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and their expression correlates with metastatic
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Abstract

using RT-gPCR.

RNAs (ceRNAs).

Background: The microRNA 125b is a double-faced gene expression regulator described both as a tumor
suppressor gene (in solid tumors) and an oncogene (in hematologic malignancies). In human breast cancer, it is
one of the most down-regulated miRNAs and is able to modulate ERBB2/3 expression. Here, we investigated its
targets in breast cancer cell lines after miRNA-mimic transfection. We examined the interactions of the validated
targets with ERBB2 oncogene and the correlation of miR-125b expression with clinical variables.

Methods: MiR-125b possible targets were identified after transfecting a miRNA-mimic in MCF7 cell line and
analyzing gene expression modifications with Agilent microarrays and Sylamer bioinformatic tool. Erythropoietin
(EPO) and its receptor (EPOR) were validated as targets of miR-125b by luciferase assay and their expression was
assessed by RT-gPCR in 42 breast cancers and 13 normal samples. The molecular talk between EPOR and ERBB2
transcripts, through miR-125b, was explored transfecting MDA-MD-453 and MDA-MB-157 with ERBB2 RNA and

Results: We identified a panel of genes down-regulated after miR-125b transfection and putative targets of
miR-125b. Among them, we validated erythropoietin (EPO) and its receptor (EPOR) - frequently overexpressed in
breast cancer - as true targets of miR-125b. Moreover, we explored possible correlations with clinical variables and
we found a down-regulation of miR-125b in metastatic breast cancers and a significant positive correlation
between EPOR and ERBB2/HER2 levels, that are both targets of miR-125b and function as competing endogenous

Conclusions: Taken together our results show a mechanism for EPO/EPOR and ERBB2 co-regulation in breast
cancer and confirm the importance of miR-125b in controlling clinically-relevant cancer features.
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Background

MicroRNA (miRNA) expression deregulation in human
breast cancer was one of the first to be described world-
wide [1]. Among the most down-regulated miRNAs in
breast cancer compared to normal mammary tissue
there was microRNA 125b (miR-125b), suggesting a
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possible role for this miRNA as a tumor suppressor
gene. Indeed, its expression was found to be reduced or
completely lost in a variety of solid cancers including
lung [2,3], hepatic [4], thyroid [5], ovarian [6], cervical
[7] cancer, melanoma [8] and neuroblastoma [9] with
the exception of gastric [10] and pancreatic [11] cancers
in which it is up-regulated. A germline mutation in hsa-
miR-125a locus, that lead to reduced levels of miR-125a
(whose mature form is equal to miR-125b) has been de-
scribed in breast cancer patients [12].
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More recently, a true double-faced role for miR-125b
in malignant transformation emerged, with the identi-
fication of the oncogenic properties of miR-125b over-
expression in hematological malignancies [13-16]. The
overexpression of miR-125b in hematological neoplasia
is often due to translocations involving hsa-miR-125b-1
locus on chromosome 11q24: t(2;11) in myelodysplastic
syndrome and t(11;14) in acute lymphoblastic leukemia.

It seems therefore evident that miR-125b is an intriguing
miRNA with multiple functions as a regulator of cell pro-
liferation, differentiation and apoptosis that strictly depends
on the cellular context. Among the most relevant targets
in solid tumors there are the anti-apoptotic and pro-
proliferative proteins Bcl-2 [17], c-jun [8], c-raf [18], p53
[19], ERBB2 [20], ERBB3 [20], MUC1 [21], PIK3CD [22].

In breast cancer, miR-125b down-regulation is an early
event in cancer progression [23] and it is partially due to
its epigenetic regulation through promoter methylation
[24]. A reduced expression of this miRNA in people that
carry a mutation in ATM gene has been described [25].
Reduced levels of miR-125b have been linked to an in-
creased metastatic capability of breast cancer cells [24]
and to an increase in cell motility in vitro [26]. More-
over, a single nucleotide polymorphism in MRE
(miRNA response element) for miR-125b of BMPR1B
gene has been linked to the risk of developing breast
cancer [27].

In this study, we describe erythropoietin (EPO) and
erythropoietin receptor (EPOR) as novel targets of miR-
125b and we tested the hypothesis of an association be-
tween miRNA/targets expression and clinical outcomes
in breast cancer. Moreover, we discovered a cross-talk
between EPOR and ERBB2/HER2 based on their acting
as decoys for miR-125b.

Results

Identification of miR-125b target genes in MCF7 cell line
and their functional annotation

To identify possible targets of human miR-125b, we
transfected MCF7 breast cancer cell line with a miR-
125b mimic oligonucleotide (Ambion) or a negative
control oligonucleotide (#2, Ambion) and we collected
total RNA at 24 and 48 hours after transfection. Global
gene expression changes were examined using microarray
technology (Agilent Whole Human Genome microarray).
We applied Sylamer algorithm [28], that searches for
enriched sequences in 3"UTR of genes, to the list of genes
down-modulated by miR-125b both at 24 and 48 hours
after transfection. As expected, miR-125b seed sequence
(7- 8-mer) was significantly enriched in down-regulated
transcripts (Additional file 1: Figure S1). We found a list
of 315 genes (Additional file 2: Table S1) whose 3'UTR
contains at least 1 region complementary to the seed se-
quence of miR-125b (7-mers (C)TCAGGG(A) and 8-mer
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CTCAGGGA) and whose expression is reduced after
transfection, thereby supporting a direct role of the
miRNA in causing mRNA down-regulation.

