistant cells hsa-miR-363 _ —1.66 + 0.19 0.041
compared to docetaxel-sensitive h R-532-3 _ 2292 4+ 0.11 0.039
cells, where sensistive cells SA-MIR-022-5p ‘ : :
have a fold change of +1 hsa-miR-590-3p - —5.20 £ 0.62 0.022
Decreased miRNA expression is hsa-miR-141 + 3.84 £0.22 0.049
indicated with a — (minus); hsa-miR-34a + 5.49 + 0.18 0.008
increased miRNA expressionis Ny MB-23] hsa-miR-429 - ~372 4+ 0.89 0.023

indicated with a + (plus)
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Table 3 Validated target genes of significantly altered miRNAs

Cell line miRNA Gene Gene function Validated miRNA-gene target interactions
MCEF-7 miR-7 RAF1 Oncogene, signalling Webster et al. [18]
miR-16 BCL2 Anti-apoptotic protein Cimmino et al. [19]
miR-16 CDK6 Cell cycle Liu et al. [20]
miR-16 CCNDI Cell cycle, G1/S transition Liu et al. [20]
miR-30a CDK6 Cell cycle Nakamoto et al. [21]
miR-34a BCL2 Anti-apoptotic protein Bommer et al. [50]
miR-34a SIRT] In yeast regulates epigenetics Yamakuchi et al. [22]
miR-34a CDK6 Cell cycle Fujita et al. [28]
miR-34a CCNDI Cell cycle, G1/S transition Fujita et al. [28]
miR-125a-5p ERBB3 Growth factor, signalling Scott et al. [23]
miR-126 VEGF Cell migration, apoptosis Liu et al. [24]
mir-141 HMGBI Tumourigenesis, invasion Beitzinger et al. [25]
MDA-MB-231 miR-429 TUBB2A Tubulin N/A
N/A not applicable
Identification of miRNA target genes 14 - [ sensitive
M Resistant
To identify gene targets for the altered miRNAs, compu- c 127
tational in silico analysis was performed using the miRe- '§ g 1.0 -
cords database. For the miRNAs that were significantly ‘E’.‘g’ 05 - - "
altered in MCF-7 docetaxel-resistant breast cancer cells, a s 2
subset of eight genes (Table 3) was chosen for further % 3 061 hid x
validation by qRT-PCR analysis to investigate their E™ 04
expression levels in MCF-7 docetaxel-sensitive and doce- 0.2
taxel-resistant breast cancer cells. These eight genes were
chosen for further downstream analysis due to their known 0 BCL-2 CCND1 HMGB1 RAF1

role in apoptosis, cell cycle regulation, and drug resistance.

Validation of identified target genes
in docetaxel-resistant human breast cancer cells

In order to validate expression changes of the genes that
were chosen to be further investigated, quantitative real-
time PCR was performed in docetaxel-sensitive and
docetaxel-resistant breast cancer cells. In MCF-7 cells,
BCL-2, CCND1, CDK6, ERBB3, HMGBI, RAF1, SIRTI,
and VEGF mRNA expression was measured. In MCF-7
docetaxel-resistant  cells, BCL-2 (2.1-fold + 0.24;
P =0.049), CCNDI1 (2-fold + 0.21; P = 0.046), RAFI
(2-fold £ 0.03; P = 0.04), and HMGBI (2.5-fold £ 0.09;
P = 0.002) mRNA expression was significantly decreased
compared to MCF-7 docetaxel-sensitive cells (Fig. 1). In
contrast, SIRT1, VEGF, CDK6, and ERBB3 were not sig-
nificantly altered. In MDA-MB-231 docetaxel-resistant
cells, TUBB2A was not significantly changed, compared to
MDA-MB-231 docetaxel-sensitive cells.

