
The miR-106bB25 cluster promotes bypass
of doxorubicin-induced senescence and increase
in motility and invasion by targeting the E-cadherin
transcriptional activator EP300
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Resistance to chemotherapeutic treatment, which is indirectly responsible for many cancer deaths, is normally associated with
an aggressive phenotype including increased cell motility and acquisition of invasive properties. Here we describe how breast
cancer cells overcome doxorubicin-induced senescence and become drug resistant by overexpression of the microRNA (miR)-
106bB25 cluster. Although all three miRs in the cluster contribute to the generation of doxorubicin resistance, miR-25 is the
major contributor to this phenotype. All three miRs in this cluster target EP300, a transcriptional activator of E-cadherin,
resulting in cells acquiring a phenotype characteristic of cells undergoing epithelial-to-mesenchymal transition (EMT), including
an increase in both cell motility and invasion, as well as the ability to proliferate after treatment with doxorubicin. These findings
provide a novel drug resistance/EMT regulatory pathway controlled by the miR-106bB25 cluster by targeting a transcriptional
activator of E-cadherin.
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Chemotherapy is an important and in some cases the sole
therapeutic option for most cancer patients. While the majority
of cancers initially respond to chemotherapeutic drugs,
acquired cross resistance to a variety of structurally and
mechanistically unrelated drugs develops during treatment,
leading to relapse and disease progression. Numerous
mechanisms by which cancer cells become resistant have
been described, including increased drug efflux,1 dysregula-
tion of cell death pathways,2 activation of repair mechanisms
of drug-induced DNA damage or the induction of drug-
detoxification enzymes.3 In addition, the acquisition of the
epithelial–mesenchymal transition (EMT)-like phenotype of
cancer cells and cancer stem cells (CSCs) also have critical
roles in drug resistance.4 Although key regulators of the
tumorigenic process, such as p53 and pRb, have been found
to control drug resistance before the full oncogenic transfor-
mation has taken place, how drug resistance arises is still
unresolved.5

The effect of doxorubicin on cells, especially at the
moderate-to-low concentrations likely to be found in the
poorly vascularized, hypoxic regions of tumors,6 typically
leads to a senescent-like phenotype often termed therapy-

induced senescence.7 Following an initial arrest at G2, cells
stop proliferating, upregulate senescence-associated (SA)-b-
galactosidase activity, increase in size, and become poly-
morphic and polyploid, with a substantial fraction becoming
multinucleated.7,8 This phenotype, which resembles replica-
tive and oncogene-induced senescence,9 can also be
triggered by other DNA-damaging drugs or g-irradiation,10

and is controlled by the p53-p21 axis,11,12 pRb13 and is
dependent on telomere dysfunction.14 Importantly, cells
undergoing therapy-induced senescence can recover and
resume proliferation,10,15 although the mechanisms involved
are not well understood.

MicroRNAs (miRs) are a class of 18- to 24-nucleotide
single-stranded noncoding RNAs that function as negative
regulators of gene expression by triggering translation
repression through partial complementation to 30-untranslated
region (UTR) of target mRNAs.16 MiRs have crucial roles in
multiple biological processes and its expression is dysregu-
lated in many cancers.17,18 MiR genes are frequently located
at fragile sites and cancer-associated genomic regions,19

where they can function as oncogenes20 or tumor suppres-
sors.21 Several reports indicate that miRs are also involved in
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drug resistance.22,23 However, the interplay between miRs,
EMT, CSCs and drug resistance is not well characterized.

The miR-106bB25 cluster, consisting of miR-106b, miR-93
and miR-25, is located in intron 13 of the minichromosome
maintenance complex component 7 (MCM7) oncogene. It has
been associated with tumor growth, cell survival and
angiogenesis,24,25 and may have an important proto-onco-
genic role in cellular transformation and tumorigenesis by
downregulation of several tumor suppressors such as p21,
E2F1, Bim and PTEN.26–28

In this report, we show that the miR-106bB25 cluster
negatively regulates the histone acetyltransferase EP300,
a transcriptional activator of E-cadherin. This leads to
doxorubicin-induced senescence bypass, activation of the
EMT process, increase in the ability of cell migration and
invasion, and consequently the induction of an EMT-associated
drug resistance phenotype.

Results

The miR-106bB25 cluster is upregulated in doxorubicin-
resistant cells. Doxorubicin is one of the main therapeutics
to treat breast cancer. We used minimally transformed
mammary epithelial cells (MTMECs) that represent a cellular
model of breast cancer in which transformation of primary
mammary epithelial cells has been achieved by selective

manipulation of key molecules or pathways involved in
tumorigenesis,29 to derive doxorubicin-resistant cells
(MD60). These drug-resistant cells were generated using a
regime of doxorubicin pulses followed by drug-free periods,
as suggested to mimic the administration of chemotherapy to
cancer patients.30 Although other studies have used much
higher doxorubicin concentrations,31 in the clinic, Adriamycin
typically reaches plasma concentrations of B600 ng/ml
during the first hour after intravenous administration, which
is reduced to B40–50 ng/ml from 8 h onward.32 In addition,
owing to their abnormal vasculature, many regions in a tumor
are poorly vascularized, hypoxic and with poor distribution of
doxorubicin,6 so doxorubicin concentrations in the low ng/ml
range have an important physiological significance. The
doxorubicin concentration used was determined empirically
to induce a typical senescent phenotype (Figures 1a and b)
and was within the range used previously in the generation of
doxorubicin-resistant cells from primary human embryonic
skin fibroblasts (ESFs) that are able to bypass drug-induced
senescence.5 MD60 cells did not show hallmarks of
senescent cells, in that they did not show activation of acidic
b-galactosidase, and were able to resume proliferation after
doxorubicin treatment (Figures 1a and b). In order to identify
novel modulator of molecules involved in the doxorubicin
resistance phenotype, we screened sensitive MTMECs and
their resistant derivative (MD60 cells) for differentially