We analyzed the list of genes down-regulated after
miR-125b transfection and containing a potential
miRNA response element (MRE) with Metacore (Gen-
eGO) software and we found the significantly enriched
pathways (Table 1). Among them, there are two path-
ways concerning Erythopoietin (EPO) signaling and
the Metacore network analysis revealed that EPO sig-
naling is deeply influenced by miRNA transfection
(Figure 1). Indeed, both EPO and EPzOR (Erythopoietin
receptor) are putative targets of miR-125b (Additional
file 3: Figure S2) and their downregulation after miR-
125b transfection was validated by quantitative RT-PCR
(RT-gqPCR), both at 24 and 48 hours (Additional file 4:
Figure S3).

EPO and EPOR are target of miR-125b

Transfection experiments were performed in MCF7 and
HEK-293 cell lines to validate EPO and EPOR as targets
of miR-125b. EPO and EPOR 3'UTRs were cloned
downstream Renilla luciferase gene in psiCHECK-2 re-
porter vector. This vector contains also Firefly luciferase
gene that can be used as a reference in Dual-Luciferase
Reporter Assay (Promega). These vectors were trans-
fected in two different cell lines together with a vector
expressing miR-125b (pIRESneo2- miR125b), while the
empty pIRESneo2 vector, pIRES-neo2 vector expressing
miR-145 (that does not target EPO/EPOR 3'UTRs) and
the mutated version of psiCHECK-2 + 3"UTR plasmids
were used as negative controls. The luciferase activity of
the constructs containing EPO and EPOR-3'UTR was
suppressed of ~30% (p <.05) following ectopic expres-
sion of miR-125b (Figure 2) demonstrating that EPO/
EPOR expression is under the control of miR-125b.

miR-125b and EPO/EPOR expression is inversely
correlated in breast cancer

We validated the opposite modulation of miR-125b, EPO
and EPOR by RT-qPCR in a cohort of 42 breast cancer pa-
tients and 13 normal samples collected at the University
of Ferrara (Figure 3A-C). We found a significant down-
regulation of miR-125b and an up-regulation of EPO and
EPOR genes (p = 0.0003, 0.03 and 0.002, respectively; un-
paired t-test with Welch’s correction). Likewise, a signifi-
cant inverse correlation between miR-125b and EPO (p =
0.0037) and EPOR (p = 0.03) genes was found (Spearman
correlation, r=-039; -0.31, Figure 3D). These observa-
tions confirm the role of miR-125b in controlling the up-
regulation of Erythropoietin and Erythropoietin receptor
in breast cancer.
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Table 1 Pathways significantly enriched in the list of genes down-regulated by miR-125b and with a MRE in 3'UTR
(source: GeneGO Metacore)

Page 3 of 10

# Maps pValue Ratio

1 Immune response_CD28 signaling 2.304E-04 5 54
2 Development_EPO-induced PI3K/AKT pathway and Ca(2+) influx 9.912E-04 4 43
3 Neurophysiological process_Melatonin signaling 9.912E-04 4 43
4 Development_A2A receptor signaling 9.912E-04 4 43
5 Development_EPO-induced MAPK pathway 1.178E-03 4 45
6 Development_WNT5A signaling 1.280E-03 4 46
7 Neurophysiological process_NMDA-dependent postsynaptic long-term potentiation in CA1 hippocampal neurons 1417E-03 5 80
8 Nicotine signaling in dopaminergic neurons, Pt. 1 - cell body 1.502E-03 4 48
9 Development_A2B receptor: action via G-protein alpha s 1.750E-03 4 50
10 Signal transduction_PKA signaling 1.884E-03 4 51
11 Immune response_HSP60 and HSP70/ TLR signaling pathway 2.329E-03 4 54
12 Cell adhesion_Gap junctions 3.608E-03 3 30
13 Development_EGFR signaling pathway 4.086E-03 4 63
14 Oxidative stress_Role of ASK1 under oxidative stress 5.161E-03 3 34
15 Reproduction_GnRH signaling 6.576E-03 4 72
16 Development_Mu-type opioid receptor signaling 7.062E-03 3 38
17 Signal transduction_cAMP signaling 7.062E-03 3 38
18 Transcription_P53 signaling pathway 7.594E-03 3 39
19 Development_PACAP signaling in neural cells 7.594E-03 3 39
20 Apoptosis and survival_Lymphotoxin-beta receptor signaling 9.328E-03 3 42
21 Nicotine signaling in dopaminergic neurons, Pt. 2 - axon terminal 9.953E-03 3 43
22 Development_S1P1 signaling pathway 1.060E-02 3 44
23 Neurophysiological process_Glutamate regulation of Dopamine D1A receptor signaling 1.128E-02 3 45
24 Transcription_Androgen Receptor nuclear signaling 1.128E-02 3 45
25 Development_Thrombopoietin-regulated cell processes 1.128E-02 3 45
26 Development_GDNF family signaling 1.197E-02 3 46
27 Neurophysiological process_Dopamine D2 receptor signaling in CNS 1.269E-02 3 47
28 Development_TGF-beta-dependent induction of EMT via MAPK 1.269E-02 3 47
29 Development_HGF signaling pathway 1.269E-02 3 47
30 Immune response_Histamine H1 receptor signaling in immune response 1.344E-02 3 48
31 Immune response_Lectin induced complement pathway 1.421E-02 3 49
32 Development_A3 receptor signaling 1.421E-02 3 49
33 Immune response_Histamine signaling in dendritic cells 1.501E-02 3 50
34 Mucin expression in CF via TLRs, EGFR signaling pathways 1.501E-02 3 50
35 Immune response_NFAT in immune response 1.583E-02 3 51
36 Development_IGF-1 receptor signaling 1.667E-02 3 52
37 Signal transduction_Activation of PKC via G-Protein coupled receptor 1.667E-02 3 52
38 Cell adhesion_ECM remodeling 1.667E-02 3 52
39 Immune response_Classical complement pathway 1.667E-02 3 52
40 Development_Endothelin-1/EDNRA signaling 1.754E-02 3 53
41 Membrane-bound ESR1: interaction with G-proteins signaling 1.844E-02 3 54
42 Development_FGFR signaling pathway 1.844E-02 3 54
43 Immune response_Fc epsilon Rl pathway 1.936E-02 3 55
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Table 1 Pathways significantly enriched in the list of genes down-regulated by miR-125b and with a MRE in 3'UTR