To investigate whether the selected genes exert func-
tional effects, their expression was also measured on pro-
tein level. Eight proteins were investigated in MCF-7

Fig. 1 mRNA expression of potential miRNA target genes in human
breast cancer cells. a Quantitative PCR measured BCL-2, CCNDI,
HMGBI, RAFI gene expression between MCF-7 docetaxel-sensitive
cells and docetaxel-resistant cells. The results are expressed as fold
change (+£SEM) relative to the control. Docetaxel-sensitive cells
served as control. All experiments were repeated in triplicate using
two independent cDNA extractions with RNA isolated from three
independent RNA extractions. *P < 0.05, **P < 0.01

docetaxel-sensitive and docetaxel-resistant cells and four
proteins were investigated in MDA-MB-231 docetaxel-
sensitive and docetaxel-resistant cells. Only BCL-2 and
cyclin D1 showed statistically significant changes in
MCEF-7 docetaxel-resistant cells. BCL-2 was significantly
downregulated more than 10-fold (£0.02, P < 0.001), and
cyclin D1 expression by 4.6-fold (£0.11, P < 0.001)
compared to docetaxel-sensitive cells (Fig. 2).

miR-34a regulates BCL-2 and cyclin D1 in MCF-7
breast cancer cells

BCL-2 as well as cyclin D1 expression was decreased in
MCEF-7 docetaxel-resistant cells both at mRNA and protein
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Fig. 2 BCL-2 and cyclin D1 are decreased in MCF-7 docetaxel-
resistant cells. Differences in protein expression of BCL-2 and cyclin
DI between docetaxel-sensitive cells and docetaxel-resistant cells.
a Representative western blots of each protein investigated. b Relative
protein expression is shown as fold change (£SD) relative to the
control. Docetaxel-sensitive cells served as a control. f-actin was
used as an internal loading control. All experiments were repeated in
triplicate. *P < 0.05, **P < 0.01

level. Since these genes are known to be targeted by miR-
34a, which was significantly increased in the docetaxel-
resistant cells, it was hypothesised that miR-34a regulates
BCL-2 and cyclin D1 expression. For this purpose, miR-
34a was inhibited in MCF-7 docetaxel-resistant cells and
BCL-2 and cyclin D1 protein expression was measured.
After transfection with the miR-34a inhibitor, BCL-2
expression was increased 92.33-fold (£11.43; P < 0.001)
compared to mock-transfected cells (Fig. 3a). Cyclin D1
was also increased after miR-34a inhibition by 1.85-fold
(£0.53; P <0.05) in MCF-7 docetaxel-resistant cells,
compared to mock-transfected cells (Fig. 3a).

In order to further investigate the regulatory function
of miR-34a in BCL-2 expression, a dual luciferase
reporter system was used to measure direct interaction
between miR-34a and BCL-2 (Fig. 3b). Upon transfection
of the miR-34a precursor, luciferase activity significantly
decreased by 31.3% (£19.8; P < 0.05) in docetaxel-
resistant cells that contained the 3’'UTR with the miR-34a
seed region of BCL-2 (Fig. 3c). In contrast, addition of
the miR-34a precursor did not alter luciferase activity in
docetaxel-resistant cells that contained a mutated seed
region in the 3'UTR of the BCL-2 sequence (100.9% =+
15.9) (Fig. 3c). By reducing luciferase activity, this shows
that miR-34a directly interacts with the 3'UTR region of
the BCL-2 gene.
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Modulation of miR-34a expression alters response
to docetaxel in MCF-7 breast cancer cells

MiR-34a was significantly upregulated in MCF-7 doce-
taxel-resistant cells. To investigate the role of miR-34a in
acquired docetaxel resistance cell viability was measured
by MTT assay after transfection with a miR-34a precursor
in MCF-7 docetaxel-sensitive cells or after transfection
with a miR-34a inhibitor in MCF-7 docetaxel-resistant
cells. Treatment with the miR-34a precursor affected cell
growth particularly at lower docetaxel concentrations
(Fig. 4a, left) and significantly increased resistance
to docetaxel in docetaxel-sensitive cells (ICspgensitive:
2.9 HM + 4.9 versus ICSOmiR—34a precursor- 19.6 ].lM + 58,
P =0.01) (Fig.4a, right). Vice versa, in MCF-7
docetaxel-resistant cells, inhibition of miR-34a diminished
cell viability (Fig. 4b, left) and significantly enhanced
response to docetaxel (ICsqesistane: 22.1 UM £ 1.3 versus
ICSOmiR—34a inhibitor- 18.8 }J,M + 04, P = 001) (Flg 4b,
right).