Figure 1 The miR-106bB25 cluster is upregulated in drug-resistant cells. (a) Doxorubicin-resistant cells (MD60) bypass drug-induced senescence. SA-b-galactosidase
staining after treatment with 60 ng/ml doxorubicin for 24 h followed by 5 days drug-free culture. Percentage of senescent cells is indicated after monitoring at least six fields of
view (typical variation approximately 10%). Bar represents 30 mm. (b) Cell cycle profiles by flow cytometry after propidium iodide staining. Both MTMEC and MD60 cells
showed an initial G2 arrest after exposure to doxorubicin for 24 h (middle panels), but MTMEC cells did not proliferate any further, with some cells showing a tetraploid DNA
content (upper right panel), whereas drug-resistant MD60 cells did resume proliferation and showed a cell cycle profile (lower right panel) similar to that of untreated cells (left
panels). X axis represents DNA content and y axis cell number. (c and d) Expression of miRs 106b, 93 and 25 was determined by reverse transcription and real-time PCR
using TaqMan probes and was normalized to the expression of U6 RNA. Expression was determined in previously described models from pre-tumorigenic ESFs5 (c) and (d)
drug-resistant derivatives of MTMEC cells (d). Data represent the average±S.D. of three different experiments (*Po0.05). In all cases, expression data show fold
upregulation in drug-resistant cells with respect to drug-sensitive cells
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expressed miRNAs using commercially available arrays.
Only four miRs were differentially expressed more than
twofold between these cells, the miRs comprising the miR-
106bB25 cluster and miR-34a (Supplementary Figure S1).

Both ESF- and MTMEC-derived resistant cells showed
upregulation of the miR-106bB25 cluster (Figures 1c and d).
To determine whether the miR-106bB25 cluster might be
directly involved in the generation of doxorubicin resistance,
we cloned the human genomic region harboring the miR-
106bB25 cluster in a lentiviral vector and generated stable
transfectants of MTMEC cells (MTMEC-miR-106bB25;
Figure 2a). Despite being expressed from the same vector,
miR-25 levels were higher than those of miR-93 and twice as
those of miR-106b, probably reflecting different miR turnover
rates. Overexpression of the miR-106bB25 cluster allowed
cells to bypass doxorubicin-induced senescence and
increased the capacity of MTMEC cells to generate doxor-
ubicin-resistant cells (Figures 2b–d). Equally, when we
downregulated miR-106bB25 cluster expression in drug-
resistant MTMEC cells, MD60, and treated them with
doxorubicin, their proliferation in the presence of doxorubicin
was reduced (Figures 2e–g), indicating that the cells had
become more sensitive to the drug. Importantly, MD60 cells
were resistant to g-irradiation (Supplementary Figure S2A)
and MTMEC-miR-106bB25 cells bypassed g-irradiation-
induced senescence and generated more resistant clones
than control cells (Supplementary Figure S2B).

Members of the miR-106bB25 cluster have been shown to
promote cell cycle progression25 and tumor growth,24 how-
ever, we did not detect any difference in cell growth under
drug-free conditions (Supplementary Figure S3). Thus, in the
absence of doxorubicin, the miR-106bB25 cluster does not
affect cell proliferation of MTMEC cells.

PTEN-dependent miR-106bB25 oncongenic activity
requires the cooperation of the MCM7 host gene.26

As overexpression of MCM7 has also been identified in a
number of malignancies,33 drug-resistant KB-v1cells34 and
MD60 cells (Supplementary Figure S4A), we also asked
whether MCM7 could, at least partially, be responsible for the
generation of doxorubicin resistance in mammary epithelial
cells. For this, we overexpressed the coding region of MCM7
in a lentiviral vector and performed clonogenic assays after
doxorubicin treatment. Although the experimental expression
of the transgene in MTMEC cells resulted in an approximately
10-fold upregulation of that found in MD60 cells
(Supplementary Figure S4B), MTMEC-MCM7 cells did not
increase the number of doxorubicin-resistant clones gener-
ated compared with MTMEC control cells transfected with the
empty vector (Supplementary Figures S4C and D). Thus, the
generation of drug resistance by the miR-106bB25 cluster is
MCM7 independent.

Therefore, the overexpression of the miR-106bB25 cluster
allows breast cancer cells to bypass doxorubicin and
radiation-induced senescence and promotes the generation
of therapy resistance.

MiR-25 is a major contributor in the development of
doxorubicin resistance. To ascertain the contribution of
each miR to the generation of doxorubicin resistance, we
expressed each individual pre-miR in a lentiviral vector,

transfect them into MTMEC cells (Figure 3a) and performed
long-term clonogenic drug resistance assays. Indeed, cells
overexpressing miR-25 generated a higher number of
doxorubicin-resistant clones than those expressing either
miR-106b or miR-93 (Figures 3b and c). However, cells
expressing either of these two last miRs generated more
clones than control cells. This was confirmed and quantified
by EdU incorporation cell proliferation assays (Figures 3d and
e). Interestingly, when the whole cluster was expressed in
MTMEC cells, miR-25 levels were higher than those of miR-
93 and miR-106b (Figure 2a). Thus, although the three miRs
in the miR-106bB25 cluster are able to generate doxorubicin
resistance, miR-25 is the major contributor to this phenotype.