(source: GeneGO Metacore) (Continued)

44 Regulation of lipid metabolism_Insulin regulation of glycogen metabolism

45 Cytoskeleton remodeling_FAK signaling

46 Immune response_lmmunological synapse formation
47 Development_EGFR signaling via PIP3

48 Development_Thyroliberin signaling

49 Development_Gastrin in cell growth and proliferation

50 G-protein signaling_K-RAS regulation pathway

2.030E-02 3 56
2.127E-02 3 57
2.329E-02 3 59
2.351E-02 2 23
2.540E-02 3 61
2.650E-02 3 62
2.750E-02 2 25

Correlation of miR-125b and EPOR expression with
metastatic potential and ERBB2 expression
To evaluate the significance of miR-125b, EPO and EPOR
expression in breast cancer, we examined their expression
levels in breast cancer patients, grouped according to the
following clinical-pathological variables: metastatic recur-
rence, p53 mutation, grade, stage, lymphnode invasion,
proliferative index, estrogen and progesterone receptors
positivity, ERBB2 overexpression. We found a significant
down-regulation of miR-125b levels in metastatic breast
cancers (Figure 4A) compared to not metastatic tumors
(p=0.014, two-tailed Mann Whitney test). A reduced ex-
pression of miR-125b can be observed also in locally re-
current breast cancers, although only four samples were
available. EPO and EPOR levels were only slightly in-
creased in metastatic cancers without reaching signifi-
cance (data not shown).

ERBB2 (HER2) gene is a validated target of miR-125b
[20]. To confirm the regulation of ERBB2 by miR-125b

we examined the miRNA levels in breast cancers
strongly positive (positive cells >50%) intermediately
positive (positive cells = 20-50%) and weakly positive or
negative (positive cells < 20%) for ERBB2 (Figure 4B). As
expected, miR-125b expression is significantly reduced in
strongly positive breast cancer (p = 0.04, two-tailed Mann
Whitney test). A significant inverse correlation was found
between miR-125b expression levels and ERBB2 protein
levels as well (Spearman correlation, r=-031; p =0.04;
Figure 4C).

Since an extensive co-expression of ERBB2 and EPOR
has been described in breast cancer [29] and ERBB2 pro-
tein levels correlates with that of ERBB2 mRNA [30,31],
we evaluated the relationship between ERBB2 and EPOR
using gene expression data from 69 breast cancers with
low and intermediate levels of ERBB2 (data from propri-
etary microarray experiments, average or two probes for
each gene). Normalized expression data are available
in Additional file 5: Table S2. We found a significant
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psiCHECK2 vectors

EPO-3'UTRmut
3 EPO-3'UTR

E3 EPOR-3'UTR
D EPOR-3'UTRmut

Figure 2 EPO and EPOR are targets of miR-125b. Luciferase
reporter assays was performed with psiCHECK2 reporter vector after
placing Renilla luciferase under the control of the EPO/EPOR 3'UTR.
A not-targeting miRNA (miR-145), the empty pIRESneo?2 vector and
the mutated version of psiCHECK2 vectors were used as controls.
The Renilla luciferase values were normalized for transfection with
Firefly luciferase activity and data are presented relative to the
vector control. The mean + s.d. of three independent experiments in

two different cell lines is shown. *P <0.05.
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positive correlation between EPOR and ERBB2 expres-
sion levels (Spearman correlation, r=0.54; two-tailed
p-value < 0.0001; Figure 4D). This result confirms the
data obtained from qPCR and IHC data that were previ-
ously described.

No significant association was found between miRNA/
gene expression levels and grade, stage, lymphnode inva-
sion, proliferative index, estrogen and progesterone re-
ceptors positivity.

EPOR and ERBB2 act as decoys for miR-125b

We hypothesized that ERBB2 and EPOR could act as
competing endogenous RNAs (ceRNAs), influencing their
respective levels using miR-125b response elements
present in their 3" UTR. Since ERBB2 is frequently ampli-
fied or overexpressed in breast cancer [32], we used its 3’
UTR as a driver for EPOR levels through miR-125b decoy.
We selected two breast cancer cell lines (MDA-MB-453
and MDA-MB-157) characterized by low-intermediate
levels of endogenous ERBB2 (Additional file 6: Figure S4),
moderate-high EPOR expression [29] and low levels of en-
dogenous miR-125b (if compared to normal breast, data
not shown). We transfected both cell lines with pIRES-
ERBB2-3UTR plasmid that express ERBB2 3'UTR. We
used the empty plasmid as well as not-transfected cells
as controls. As represented in Figure 5, we observed a
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miR-125b in Metastatic BC
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Figure 4 Correlation of miR-125b and EPOR with metastasis and ERBB2. A) Expression of miR-125b (normalized on RNU6 and log2
transformed) in not metastatic (NM), locally recurrent (local) and metastatic (M) breast cancer, detected by RT-gPCR. A significant
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Figure 5 ERBB2 3'UTR acts as a decoy for miR-125b. MDA-MD-453
and MDA-MB-157 (HER2+, EPOR+, miR-125b+) breast cancer cell lines
were transfected with pIRES-ERBB2-3'UTR vector and show increased
EPOR mRNA levels at 24 hours. Data were obtained from RT-qPCR
experiments performed in triplicate. 185 was used as reference gene.

significant increase of EPOR levels (two-tailed unpaired
t-test) 24 hours after the transfection in both cell lines,
using RT-qPCR assay.