Discussion

MiR-34a is a widely studied human miRNA that was asso-
ciated with cancer cell growth and proliferation in a variety of
cancers [26, 27] and recently, evidence emerged that miR-34a
is also associated with drug resistance in cancer [28, 29].
Here, both studies identified miR-34a in prostate cancer cells
that, upon overexpression sensitised the cells towards cam-
ptothecin and paclitaxel, respectively, possibly by targeting
SIRTI and BCL-2. In contrast, increased miR-34a expression
was seen in the present study in MCF-7 docetaxel-resistant
breast cancer cells and docetaxel response could be altered
upon miR-34a modulation. It was shown that miR-34a
induces G cell cycle arrest in cancer cells [12, 30]. Docetaxel
primarily acts in G,-M phase, whereas it has diminished
activity in G; phase. Increased miR-34a expression may
therefore be able to inhibit docetaxel activity by arresting cells
in G phase. MiRNAs have not only been described to act as
tumour suppressors but also as oncogenes [31, 32]. This
study, therefore, suggests that miR-34a exerts oncogenic
properties hence mediating docetaxel resistance in these cells.

Cyclin D1 was significantly decreased at mRNA and
protein level in MCF-7 docetaxel-resistant cells and was
identified as candidate target gene for miR-34a. By binding
to and forming a complex with CDK4 and CDKG6, cyclin
D1 supports cell cycle transition from G; to S phase.
Besides its role in cell cycle regulation and dependent on
the tissue, it is expressed in cyclin D can either be pro-
apoptotic or anti-apoptotic [33]. Overexpression of cyclin
D1 has been shown to be associated with cisplatin resis-
tance in cancers [34-36]. In contrast, decreased cyclin D1
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Fig. 3 miR-34a regulates BCL-2 and cyclin D1 in MCF-7 breast
cancer cells. a Differences in protein expression of BCL-2 and cyclin
D1 in MCF-7 docetaxel-resistant cells transfected with or without
miR-34a inhibitor. Representative western blot of each protein
investigated (above). f-actin served as internal loading control.
Relative protein expression (below) is shown as fold change (£SD)
relative to the control. Docetaxel-resistant cells served as control.
p-actin was used as an internal loading control. All experiments
were repeated in triplicate. b BCL-2 mRNA transcript structure and
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expression was found in MCF-7 doxorubicin-resistant and
MCEF-7 cisplatin-resistant breast cancer cells [37] and was
associated with multi-drug resistance in human colon car-
cinoma cells [38]. Also, in this study decreased cyclin D1
mRNA and protein expression was observed in MCF-7
docetaxel-resistant breast cancer cells. Since cyclin D1 has
different functions dependent on cell or tissue type it may
be that its pro-apoptotic effects may be more prevalent in
the MCF-7 cells, whereas its role as tumour suppressor and
its anti-apoptotic effects may be more prevalent in other
studies. Docetaxel inhibits microtubule depolymerisation
in G,-M phase that subsequently causes cell cycle arrest
and apoptosis. Cyclin D1 is required for G;-S transition,
therefore in the case of absent or decreased cyclin Dl
expression, as observed in the MCF-7 docetaxel-resistant
cells, G; arrest occurs [39-42]. Docetaxel only exerts
minimal toxicity in G; phase so that decreased cyclin D1
expression would counteract docetaxel-induced apoptosis
hence leading to docetaxel resistance in MCF-7 cells.
Decreased BCL-2 expression was observed in MCF-7
docetaxel-resistant cells and BCL-2 represented another
candidate gene of miR-34a that was identified through
computational in silico analysis. In tamoxifen-resistant
breast cancer cells, anti-sense BCL-2 treatment enhanced
sensitivity to tamoxifen in HER2-positive cells [43]. In
addition, BCL-2 overexpression, causes paclitaxel resis-