The individual miRs in the miR-106bB25 cluster have
proto-oncogenic activity in breast cancer cells. Drug-
resistant cells have been proposed to arise from the selection
of a small population of pre-existing cells with stem cell-like
properties.35 We asked then whether the miR-106bB25
cluster would have an effect on the stemness of MTMEC
cells. As these cells are intrinsically CD44 high/CD24low

because of oncogenic RAS expression36 (Supplementary
Figure S5), we used aldehyde dehydrogenase (ALDH)
detection as a surrogate for stemness.37 Emergence of
doxorubicin resistance was indeed accompanied by an
increase in the percentage of ALDH-positive cells (30% of
MD60 cells; Figure 4a).

The miR-106bB25 cluster has been reported to be proto-
oncogenic in prostate cells,26 and miR-93 in an astrocytoma
cell line.24 We asked whether the whole miR-106bB25
cluster, or the individual miRs, had a proto-oncogenic effect
on MTMECs. Indeed, expression of the miR-106bB25 cluster
in MTMEC cells nearly doubled the formation of clones
growing in soft agar when compared with control cells
(MTMEC-ev). In addition, blocking the effect of miRs using
ZIP anti-miR interference (MTMEC-ZIP- miR-106bB25 cells)
restored clone numbers similar to those found in MTMEC-ev
cells (Figure 4b). Although miR-25 has a dominant role of in
the development of drug resistance (Figure 3), all miRs in the
miR-106bB25 cluster contributed equally to the enhance-
ment of anchorage independence in MTMEC cells
(Figure 4c).

Drug-resistant cells typically exhibit a more aggressive
phenotype, clinically characterized by metastatic invasion and
formation of new secondary tumors.2,38 As the miR-106bB25
cluster enhances the tumorigenic potential of MTMEC cells,
we asked whether the same would apply to doxorubicin-
resistant MD60 cells (with upregulated miR-106bB25 cluster
expression). Indeed this was the case, as MD60 cells formed
a higher number of clones in soft agar than MTMEC cells,
which decreased when ZIP anti-miR interference was used
(MD60-ZIP- miR-106bB25 cells; Figure 4b).

Thus, to summarize, the three miRs in the miR-106bB25
cluster enhance the oncogenic potential of tumorigenic
mammary epithelial cells.

The miR-106bB25 cluster regulates EMT by down-
regulation of E-cadherin via targeting its transcriptional
activator EP300. Wound-healing assays were performed to
determine whether overexpression of the miR-106bB25
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cluster had an impact on cell migration. Indeed, cells
overexpressing the miR-106bB25 cluster, or its individual
miRs, were more motile and closed the wound faster than

their control counterparts. Of the individual miRs, miR-106b
had a predominant role in this assay (Figure 5a). To assess
quantitatively migration and invasion, two key properties of

Figure 2 The miR-106bB25 cluster allows cells to bypass doxorubicin-induced senescence and to generate drug resistance. (a–d) MTMEC cells were stably infected with a
lentiviral vector expressing the miR-106bB25 cluster genomic sequence (intron 13 of MCM7). (a) MiR expression was determined by reverse transcription and real-time PCR
using TaqMan probes and was normalized to U6 RNA. (b) Bypass of doxorubicin-induced senescence in cells overexpressing the miR-106bB25 cluster. Cells were treated with
60 ng/ml doxorubicin for 24 h and stained for SA-b-galactosidase 3 weeks after. Percentage of senescent cells is indicated after monitoring at least six fields of view (typical
variation approximately 10%). Bar represents 30mm. (c) Cells overexpressing the miR-106bB25 cluster are able to generate doxorubicin-resistant clones. Cells were treated for
24 h with 60 ng/ml doxorubicin and drug-resistant clones were stained with crystal violet after 3 weeks (left panel), counted (middle panel) and crystal violet was solubilized (right
panel). (d) MiR-106bB25 overexpressing cells were able to proliferate after doxorubicin challenge. Cells were treated with doxorubicin as above and 3 weeks later, trypsinized and
seeded (10 000 cells per well in a 96-well plate). EdU was added to the medium and left for 18 h to allow its incorporation into newly synthesized DNA. Cells were monitored using
both brightfield and fluorescence and the percentage of cells incorporating EdU determined after examination of at least three fields of view (left panels). EdU incorporation was
determined in the well using a fluorimeter (right panel). (e–g) Downregulation of miR-106bB25 cluster expression in drug-resistant MD60 cells restores drug sensitivity. MD60
cells were stably infected with a lentiviral ZIP construct to downregulate endogenous miR-106bB25 cluster expressions and were treated with 240 ng/ml doxorubicin for 24 h and
then were left drug free for 3 weeks to enable the generation of doxorubicin-resistant clones. (e) SA-b-galactosidase. Percentage of senescent cells is indicated after monitoring at
least six fields of view (typical variation approximately 10%). Bar represents 30mm. (f) Cultures were stained with crystal violet (left panel), the number of drug-resistant clones
counted (middle panel) and crystal violet solubilized and the optical density determined (right panel). (g) EdU incorporation as in d. Numerical data represent the average±S.D. of
at least three different experiments (*Po0.05). Pictorial data were repeated at least in triplicate and a representative picture is shown
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cells undergoing EMT, we then used transwells with or
without Matrigel in order to measure invasion and migration,
respectively. Drug-resistant MD60 cells showed an increase
in their motility and invasion when compared with naive
MTMEC cells (Figures 5b and c). That this phenotype was
due to the miR-106bB25 cluster expression was confirmed
when the cluster expression was knocked-down in MD60-
ZIP-miR-106bB25 cells (Figure 2f), reverting to migration
and invasion levels as of MTMEC cells (Figures 5b and c).
In addition, overexpression of the miR-106bB25 cluster, or
the individual miRs, in MTMEC cells showed an increase in
both migration and invasion (Figures 5b and c), although

miR-106b and miR-25 contributed more to the motility of cells
in the transwell assay (Figure 5b).