Discussion

Among the genes modulated after miR-125b transfection
and putative targets of the same miRNA, we focused our
attention on erythropoietin and its receptor. Erythropoi-
etin (EPO) has long been known as the cytokine that
regulates differentiation and survival of erythroid cells.
Recombinant human EPO (rHuEPO) has been used in
cancer patients for the treatment of chemotherapy-
induced anemia for two decades. However, recent stud-
ies revealed a more pleiotropic role for this cytokine and
several clinical trial reported an increase mortality in
cancer patients treated with erythropoiesis stimulating
agents (ESAs) compared to control groups [33].
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EPO receptor (EPOR) is a member of type I cytokine re-
ceptor family and the binding with EPO ligand activates
many important pathways of the cell, such as JAK2/
STAT5, MAPK(ERK) and PI3K/AKT. EPO receptor is
expressed in a variety of non-hematopoietic human tissues
in which the EPO-EPOR signaling works to increase sur-
vival and to protect cells from injury [34]. In 2001, Acs
and coworkers first described an increased expression of
EPO-EPOR in breast cancer samples and cell lines, hy-
pothesizing a paracrine loop able to sustain cell prolifera-
tion [35]. Now, we know that EPO-EPOR signaling is
active in a variety of solid tumors [33], that EPO-EPOR
expression is particularly increased in hypoxic regions [36]
and can influence cancer resistance to pharmacological
treatments [29,37]. Specifically, it has been demonstrated
that EPOR activation is able to antagonize trastuzumab
therapeutic effect in vitro, thanks to the activation of a
proliferative signaling pathway overlapping with ERBB2
pathway [29] and that EPOR-positive breast cancer pa-
tients display a reduced response to tamoxifen [37].

In this work, we confirmed the down-regulation of
miR-125b and the up-regulation of EPO and EPOR in a
large panel of breast cancers. Moreover, we describe one
of the mechanisms that regulate EPO-EPOR expression
in breast cancer that is miRNA-dependent. Indeed, both
EPO and EPOR 3'UTRs have at least one target sequence
for miR-125b that responded to a miR-125b mimic trans-
fection in the context of breast cancer cells. Therefore,
we speculated that the described overexpression of EPO-
EPOR in several types of carcinoma could be at least in
part due to the concomitant loss of miR-125b.

In this study we further explored the correlation between
miR-125b, EPO, EPOR and clinical-pathological variables.
We found that miR-125b levels are reduced in metastatic
breast cancer, that is congruent with its role as a tumor
suppressor miRNA in this cancer type and with published
data [18,24,38]. We found also a reduced expression of
miR-125b in breast cancers strongly positive for ERBB2,
that is coherent with its being a target of the miRNA. Since
EPOR and ERBB2 are both target of the tumor suppressor
miR-125b, we searched for a correlation between EPOR
and ERBB2 expression in an independent cohort of breast
cancers. We found a positive correlation between the levels
of the two receptors, suggesting the existence of mecha-
nisms of co-regulation and possibly functional cooperation,
especially in breast cancers where ERBB2/HER?2 increased
levels cannot alone sustain/explain the malignant behavior.
Indeed, both genes are regulated by miR-125b and are able
to activate the same molecular pathways.

By examining the ability of ERBB2 3'UTR to function
as a decoy of miR-125b, we were indeed able to induce
an increase in EPOR levels, probably by reducing the
amount of “free” cellular miR-125b, thereby revealing a
mechanism for their positive correlation. Notably, it has
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also been recently demonstrated that miR-125b can target
PIK3CD [22], a key mediator of both EPOR and ERBB2
downstream pathways. The reduced levels of miR-125b in
breast cancer cells suggests that both ERBB2 and EPOR
could become up-regulated and actively cooperate to in-
crease cell proliferation and reduce the apoptotic rate in
cancer cells. The active role of these receptors in promot-
ing breast cancers needs to be further studied, to better
understand their role and possible cooperation in sustain-
ing the growth of breast cancer cells. Indeed, a recent re-
port indicated that HER2 negative tumors may still benefit
of anti HER2 therapies [39].

Conclusions

In conclusion, we demonstrated that the tumor-
suppressive miR-125b is able to modulate erythropoi-
etin/ erythropoietin receptor axis in breast cancer and
display a negative correlation with its metastatic poten-
tial. The erythropoietin receptor has a positive correl-
ation with the epidermal growth factor receptor b2, that
is explained by their acting as decoy molecules for miR-
125b. Finally, our study indicates that a special attention
should be given to miR-125b whose role as tumor-
suppressor in several solid cancers is becoming strong.
miR-125b is definitely a significant cancer-associated
miRNA and the comprehension of its mechanism of ac-
tion in specific cellular contexts is important to evaluate
its use either as a therapeutic molecule or as therapeutic
target.

Methods

Patients

Breast cancer and normal breast tissues were anonym-
ously collected at the University of Ferrara (Italy) and ex-
tensively characterized for clinical and bio-pathologic
status by two expert pathologists (P.Q. and M.P.). Clinico-
pathological information concerning metastasis develop-
ment, ERBB2/HER2 expression, p53 mutation, grade,
stage, lymphnode invasion, proliferative index, estrogen
and progesterone receptors positivity was available for all
tumor samples and determined as previously described
[1]. Total RNA isolation was performed with Trizol (Invi-
trogen) according to the manufacturer’s instructions.