tance in MCF-7 cells [44]. In this study, however, MCF-7
docetaxel-resistant cells, showed a significant decrease in
BCL-2 expression both on mRNA and protein level. This is
an unexpected finding, since a decrease of anti-apoptotic
protein would lead to the hypothesis that apoptosis would
increase with a chemotherapeutic drug such as docetaxel.
Besides its anti-apoptotic function, however, increased
BCL-2 expression is indicative of a favourable prognostic
response in breast cancer patients [45]. Hormonal treatment
in breast cancer treatment was also shown to be more ben-
eficial in breast cancer patients, with longer disease-free
survival and overall survival rates, when BCL-2 was
increased [46-48]. Cardoso and colleagues reported a
greater benefit of tamoxifen treatment in BCL-2-positive
patients with node-positive breast cancer [49]. These studies
show, that, even though BCL-2 is known as an anti-apoptotic
protein, increased BCL-2 expression can be of favour in
breast cancer treatment, whereas decreased BCL-2 expres-
sion is associated with drug resistance or poorer outcome.
The mechanisms by which decreased BCL-2 expression can
negatively influence the activity of drugs like docetaxel are
currently not known. The apoptotic pathway is a complex
machinery that involves a variety of apoptotic genes,
therefore it may be possible that other factors influence the
cell whether to enter or evade docetaxel-induced apoptosis.
In this study, a direct interaction between miR-34a
and the 3’'UTR of BCL-2 was shown in MCF-7 docetaxel-
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resistant cells by dual luciferase assay, supporting various
reports of the current literature on miR-34a-BCL-2 inter-
actions [26, 28, 50, 51]. In addition, miR-34a modulated
response to docetaxel in breast cancer cells. This suggests
that miR-34a-mediated docetaxel resistance occurs through
regulation of BCL-2. However, BCL-2 is known to be anti-
apoptotic, therefore the biological role of decreased BCL-2
in docetaxel resistance remains unclear and can only be
speculated upon. The BCL-2 family contains a variety of
pro-apoptotic and anti-apoptotic genes which may also be a
target of miR-34a. Therefore, alterations of miR-34a may
trigger a whole cascade of apoptotic gene changes,
whereby BCL-2 expression is predominated by increased
expression of other anti-apoptotic genes, which in turn may
lead to resistance to docetaxel.

Whereas miR-34a expression could be associated with
docetaxel resistance in MCF-7 cells, no such association
was identified in MDA-MB-231 cells. This may have
several reasons and possible implications for our under-
standing about cell line specific miRNA-mediated gene
regulation. MDA-MB-231 cells are of a more aggressive
phenotype and compared to the luminal-like MCF-7 cells
represent the basal type of breast cancer in vitro. It was
shown that miRNA regulatory networks depend on oest-
rogen receptor alpha which is expressed in luminal-like
breast cancer cells [52, 53]. Particularly miR-34a could be
a miRNA that is at least in part dependent on factors like
oestrogen receptor alpha, and therefore was not identified
in the basal type MDA-MB-231 cells. Additionally, the
miRNAs investigated in the present study may not have
included other miRNAs that could have played an impor-
tant role in acquired docetaxel resistance in MDA-MB-231
cells which needs to be further investigated in the future.
Besides showing that miR-34a is important in docetaxel
resistance in MCF-7 cells, this study also presents some
data on cell line-specific effects of miRNAs which is an
important finding considering future therapeutical appli-
cations where miRNA profiling may be applied to identify
responders as well as non-responders to chemotherapeutic
treatment in breast cancer.
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