The miR-106bB25 cluster has recently been reported to
induce EMT via targeting Smad7.28 However, the observed
increased in motility and invasion was not due to down-
regulation of SMAD7, neither in MTMEC cells overexpressing
the miR-106bB25 cluster nor in MD60 cells (Supplementary
Figure S6). Moreover, SIX1, which has been reported to be a
trans-activator of miR-106bB25 cluster expression in MCF-7
cells28 was found to be downregulated in these cells
(Supplementary Figure S6). We also interrogated the expres-
sion levels of a panel of genes responsive to TGF-b signalling

Figure 3 MiR-25 is a major contributor to doxorubicin resistance. MTMEC cells were transfected with lentiviral vectors harboring genomic sequences of individual miRs to
generate MTMEC-miR-106b, MTMEC-miR-93 and MTMEC-miR-25 cells (cells transfected with the empty vector, MTMEC-ev, were used as control).
(a) Expression of miRs was determined by reverse transcription and real-time PCR using TaqMan probes and was normalized to the expression of U6 RNA. Cells were
treated for 24 h with 60 ng/ml doxorubicin and (b) drug-resistant clones were stained with crystal violet after 3 weeks and (c) counted. (d) Percentage of cells incorporating EdU
by fluorescence microscopy. (e) EdU incorporation determined by fluorescence detection. Numerical data represent the average of three independent experiments±S.D.
(*Po0.05). Pictorial data show a representative of at least three independent replicates
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both upon experimental overexpression of the miR-106bB25
cluster and in drug-resistant MD60 cells. Only 4 out of 16
genes were upregulated (more than twofold) in MTMEC cells
overexpressing the miR-106bB25 cluster. Equally, only two
genes were upregulated (more than twofold) in MD60 cells,
and these were different from those found in MTMEC-miR-
106bB25 cells (Supplementary Figure S7). Thus, although
we cannot rule out a slight increase in certain TGF-b
downstream targets upon miR-106bB25 cluster expression,
the clear lack of correlation between SIX1/SMAD7 and miR-
106bB25 levels suggests that activation of migration and
invasion by the miR-106bB25 cluster in MTMECs is SIX1/
SMAD7/TGF-b independent.

Bioinformatic analysis to predict targets of the miR-
106bB25 cluster39 identified individual single sites for both
mir-106b/93 and mir-25 in the 30-UTR of EP300. As EP300
has been identified as a positive regulator of E-cadherin
(CDH1) gene expression,40 we hypothesized that a negative
correlation should exist between the miR-106bB25 cluster
and EP300 expression. Indeed, drug-resistant MD60 cells,
which overexpress the miR-106bB25 cluster (Figure 1d),
showed reduced EP300 and CDH1, but increased VIM

(encoding vimentin, a mesenchymal intermediate filament
protein activated during EMT4) mRNA levels (Figure 6a).
When the cluster expression was knocked-down in MD60-
ZIP-miR-106bB25 cells leading to a decrease in migration
and invasion (Figures 5b and c), expression of both EP300
and CDH1 mRNAs increased, and, as expected, VIM mRNA
decreased (Figure 6b). In all cells, western blot analyses
showed that downregulation of EP300 did associate with
downregulation of its downstream target, E-cadherin, and
upregulation of vimentin (Figure 6c). Although bioinformatic
analysis of miR targets39 predicted binding sites for miR-106b
in the 30-UTR of other CDH1 transcriptional activators, FOXA1
and RUNX1, these mRNAs were only marginally down-
regulated when the miR-106bB25 cluster was overexpressed
(Supplementary Figure S8). To experimentally confirm that
EP300 mRNA was a target of the miR-106bB25 cluster, we
used a luciferase reporter with the 30-UTR of EP300 and
transiently transfected either control or cells overexpressing
the cluster or individual miRs. In all cases, luciferase
expression from the plasmid containing the EP300 30-UTR
was lower in cells overexpressing both the miR-106bB25
cluster and its individual miRs (Figure 6d). Moreover, when a

Figure 4 The individual miRs in the miR-106bB25 cluster have proto-oncogenic activity in breast cancer cells. (a) Doxorubicin resistance is accompanied by an increase
in the percentage of ALDH-positive cells. Drug-sensitive MTMEC cells were used to generate drug-resistant derivatives able to proliferate after 24-h exposures to 60 ng/ml
(MD60) of doxorubicin. For ALDH activity, cells were treated with Aldefluor alone (ALDH) or in the presence of the ALDH inhibitor diethylaminobenzaldehyde (Control) and then
analyzed by flow cytometry. The blue gate was set up with the control cells to include no 41% of the population and was used to determine the percentage of ALDH-positive
cells in the absence of inhibitor. Plots shown are representative of at least three independent experiments. (b and c) The individual miRs in the miR-106bB25 cluster have
proto-oncogenic activity in breast cancer cells. Anchorage independence was determined by the formation of clones in soft agar after 4 weeks. (b) MTMEC cells transfected
with a lentiviral vector expressing the miR-106bB25 cluster (MTMEC-miR-106bB25). A ZIP anti-miR lentiviral vector was used to knock-down miR-106bB25 cluster
expression in both MTMEC and drug-resistant MD60 cells. (c) Expression of individual miRs in MTMEC cells led to the formation of similar number of anchorage-independent
clones. In all cases, cells transfected with empty vectors (ev) were used as controls. Data represent the average±S.D. of at least three independent experiments (*Po0.05)
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mutation was introduced in the EP300 30-UTR to abrogate
either binding of miR-25 or miR-106b/93, the reduction
of luciferase expression was cancelled (Figure 6e;
Supplementary Figure S9).