Cell lines and transfection

MDA-MB-453, MDA-MB-157, MCF7 and HEK-293 cell
lines were obtained from the ATCC and were cultured
with ISCOVE’s Modified Dulbecco’s Medium (Lonza
BioWhittaker) with 10% fetal bovine serum (FBS) and
gentamicin. For microarray experiments, MCF7 cell line
was transfected with 100 nM of miR-125b (Ambion) or
Negative Control#2 (Ambion); total RNA was extracted at
24hs and 48 hs after transfection by adding Trizol Reagent
(Invitrogen) according to manufacturer’s procedure. The



Ferracin et al. Molecular Cancer 2013, 12:130
http://www.molecular-cancer.com/content/12/1/130

day before transfection cells were seeded in antibiotic-free
media. Transfection of miRNAs was carried out using
Lipofectamine 2000 (Life Technologies) in accordance
with manufacturer’s procedure.

Plasmids

The human EPO and EPOR 3'-UTR target sites were
amplified by PCR using the following primers: EPO-
3UTR_F: 5'- ATCTCGAGCTCCCTCACCAACATTGC
TT-3"; EPO-3UTR_R: 5'- ATGTTTAAACGTCTTCAT
GGTTCCCACCAC-3’; EPOR-3UTR_F: 5'- ATCTCG
AGCCAGCTATGTGGCTTGCTCT-3"; EPOR-3UTR_R:
5- ATGTTTAAACACTGCAAGGTTGTGGTTTCC-3’
and cloned downstream of the Renilla luciferase gene in
psiCHECK-2 vector (Promega). Mutated 3'UTRs, through
the deletion of the miR-125b seeds inside EPO and EPOR
3'UTRs, were generated using gBlocks Gene Fragments
(IDT). These vectors - psiCHECK2-EPO, psiCHECK2-
EPOR and their mutated versions - were used for transfec-
tion into MCF7 and HEK-293 cells. Vector expressing
miR-125b and miR-145 (used as negative control) were
obtained after cloning miR-125b and miR-145 genomic se-
quences in pIRESneo2 expression vector (Clontech). The
level of miR-125b expression in transfected cells was
assayed by RT-qPCR (TagMan MicroRNA Assays, Life
Technologies) 24hs and 48 hs after transfection (data not
shown). The 3'-UTR of ERBB2 was amplified by PCR
from the ¢cDNA of T47D and SK-BR3 cell lines (HER2
positive) and cloned into Xbal and EcoRI sites of pIRES-
neo2 expression plasmid.

Luciferase assay

MCEF7 and HEK-293 cell lines were seeded in 24-well
plates at a cellular concentration of 40,000 and 100,000
cells/well respectively. Cells were transfected with 400
ngs of psiCHECK2-EPO or equimolar amounts of
psiCHECK2-EPOR or mutant control vectors together
with equimolar amounts of pIRESneo2-miR125b or
pIRESneo2-control (miR-145). Transfection was per-
formed using Lipofectamine 2000 and OPTI-MEM I Re-
duced Serum Medium (GIBCO). Twenty-four hours
after transfection Firefly and Renilla luciferase activity
were measured using the Dual-Luciferase Reporter
Assay (Promega). Each transfection was repeated in
triplicate.

Sponge experiment

MDA-MB-453 (7x10°/well) and MDA-MB-157 (2x10°/
well) were seeded in 6-well plates in antibiotic-free
media. The following day, they were transfected with
25 pg of pIRESneo2 or pIRES-ERBB2-3UTR using
Lipofectamine LTX (Life Technologies) and OPTI-MEM I
Reduced Serum Medium according to the manufacturer’s
recommendations. 24 hours later, cells were collected
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using Trizol Reagent for RNA extraction. The primers
used for PCR amplification of ERBB2 3'UTR were
ERBB2-3UTR_F: 5-CAGAATTCTGCCAGTGTGAAC-
CAGAAG-3" ERBB2-3UTR_R: 5'-CATCTAGAGACAA
AGTGGGTGTGGAGAA-3".

Quantitative RT-PCR

Mature miRNAs expression was evaluated by Tagman
miRNA assays (Applied Biosystem) specific for miR-125b
(miR-125b-5b in miRBase release 19) and RNUG6B as refer-
ence gene according to the manufacturer’s protocol.
Briefly, 5 ng of total RNA was reverse transcribed using
the specific looped primer; reverse transcription quantita-
tive PCR was conducted using the standard Tagman
miRNA assay protocol on a Biorad-Chromo4 thermal cy-
cler. EPO (assay ID Hs01071097_m1) and EPOR (assay ID
Hs00959427_m1) gene expression was assessed by RT-
qPCR using Tagman gene expression assays (Applied Bio-
system) according to manufacturer’s protocol. 185 was
used as reference gene and its expression was assessed
using the following primers F: 5'- CTGCCCTATCAACT
TTCGATGGTAG-3'; R: 5'- CCGTTTCTCAGGCTCCC
TCTC-3" and KAPA SYBR FAST master mix (Kapa Bio-
systems). Each sample was analyzed in triplicate. The level
of each miRNA/gene was measured using Cq (threshold
cycle). The amount of target, normalized on reference
gene, was calculated using 24“Y (Comparative Cq)
method. Graphs and statistical analyses were performed
using GraphPad Prism 5 software.