Next, we asked whether the experimental downregulation
of EP300, or E-cadherin, could reproduce the phenotype
obtained by the upregulation of the mir-106bB25 cluster. For
this we generated stably transfected MTMEC cells expressing
small hairpins to knock-down these mRNAs by RNA
interference, thus generating MTMEC-shEP300 and
MTMEC-shCDH1 cells (Figure 7a). These cells were more
motile and invasive than the corresponding cells transfected
with an empty vector and used as controls (Figure 7b).
In addition, knock-down of either EP300 or CDH1 resulted in
the bypass of doxorubicin-induced senescence and
proliferation of doxorubicin-resistant clones (Figures 7c, d
and e) and rendered cells more tumorigenic (Figure 7f).
To corroborate these results, we used the same hairpins to
transfect MCF-7 cells and thus generate MCF7-shEP300 and
MCF7-shCDH1 cells (Figure 8a). These cells bypassed
doxorubicin-induced senescence (Figure 8b) and generated
doxorubicin-resistant clones (Figure 8c), although these
phenotypes were more robust in MCF7-shEP300 than in
MCF7-shCDH1 cells. Experimental downregulation of EP300
and E-cadherin led, as expected, to an increase in both
motility and invasion (Figures 8d and e).

Thus, the miR-106bB25 cluster targets EP300 leading to
downregulation of E-cadherin, bypass of doxorubicin- and
irradiation-induced senescence, activation of EMT and gen-
eration of therapy resistance in breast cancer cells.

Discussion

During EMT, epithelial cells disrupt their cell–cell junctions and
lose apico-basolateral polarity, resulting in the formation of
migratory mesenchymal cells with invasive properties. Here we
describe a novel regulatory axis controlling EMT, which is
governed by the miR-106bB25 cluster downregulating the
E-cadherin transcriptional activator EP300. Importantly, cells
overexpressing the miR-106bB25 cluster, or in which either
EP300 or E-cadherin has been downregulated, not only gain
motility and invasive properties but are also able to generate
drug-resistant derivatives, an additional characteristic of cells
which have undergone an EMT. We show that DNA-damaging
agents such as doxorubicin or g-irradiation induce a senescent
phenotype similar to the well-studied replicative- and onco-
gene-induced senescence, with activation of SA-b-galactosi-
dase, cell morphological changes and proliferation arrest. The
new regulators of the pathway described here, miR-106bB25
cluster and EP300, when overexpressed, either experimentally
or after drug selection, endow cells with the capacity to bypass
the senescent phenotype. In addition, reporter assays indicate
that all three miRs in the miR-106bB25 cluster bind the 30-UTR
of EP300 mRNA and contribute to doxorubicin-induced
senescence bypass and generation of drug resistance,
although miR-25 has a predominant role.

EMT inducers, such as TGF-b or receptor tyrosine kinase
ligands, trigger changes in gene expression by complex
signalling networks. As a consequence, well-studied tran-
scriptional repressors such as those belonging to the Snail

Figure 5 The miR-106bB25 cluster regulates migration and invasion. Motility
was monitored by the wound-healing assay (a) and quantified using trans-well
assays (b), whereas invasion was quantified in the same way but using Matrigel-
coated trans-well chambers (c). (a) Wounds were inflicted with a needle tip on
confluent layer of cells (top panels) and monitored by microscopy 18 h later (bottom
panels). The white lines define the areas lacking cells at the beginning of the
experiment. (b and c) After 72 h, cells in the transwell were stained with crystal violet
(upper panels) and then the dye was solubilized and quantified at 592 nm.
Numerical data represent the average±S.D. of at least three experiments
(*Po0.05). Pictorial data show a representative of at least two replicates
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family (Snail, Slug), the two-handed zinc factors ZEB1 and
ZEB2, as well as the bHLH factors Twist and E47, down-
regulate E-cadherin expression leading to adherens junction
breakdown, loss of cell polarity, increased motility and
gain in the expression of mesenchymal markers, such as
vimentin and N-cadherin, as well as increased activity
of matrix metalloproteinases associated with an invasive
phenotype.41,42 On the other hand, the role of transcriptional
activators of E-cadherin in the EMT context have not been
addressed. In addition to EP300, FOXA1/2 and RUNX1
have been shown to bind the E-cadherin gene promoter
and activate its transcription.40 EP300 functions as
histone acetyltransferase that regulates transcription via
chromatin remodelling and acetylates all four core histones
in nucleosomes. Although chromosomal translocations invol-
ving the EP300 locus are rare in cancer, loss of heterozygosity
has been described in colon, breast and ovarian carcinomas,
suggesting a tumor-suppressor role.43 In addition, somatic

mutations in EP300 have been identified in several malig-
nancies.44 Importantly, EP300-deficient colon carcinoma cells
show phenotypic changes characteristic of EMT,45 in line with
the results reported here.

The involvement of miRs in drug resistance, CSCs (cells
originated from adult stem cells, which have acquired
tumorigenic properties and drive tumor growth and progres-
sion because of their unlimited proliferative potential), and
EMT is now well established. For instance, ZEB1 and ZEB2
are direct targets of miR-200 and miR-205, two miRs
triggering EMT,46 miR-9 regulates E-cadherin and cancer
metastasis,47 miR-221/222 confer tamoxifen resistance by
targeting p27,48 and miR-214 regulares ovarian cancer cell
stemness.49 Several roles have previously been reported for
the miR-106bB25 cluster, such as regulation of transforma-
tion by inactivation of PTEN,26 regulation of cell cycle
progression by targeting p2125 or regulation of apoptosis by
targeting Bim.27 Although in breast cancer MCF-7 cells, the

Figure 6 The mir-106bB25 cluster targets the E-cadherin transcriptional activator EP300. (a–c) Expression of the miR-106bB25 cluster, or its individual miRs, leads to
down-regulation of EP300, a transcriptional activator of E-cadherin expression. (a) Expression analysis by reverse transcription and real-time PCR normalized to the
expression of RPS14 mRNA in doxorubicin-resistant cells. In drug-resistant MD60 cells, which over-express mir-106bB25 cluster, both EP300 and CDH1 mRNAs are down-
regulated, whereas VIM mRNA is up-regulated. (b) Rescue phenotype in cells stably transfected with a lentiviral ZIP construct to down-regulate endogenous miR-106bB25
cluster expression. (c) Western blot showing down-regulation of EP300 and E-cadherin and up-regulation of vimentin in cells over-expressing the miR-106bB25 cluster, or its
individual miRs. Both lamin B and tubulin were used as loading controls. (d) The miR-106bB25 cluster targets EP300. Normalized firefly luciferase activity from the reporter
with the EP300 30-UTR (pMirTarget-EP300) or the empty vector (pMirTarget-ev) after transient transfection. In all cases cells were co-transfected with a Renilla luciferase
expression vector to normalize for transfection efficiency. Expression of each construct was normalized to that of MTMEC cells. (e) The putative miR target sequence in EP300
30-UTR was mutated to abrogate miR-106b/93 (pMirTarget-EP300 (mut 106b/93)) or miR-25 binding (pMirTarget-EP300 (mut 25)) and used to transiently transfect MTMEC-
miR-106bB25 cells as in G. Numerical data show the average ±SD of at least three experiments (*Po0.05) and the immunoblot shows a representative of at least three
replicates
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miR-106bB25 cluster has been shown to target Smad7,
activate TGF-b signalling and induce EMT,28 in MTMECs
used in this study EMT induction/drug resistance occurs via
targeting EP300. In the clinical setting, the miR-106bB25

cluster is associated with early prostate cancer recurrence50

and the coordinated expression of its three miRs is associated
with aggressive basal-like, ER-negative, grade 3 breast
cancers.51

The miR-106bB25 regulates drug resistance
Y Zhou et al

470

Cell Death and Differentiation



Downregulation of the hundreds of potential targets
of a particular miR is frequently cell-type dependent.
Here we show that the independent experimental down-
regulation of EP300 by RNA interference in two different cell
models of breast cancer confirms that EP300 governs the
EMT process by targeting E-cadherin gene expression.
However, we cannot rule out that other miR-106bB25
targets might contribute to the EMT/drug-resistant
phenotype. Equally, as EP300 is a transcriptional activator,
we cannot exclude the possibility that the expression of
other target genes, in addition to CDH1, is reduced in
EP300-downregulated cells. However, knock down of
E-cadherin by RNA interference leads to bypass of
doxorubicin-induced senescence and to the emergence
of drug-resistant cells that are also more motile and
invasive. This is in agreement with other reports in which
loss of E-cadherin leads to EMT, invasiveness, anoikis
resistance and angiogenesis.52,53

How drug resistance arises and what are the ultimate
controllers of the process is still unsolved. Work done with
cellular models of tumorigenesis has indicated that the same
checkpoints altered during oncogenesis, such as inactivation
of p53, are also the necessary and sufficient processes for the
generation of drug resistance, even at the pre-tumorigenic
stage.5 In addition, some of the markers associated with
CSCs such as ABCG2, have been shown to protect them from
chemotherapeutic agents.54 CSCs may then have a critical
role in drug resistance as chemotherapy is capable of
eliminating the differentiated cells forming the bulk of a tumor,
while leaving intact CSCs able to repopulate and self-renew.55

Our work indicates that drug-resistant mammary epithelial
cells show an increase in ALDH-positive cells, a marker of
CSC, suggesting that an increase in stemness accompanies
the drug selection process. Importantly, anchorage-indepen-
dent growth is enhanced in both drug-resistant cells and
naive cells experimentally overexpressing the miR-106bB25
cluster. Individual expression of each miR in the cluster
indicates that the three miRs contribute equally to anchorage
independence, whereas miR-25 has a more significant role in
the drug resistance. This suggests that, in addition to EP300,
other as yet unidentified miR targets contribute to this
phenotype.

In conclusion, we report a novel regulatory axis linking drug
resistance, EMT and CSC, which is TGF-b independent. The
axis is controlled by the miR-106bB25 cluster via targeting of
EP300, a transcriptional activator of E-cadherin, and high-
lights the plasticity of the cancer cell to activate an aggressive
phenotype.

Materials and Methods
Cells. Drug resistance derivatives of pretumorigenic human embryonic skin
fibroblasts have been described.5 MTMEC cells were a gift from William Hahn
(Dana Farber, Boston, MA, USA). These cells express TERT, SV40 large T
antigen, a constitutively active form of PI3K, p110a and oncogenic RAS and have
been previously described.29 MTMEC cells were routinely cultivated on serum-free
HuMEC medium (Life Technologies, Paisley, UK). Doxorubicin-resistant deriva-
tives of MTMEC cells were generated by treating cells with 30 ng/ml doxorubicin
for 24 h and then cultured in drug-free medium for three successive passages
before treating them with drug again. This process was repeated until cells were
able to proliferate after doxorubicin treatment (approximately 10 treatments) and
generate MD30 cells. MD60 cells were generated from MD30 cells by exposure to
60 ng/ml doxorubicin in the same manner. HEK293T cells (American Type Culture
Collection, LGC Standards, Teddington, UK) were maintained in DMEM
supplemented with 4.5 g/l glucose, 10% fetal calf serum and 4 mM L-glutamine
(Life Technologies). MCF-7 cells were freshly obtained for this study from Sigma
(St. Louis, MO, USA) and were maintained as HEK293T cells.