Microarray and data analysis

Four samples derived from MCF7 transfection with miR-
125b at 24 and 48 hrs were used for microarray analysis.
Global gene expression was detected using Agilent Whole
Human Genome microarray (#G4112F, Agilent Technolo-
gies), which represent 41,000 unique human transcripts.
About 500 ngs of total RNA were employed in each ex-
periment. RNA labeling and hybridization were performed
in accordance to manufacturer’s indications. Agilent scan-
ner and the Feature Extraction software v.10.5 (Agilent
Technologies) were used to obtain the microarray raw-
data. Raw data have been submitted to ArrayExpress with
the following accession number: E-MTAB-1604. Micro-
array results were analysed using the GeneSpring GX 12
software (Agilent Technologies, Palo Alto, CA). Data
transformation was applied to set all negative raw values
at 1.0, followed by a normalization on 75" percentile. A
filter on low gene expression was used to keep only the
probes expressed in at least one sample. Genes were or-
dered from the most down-regulated at 24 and 48hrs
compared to controls to the most up-regulated and used
for sylamer analysis.
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Pathway analysis

Functional Ontology Enrichment analysis and Pathway
map visualization was performed using MetaCore path-
way analysis by GeneGo (GeneGo Inc.).

Sylamer analysis

Sylamer analysis was performed through the web-interface
Sylarray (http://www.ebi.ac.uk/enright-srv/sylarray) to de-
tect miR-125b target sequence in 3" untranslated regions
(3'UTR) from a ranked gene list, sorted from downregu-
lated to upregulated in MCF7 + miR-125b at 24 and 48
hours compared to negative controls, as described in [28].
A significant enrichment and/or depletion of 7-8 nts se-
quences complementary to the miRNAs seeds in the 3’
UTR of ordered mRNAs was calculated using hypergeo-
metric statistic.

Statistical analyses

Statistical analyses were performed using GraphPad
Prism 5 software. Two-tailed Mann Whitney and un-
paired t-test, with or without Welch’s correction, were
used for statistical comparisons as specified in the text,
according to data distribution. Correlations were calcu-
lated using log2 transformed data and Spearman r cor-
relation (two-tailed p-value).

Additional files

Additional file 1: Figure S1. miR-125b seed is enriched in
down-regulated probes. Sylamer analysis of down-regulated mRNAs
revealed a significant enrichment in genes whose 3'UTR contain a
miR-125b response element (7-mers and 8-mers seed sequences) and
are down-regulated after miR-125b transfection (ordered from the most
down-regulated to the less).

Additional file 2: Table S1. List of 315 genes down-regulated after
miR-125b transfection and potential targets of the miRNA.

Additional file 3: Figure S2. EPO/EPOR:miR-125b binding sites. Binding
sites of miR-125b in EPO and EPOR 3'UTR detected by DIANA MicroT
tools (http://diana.cslab.ece.ntua.gr/microT/).

Additional file 4: Figure S3. Down-regulation of EPO and EPOR upon
the transfection of miR-125b.The expression levels of EPO (A), EPOR

(B) was measured in MCF7 breast cancer cell line after 24 and 48 hours
from transfection of miR-125b, by RT-gPCR. 18S was used as reference
gene and 2-deltaCq method was used for relative expression calculation.
The extent of reduction is referred to MCF7 transfected with the
scramble (P <.001 for both time points). Each experiment was performed
in triplicate.

Additional file 5: Table S2. Normalized gene expression data of EPOR
and ERBB2 probes, spotted on Agilent microarray, in 69 breast cancers.

Additional file 6: Figure S4. Expression of ERBB2 in breast cancer cell
lines. MDA-MB-157 and MDA-MB-453 show null or moderate levels of
ERBB2 expression, respectively, if compared to MDA-MB-231 (triple
negative cell line) and to SK-BR3 (HER2/ERBB2-amplified cell line). The
normalized expression was calculated by RT-gPCR using 18S as reference
gene; 2-deltaCq method was used for relative expression calculation.
Each experiment was performed in triplicate.

Competing interest
The authors disclose no competing interest.

Page 9 of 10

Authors’ contributions

MN and MF conceived and designed the experiments. MF performed
experiments and analyzed data. CB performed bioinformatics analyses. SP
carried out luciferase experiments. BZ performed microarray experiments. EC,
FC, GM, LL, and LD carried out quantitative PCR and participated in ERBB2
sponge experiment. SV participated in the statistical analysis. MP and PQ
contributed samples and clinical information. MF and MN wrote the paper.
All authors read and approved the final manuscript.

Acknowledgements

We thank Dr. Eros Magri and Dr. Anna Cherubino for technical assistance.
This work was supported by grants from Italian Ministry of University and
Research (FIRB Project RBAPT1BYNP) to MN and by grants from the Italian
Association for Cancer Research (AIRC) to MIN. and M.F.

Author details

'Department of Morphology, Surgery and Experimental Medicine, University
of Ferrara, Ferrara, Italy. “Laboratory for Technologies of Advanced Therapies
(LTTA), University of Ferrara, Via Fossato di Mortara 70, Ferrara 44121, Italy.
3Non—coding RNA and Cancer Unit, Aging Research Center (CeS.l),
Fondazione Universita "G. D'Annunzio”, Chieti, Italy. “Department of Medical
Sciences, University of Ferrara, Ferrara, Italy.

Received: 24 June 2013 Accepted: 23 October 2013
Published: 28 October 2013

References

1. lorio MV, Ferracin M, Liu CG, Veronese A, Spizzo R, Sabbioni S, Magri E,
Pedriali M, Fabbri M, Campiglio M, et al: MicroRNA gene expression
deregulation in human breast cancer. Cancer Res 2005, 65:7065-7070.

2. Yamada H, Yanagisawa K, Tokumaru S, Taguchi A, Nimura Y, Osada H,
Nagino M, Takahashi T: Detailed characterization of a homozygously deleted
region corresponding to a candidate tumor suppressor locus at 21q11-21
in human lung cancer. Genes Chromosomes Cancer 2008, 47:310-818.

3. Gao W, Shen H, Liu L, Xu J, Shu Y: MiR-21 overexpression in human
primary squamous cell lung carcinoma is associated with poor patient
prognosis. J Cancer Res Clin Oncol 2011, 137:557-566.