DNA procedures. An approximately 1-kbp DNA fragment corresponding to
intron 13 of MCM7, and carrying the miR-106bB25 cluster, was generated by
PCR from human genomic DNA using the primers BamHI-106bB25 F and EcoRI
-106bB25 R and cloned into pCR2.1-TOPO (Life Technologies). A list of
oligonucleotide sequences is shown in Supplementary Table S1. After digestion
with BamHI and EcoRI, the fragment was directionally cloned in BamHI- and
EcoRI-digested lentiviral vector FUW. A similar strategy was used to clone
genomic fragments carrying individual miR precursors using primers BamHI-
106bB25 F and OLEY382 for miR-106b, OLEY384 and OLEY383 for miR-93 and
OLEY385 and EcoRI -106bB25 R for miR-25. A commercial plasmid (SC128224)
was obtained from Origene (Rockville, MD, USA) and used to amplify and clone
the MCM7 cDNA into FUW. A commercial lentivector was used to knock-down
expression of the miR-106bB25 cluster using miR-Zips (System Biosciences,
Mountain View, CA, USA). Downregulation of EP300 and CDH1 was obtained by
stable expression of hairpins; for EP300 (clone TRCN0000009883; The RNAi
Consortium, Broad Institute, Cambridge, MA, USA) in the pLKO lentiviral vector;
for CDH1 (clone RHS4430-99158891; Open Biosystems, Waltham, MA, USA) in
the lentiviral vector pGIPZ. A firefly luciferase reporter with the 30-UTR of EP300
cloned in pMirTarget was obtained from Origene. The EP300 target sequence of
mir-25 seed (50-TGCAAT-30) was mutagenized (50-TAGACT-30) by Takara
Biotechnology (Dalian, China) and that of miR-196b/93 (50-CACTTT-30) was
mutagenized (50-AAAGGT-30) by Mutagenex (Piscataway, NJ, USA).

Cell transfection. Viral transductions were essentially as described.56

MTMEC cells and its derivatives were transiently co-transfected with 2mg EP300
30-UTR firefly luciferase reporter vector and 50 ng phRGTK (expressing Renilla
luciferase to normalize for transfection efficiency; Promega, Madison, WI, USA)
using an Amaxa HMEC Nucleofector kit (Lonza, Basel, Switzerland) following the
manufacturer’s recommendations. A Dual-Luciferase reporter assay (Promega) was
used to measure both firefly and Renilla luciferase 48 h after transfection.

Antibodies. Antibodies for immunodetection following standard immuno-
blotting procedures were D21H3 for vimentin and 24E10 for E-cadherin
(Cell Signalling Technology, Danvers, MA, USA), RW128 for EP300
(Merck Millipore, Billerica, MA, USA), TUB 2.1 for tubulin (Sigma) and C-20
for lamin B (Santa Cruz Biotechnology, Dallas, TX, USA). Appropriate
horseradish peroxidase-conjugated secondary antibodies (Cell Signalling

Figure 7 Downregulation of EP300 or CDH1 leads to doxorubicin resistance and a phenotype characteristic of EMT. MTMEC cells were stably transfected to express
small hairpins targeting EP300 and CDH1. (a) Knock-down efficiency was monitored by reverse transcription and real time PCR (upper panels) and immunoblotting (lower
panels). (b) Downregulation of EP300 or CDH1 increases the motility and invasion of MTMEC cells. Upper panels, wound-healing assay; lower panel, solubilization of crystal
violet to quantify cells in the transwells with (invasion) or without (migration) Matrigel (left panels). (c and d) Downregulation of EP300 or CDH1 bypasses doxorubicin-induced
senescence and enables the generation of proliferating, doxorubicin-resistant clones. (c) Cells were treated with 60 ng/ml doxorubicin for 24 h and cells stained for SA-b-
galactosidase 3 weeks after. (d) Cells were treated for 24 h with 60 ng/ml doxorubicin and drug-resistant clones were stained with crystal violet after 3 weeks (left panels) and
counted (right panels). (e) Cells were treated with doxorubicin as above and 3 weeks later, trypsinized and seeded (10 000 cells per well in a 96-well plate). Percentage of cells
incorporating EdU by fluorescence microscopy (left panels) and EdU incorporation determined by fluorescence detection (right panel). (f) Anchorage independence was
determined by the formation of clones in soft agar after 4 weeks. Numerical data represent the average±S.D. of at least three different experiments (*Po0.05). Pictorial data
were repeated at least in triplicate and a representative picture is shown
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Figure 8 Downregulation of EP300 or CDH1 leads to drug resistance and an aggressive phenotype in MCF-7 cells. MCF-7 cells were stably transfected to express small
hairpins targeting EP300 or CDH1. (a) Knock-down efficiency was monitored by reverse transcription and real time PCR. (b and c) Downregulation of EP300 or CDH1
bypasses doxorubicin-induced senescence and enables the generation of proliferating, doxorubicin-resistant clones. (b) Cells were treated with 60 ng/ml doxorubicin for 1
week and cells stained for SA-b-galactosidase 3 weeks after. (c) Cells were treated for 1 week with 60 ng/ml doxorubicin and drug-resistant clones were stained with crystal
violet after 3 weeks (left panels) and counted (right panels). Down-regulation of EP300 or CDH1 increases the motility (d) and invasion (e) of MCF-7 cells. Crystal violet staining
of cells through transwells with (e, invasion) or without (d, migration) Matrigel. Numerical data represent the average±S.D. of at least three different experiments (*Po0.05).
Pictorial data were repeated at least in triplicate and a representative picture is shown
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Technology) were detected by enhanced chemiluminescence (GE Healthcare
Life Sciences, Pittsburgh, PA, USA).