4. LiW, Xiel, He X, Li J, Tu K Wei L, Wu J, Guo Y, Ma X, Zhang P, et al:
Diagnostic and prognostic implications of microRNAs in human
hepatocellular carcinoma. Int J Cancer 2008, 123:1616-1622.

5. Visone R, Pallante P, Vecchione A, Cirombella R, Ferracin M, Ferraro A, Volinia S,
Coluzzi S, Leone V, Borbone E, et al: Specific microRNAs are downregulated
in human thyroid anaplastic carcinomas. Oncogene 2007, 26:7590-7595.

6. Guan, Yao H, Zheng Z, Qiu G, Sun K MiR-125b targets BCL3 and
suppresses ovarian cancer proliferation. Int J Cancer 2011, 128:2274-2283.

7. Huang L, Lin JX, Yu YH, Zhang MY, Wang HY, Zheng M: Downregulation of
six microRNAs is associated with advanced stage, lymph node
metastasis and poor prognosis in small cell carcinoma of the cervix.
PLoS One 2012, 7:e33762.

8. Kappelmann M, Kuphal S, Meister G, Vardimon L, Bosserhoff AK: MicroRNA
miR-125b controls melanoma progression by direct regulation of c-Jun
protein expression. Oncogene 2013, 32:2984-2991.

9. Laneve P, Di Marcotullio L, Gioia U, Fiori ME, Ferretti E, Gulino A, Bozzoni |,
Caffarelli E: The interplay between microRNAs and the neurotrophin
receptor tropomyosin-related kinase C controls proliferation of human
neuroblastoma cells. Proc Natl Acad Sci USA 2007, 104:7957-7962.

10. Ueda T, Volinia S, Okumura H, Shimizu M, Taccioli C, Rossi S, Alder H, Liu CG,
QOue N, Yasui W, et al- Relation between microRNA expression and
progression and prognosis of gastric cancer: a microRNA expression
analysis. Lancet Oncol 2010, 11:136-146.

11. Lee EJ, Gusev Y, Jiang J, Nuovo GJ, Lerner MR, Frankel WL, Morgan DL,
Postier RG, Brackett DJ, Schmittgen TD: Expression profiling identifies
microRNA signature in pancreatic cancer. Int J Cancer 2007, 120:1046-1054.

12. Li W, Duan R, Kooy F, Sherman SL, Zhou W, Jin P: Germline mutation of
microRNA-125a is associated with breast cancer. J Med Genet 2009,
46:358-360.

13. Bousquet M, Harris MH, Zhou B, Lodish HF: MicroRNA miR-125b causes
leukemia. Proc Natl Acad Sci USA 2010, 107:21558-21563.

14.  Klusmann JH, Li Z, Bohmer K, Maroz A, Koch ML, Emmrich S, Godinho FJ,
Orkin SH, Reinhardt D: miR-125b-2 is a potential oncomiR on human


http://www.ebi.ac.uk/enright-srv/sylarray
http://www.biomedcentral.com/content/supplementary/1476-4598-12-130-S1.pptx
http://www.biomedcentral.com/content/supplementary/1476-4598-12-130-S2.xls
http://www.biomedcentral.com/content/supplementary/1476-4598-12-130-S3.pptx
http://diana.cslab.ece.ntua.gr/microT/
http://www.biomedcentral.com/content/supplementary/1476-4598-12-130-S4.pptx
http://www.biomedcentral.com/content/supplementary/1476-4598-12-130-S5.xls
http://www.biomedcentral.com/content/supplementary/1476-4598-12-130-S6.tiff

Ferracin et al. Molecular Cancer 2013, 12:130
http://www.molecular-cancer.com/content/12/1/130

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

chromosome 21 in megakaryoblastic leukemia. Genes Dev 2010,
24:478-490.

Enomoto Y, Kitaura J, Hatakeyama K, Watanuki J, Akasaka T, Kato N,
Shimanuki M, Nishimura K, Takahashi M, Taniwaki M, et al: Emu/miR-125b
transgenic mice develop lethal B-cell malignancies. Leukemia 2011,
25:1849-1856.

Chaudhuri AA, So AY, Mehta A, Minisandram A, Sinha N, Jonsson VD, Rao DS,
O'Connell RM, Baltimore D: Oncomir miR-125b regulates hematopoiesis by
targeting the gene Lin28A. Proc Natl Acad Sci USA 2012, 109:4233-4238.
Willimott S, Wagner SD: miR-125b and miR-155 contribute to BCL2
repression and proliferation in response to CD40 ligand (CD154) in
human leukemic B-cells. J Biol Chem 2012, 287:2608-2617.

Hofmann MH, Heinrich J, Radziwill G, Moelling K: A short hairpin DNA
analogous to miR-125b inhibits C-Raf expression, proliferation, and
survival of breast cancer cells. Mol Cancer Res 2009, 7:1635-1644.

Le MT, Teh C, Shyh-Chang N, Xie H, Zhou B, Korzh V, Lodish HF, Lim B:
MicroRNA-125b is a novel negative regulator of p53. Genes Dev 2009,
23:862-876.

Scott GK, Goga A, Bhaumik D, Berger CE, Sullivan CS, Benz CC: Coordinate
suppression of ERBB2 and ERBB3 by enforced expression of micro-RNA
miR-125a or miR-125b. J Biol Chem 2007, 282:1479-1486.

Rajabi H, Jin C, Ahmad R, McClary C, Joshi MD, Kufe D: MUCIN 1
Oncoprotein expression is suppressed by the miR-125b ONCOMIR.
Genes Cancer 2010, 1:62-68.