Anchorage-independent growth assay. Cells (2� 105) were seeded in
0.3% agar noble in serum-free HuMEC medium on 30-mm plates with a bottom
layer of solidified 0.6% agar noble in the same medium. Triplicate cultures for each
cell type were maintained for 3 weeks at 37 1C in an atmosphere of 5% CO2 and
95% air, with 200ml fresh medium added after 1 week. Colonies of 425mm in
diameter were counted after 3 weeks and stained with crystal violet.

Gene expression analysis. For mRNA detection, total RNA (isolated using
a miRCURY RNA isolation kit, Exiqon, Vedbaek, Denmark) was reverse
transcribed with RNase Hþ MMLV reverse transcriptase (iScript cDNA synthesis
kit, Bio-Rad, Hercules, CA, USA) and real-time quantitative PCR was performed
using SYBR-Green (Bioline, London, UK) on an ABI Prism 7700 detection system
(PerkinElmer Life Sciences, Waltham, MA, USA). RPS14 mRNA was used as a
normalizer. For miR detection, total RNA was reverse transcribed with TaqMan
MicroRNA Reverse Transcription kit and real-time quantitative PCR was
performed using TaqMan miR and U6 RNA (used as a normalizer) assays
(Life Technologies) following the manufacturer’s instructions. A comparative
threshold cycle was used to determine the relative gene expression as previously
described.57 Oligonucleotides used for gene expression analysis are shown in
Supplementary Table S1. A customary miR expression profiling using a miRCURY
LNA Array version 5th Generation containing all human miRs in the miRBASE
version 15.0 was performed by Exiqon.

Flow cytometry. For cell cycle analysis, cells were stained with propidium
iodide after fixation with ice-cold 70% methanol and the DNA content determined
by flow cytometry essentially as described.58 For stem cell markers, CD44 (FITC)
and CD24 (PE), both form BD Biosciences (San Jose, CA, USA), were used
essentially as described.59

ALDH activity. An Aldefluor assay kit (StemCell Technologies, Manchester,
UK) was used for the determination of ALDH activity by flow cytometry essentially
as described.59 Briefly, cells were resuspended in assay buffer (106 cells/ml).
Activated Aldefluor substrate (5 ml) was added to samples and incubated at 37 1C
for 45 min to allow substrate conversion. A sample with the ALDH inhibitor
diethylaminobenzaldehyde was used as a negative control.

Therapy resistance clonogenic assay. MTMEC-derived cells were
seeded, at least in duplicate, at a density of 3� 105 cells in 25-cm2 culture flasks
and exposed to a single dose of doxorubicin (60 ng/ml for MTMEC and 240 ng/ml
for drug-resistant MD60 cells) for 24 h. For MCF7 cells, which are intrinsically more
resistant to doxorubicin than MTMEC cells, drug treatment was extended for 1
week. Cells were cultured for 21 days with drug-free medium changed every 3
days. Where indicated, cells were irradiated at room temperature with g-rays (9 Gy
at a rate of 0.31 Gy/min) using an IBL-637 irradiator (CIS-Biointernational, Gif Sur
Yvette, France) and cultured for 21 days as above. Resistant clones were fixed
with 4% paraformaldehyde and stained with 0.2% crystal violet and counted.
Crystal violet retained in the cells was quantified by solubilization with 0.5% acetic
acid and measurement at OD592 nm.

SA b-galactosidase. Cells (1� 105) were seeded, at least in triplicate, in
six-well dishes and treated with doxorubicin for 24 h or exposed to g-irradiation
(9 Gy). After medium replacement, cells were kept in culture until stained for acidic
b-galactoside (Cell Signalling Technology), essentially as previously described.5

Cell proliferation. Cells (1� 104) were plated in 96-well dishes and
incubated with 10mM EdU (5-ethynyl-20-deoxyuridine) for 18 h to allow
incorporation into newly synthesized DNA. Detection of the incorporated EdU
with the Oregon Green 488 azide was performed with a Click-iT EdU Microplate
Assay (Life Technologies) following the manufacturer’s recommendations.

Migration and invasion assays. A qualitative wound-healing assay was
performed to monitor cell motility after 18 h essentially as described.60 Transwell
migration and invasion assays were performed essentially as described.59 For
MTMEC cells and its derivatives, 5� 104 cells were seeded in a Matrigel
(BD Biosciences)-coated transwell chamber (Corning, Tewksbury, MA, USA) in
serum-free HuMEC medium (Life Technologies). After 72 h, cells attached to the

under surface of the membrane were fixed with 75% ethanol and stained with
0.1% crystal violet. For migration assays, Matrigel was omitted. For MCF-7 cells,
cells were starved in serum-free DMEM medium 24 h before harvesting. To test
invasive capacity, 5� 104 cells were seeded in the top chamber with Matrigel
(1 : 20)-coated in serum-free DMEM. DMEM with 20% fetal calf serum was
used in the wells that held the chambers. After 72 h, cells were stained with
crystal violet.

Statistical analysis. Statistical evaluations were performed by Student’s
t-test for paired data, and data were considered significant at a P-value inferior
to 0.05.

Conflict of Interest
The authors declare no conflict of interest.

Acknowledgements. We thank William Hahn (Dana Farber, Boston) for a
generous gift of human MTMECs and Emanuele de Rinaldis (King’s College
London) for bioinformatic analyses. This work was supported by Cancer Research
UK (to EY and RCC), the Chinese National Natural Sciences Foundation (81170512
to YZ), China Scholarship Council (YH). YZ was the recipient of a Cancer Research
UK China Fellowship.

1. Gottesman MM, Fojo T, Bates SE. Multidrug resistance in cancer: role of ATP-dependent
transporters. Nat Rev Cancer 2002; 2: 48–58.
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