Cui F, Li X, Zhu X, Huang L, Huang Y, Mao C, Yan Q, Zhu J, Zhao W, Shi H:
MiR-125b inhibits tumor growth and promotes apoptosis of cervical
cancer cells by targeting phosphoinositide 3-kinase catalytic subunit
delta. Cell Physiol Biochem 2012, 30:1310-1318.

Hannafon BN, Sebastiani P, De Las Morenas A, Lu J, Rosenberg CL:
Expression of microRNA and their gene targets are dysregulated in
preinvasive breast cancer. Breast Cancer Res 2011, 13:R24.

Zhang Y, Yan LX, Wu QN, Du ZM, Chen J, Liao DZ, Huang MY, Hou JH, Wu QL,
Zeng MS, et al: miR-125b is methylated and functions as a tumor
suppressor by regulating the ETST proto-oncogene in human invasive
breast cancer. Cancer Res 2011, 71:3552-3562.

Smirnov DA, Cheung VG: ATM gene mutations result in both recessive
and dominant expression phenotypes of genes and microRNAs. Am J
Hum Genet 2008, 83:243-253.

Akhavantabasi S, Sapmaz A, Tuna S, Erson-Bensan AE: miR-125b targets
ARID3B in breast cancer cells. Cell Struct Funct 2012, 37:27-38.

Saetrom P, Biesinger J, Li SM, Smith D, Thomas LF, Majzoub K, Rivas GE,
Alluin J, Rossi JJ, Krontiris TG, et al: A risk variant in an miR-125b binding
site in BMPR1B is associated with breast cancer pathogenesis. Cancer Res
2009, 69:7459-7465.

van Dongen S, Abreu-Goodger C, Enright AJ: Detecting microRNA binding and
SiRNA off-target effects from expression data. Nat Methods 2008, 5:1023-1025.
Liang K, Esteva FJ, Albarracin C, Stemke-Hale K, Lu Y, Bianchini G, Yang CY,
Li'Y, Li X, Chen CT, et al: Recombinant human erythropoietin antagonizes
trastuzumab treatment of breast cancer cells via Jak2-mediated Src
activation and PTEN inactivation. Cancer Cell 2010, 18:423-435.

Mrhalova M, Kodet R, Kalinova M, Hilska I: Relative quantification of ERBB2
mRNA in invasive duct carcinoma of the breast: correlation with ERBB-2
protein expression and ERBB2 gene copy number. Pathol Res Pract 2003,
199:453-461.

Kuesters S, Maurer M, Burger AM, Metz T, Fiebig HH: Correlation of ErbB2
gene status, mRNA and protein expression in a panel of >100 human
tumor xenografts of different origin. Onkologie 2006, 29:249-256.

Iglehart JD, Kraus MH, Langton BC, Huper G, Kerns BJ, Marks JR: Increased
erbB-2 gene copies and expression in multiple stages of breast cancer.
Cancer Res 1990, 50:6701-6707.

Szenajch J, Wcislo G, Jeong JY, Szczylik C, Feldman L: The role of
erythropoietin and its receptor in growth, survival and therapeutic
response of human tumor cells from clinic to bench - a critical review.
Biochim Biophys Acta 1806, 2010:82-95.

Hardee ME, Arcasoy MO, Blackwell KL, Kirkpatrick JP, Dewhirst MW:
Erythropoietin biology in cancer. Clin Cancer Res 2006, 12:332-339.

Acs G, Acs P, Beckwith SM, Pitts RL, Clements E, Wong K, Verma A:
Erythropoietin and erythropoietin receptor expression in human cancer.
Cancer Res 2001, 61:3561-3565.

Gombos Z, Danihel L, Repiska V, Acs G, Furth E: Expression of
erythropoietin and its receptor increases in colonic neoplastic

37.

38.

39.

Page 10 of 10

progression: the role of hypoxia in tumorigenesis. Indian J Pathol
Microbiol 2011, 54:273-278.

Larsson AM, Jirstrom K, Fredlund E, Nilsson S, Ryden L, Landberg G, Pahlman S:
Erythropoietin receptor expression and correlation to tamoxifen response
and prognosis in breast cancer. Clin Cancer Res 2009, 15:5552-5559.

Glud M, Rossing M, Hother C, Holst L, Hastrup N, Nielsen FC, Gniadecki R,
Drzewiecki KT: Downregulation of miR-125b in metastatic cutaneous
malignant melanoma. Melanoma Res 2010, 20:479-484.

Tuma RS: Cancer stem cell hypothesis and trastuzumab in HER2-negative
tumors. J Natl Cancer Inst 2012, 104:968-969.

doi:10.1186/1476-4598-12-130

Cite this article as: Ferracin et al: miR-125b targets erythropoietin and
its receptor and their expression correlates with metastatic potential
and ERBB2/HER2 expression. Molecular Cancer 2013 12:130.

~
Submit your next manuscript to BioMed Central
and take full advantage of:
¢ Convenient online submission
e Thorough peer review
* No space constraints or color figure charges
¢ Immediate publication on acceptance
¢ Inclusion in PubMed, CAS, Scopus and Google Scholar
¢ Research which is freely available for redistribution
Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central
J




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Results
	Identification of miR-125b target genes in MCF7 cell line and their functional annotation
	EPO and EPOR are target of miR-125b
	miR-125b and EPO/EPOR expression is inversely correlated in breast cancer
	Correlation of miR-125b and EPOR expression with metastatic potential and ERBB2 expression
	EPOR and ERBB2 act as decoys for miR-125b

	Discussion
	Conclusions
	Methods
	Patients
	Cell lines and transfection
	Plasmids
	Luciferase assay
	Sponge experiment
	Quantitative RT-PCR
	Microarray and data analysis
	Pathway analysis
	Sylamer analysis
	Statistical analyses

	Additional files
	Competing interest
	Authors’ contributions
	Acknowledgements
	Author details
	References

