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Abstract

Background Bone is the most frequent site of metastasis for breast cancer (BC). Metastatic BC cells interact with 

bone cells, including osteoclasts and osteoblasts, creating a cancer niche where they seed and proliferate. MicroRNAs 

(miRNAs) are regulators of breast-to-bone metastasis progression. MiR-24-2-5p has previously been shown to have 

roles in both breast cancer progression and inhibition of osteogenic differentiation. However, a direct link between 

miR-24-2-5p activity and the onset of bone metastasis remains ill-defined.

Methods Analysis of the expression of miR-24 forms (miR-24-2-5p, miR-24-3p, miR-24-1-5p) in the serum from 

early-stage BC patients at baseline (time of surgery) was conducted. MiR-24-2-5p overexpression in BC cells (NW1, 

a luc2-positive subpopulation of MDA-MB-231, and MCF7) was obtained by miRNA mimic transfection or lentivirus 

transduction. MiR-24-2-5p downregulation in BC cells (ZR-75-1, T-47D, SK-BR-3) was obtained by miRNA inhibitor 

transfection. Cell proliferation, migration and/or invasion assays were performed to assess BC cell functions after 

modulation of miR-24-2-5p expression. An animal model was used to assess the effect of miR-24-2-5p overexpression 

on early BC metastasis formation, as judged by bioluminescence imaging, and on bone remodelling, following 

measurement of circulating bone resorption (CTX-I) and bone formation (P1NP) markers. The effect of conditioned 

medium from miR-24-2-5p-overexpressing BC cells on human and murine osteoclast differentiation was investigated. 

Endogenous miR-24-2-5p expression levels were also quantified during murine osteoclast differentiation. RNA-

sequencing (RNA-seq) analysis of BC cells was performed to evaluate transcriptomic changes associated with miR-

24-2-5p overexpression. Selected modulated transcripts upon miR-24-2-5p overexpression were further validated by 

real-time qPCR.

Results Low expression levels of miR-24-2-5p, but not other miR-24 forms (miR-24-3p, miR-24-1-5p), in the serum 

from early-stage BC patients were associated with a high risk to develop future (bone) metastases. MiR-24-2-5p 

was also present in small extracellular vesicles secreted from BC cells. Forced expression of miR-24-2-5p in BC cells 

(NW1, MCF7) reduced their malignant traits (migration, invasion, and proliferation) in vitro. Furthermore, miR-24-2-5p 

overexpression in NW1 cells reduced metastasis, particularly in bone, and decreased bone turnover in vivo. RNA-
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Introduction
Breast cancer (BC) metastasis remains a major chal-
lenge in the clinic, being the leading cause of death in 
BC patients worldwide [1]. BC metastasis occurs when 
tumour cells that reside in the breast break away from the 
primary site and disseminate through the bloodstream 
or lymphatic system to other parts of the body. Bone is 
the most common site of BC metastasis [2]. The 5-year 
overall survival rate of patients with early BC is between 
74 and 89% in European countries [3], thanks to the exis-
tence of a very efficient armamentarium of screening 
tests (i.e., mammography, ultrasounds, magnetic reso-
nance imaging and physical examination) and therapies 
(surgical resection, radio- and chemo-therapy, hormone 
therapy, and/or targeted therapy) [4]. However, when 
BC tumour cells spread to distant organs, the disease is 
considered to be incurable, and the median overall sur-
vival for metastatic patients is between 2 and 3 years 
[5, 6]. In the case of BC bone metastasis, current treat-
ments aim to palliate morbidity associated with skeletal 
lesions [2]. These include systemic treatments blocking 
osteoclast-mediated bone destruction (bisphospho-
nate or denosumab) and local treatments (e.g., targeted 
radionucleotide therapy, cementoplasty and/or orthope-
dic surgery when pathological fractures occur) [2]. Thus, 
prevention of bone metastases is a key objective and, to 
achieve this, it is crucial to better understand molecular 
mechanisms that control cellular events that precede the 
development of overt skeletal lesions.

MicroRNAs (miRNAs) are a class of small non-coding 
RNA molecules that post-transcriptionally regulate gene 
expression in cells [13]. Specifically, miRNAs play a cen-
tral role in the regulation of cell differentiation, prolif-
eration, and survival by binding to complementary target 
messenger RNAs (mRNAs), resulting in mRNA transla-
tional inhibition or degradation [13]. More than 60% of 
human protein-coding genes contain at least one con-
served miRNA-binding site, and most protein-coding 

genes are predicted to be under the control of miRNAs 
[7]. MiRNAs are found to be dysregulated in numer-
ous diseases, including cancer [8]. In BC, the dysregula-
tion of miRNA expression has been implicated from the 
development of the primary tumour to the formation 
of metastases in distant organs, such as bone [8, 9]. We 
previously showed that high levels of miR-662 in serum 
at baseline (time of surgery) from patients with early BC 
are associated with future recurrence in distant organs, 
and that overexpression of miR-662 in BC cells promotes 
metastatic dissemination in animal models [10]. Spe-
cifically, the overexpression of miR-662 was sufficient to 
increase proliferative, migratory, and stem-like properties 
of BC cells, allowing them to successfully colonise distant 
organs [10]. In this previous study, we also observed that 
other miRNAs, such as miR-24-2-5p, were associated 
with (bone) relapse in BC [10].

MiR-24-2-5p belongs to the miR-23 ∼ 27 ∼ 24 clusters, 
whose members have been extensively investigated for 
their role in several diseases, including cancer [11]. In 
the context of BC, miR-24-2 precursor (pre-miR-24-2) 
decreases BC tumorigenesis, with the miR-24-2-5p 
mature form being responsible for repressing PKC-alpha 
levels, which is important for BC cell survival [12]. In 
bone, miR-24-2-5p has been shown to inhibit osteo-
genic differentiation [13–15]. A role for miR-24-2-5p in 
BC (bone) metastasis formation has however never been 
explored. In the present study, we identified circulat-
ing miR-24-2-5p as the only form of miR-24 to be asso-
ciated to (bone) recurrence in early-stage BC patients. 
Moreover, we unrevealed that miR-24-2-5p overexpres-
sion in human BC cells with high metastatic potential 
reduced tumour progression by exerting a dual inhibi-
tory role (1) on BC cells —reducing their proliferative, 
migratory, and invasive cell properties in vitro, and bone 
metastasis in vivo— and (2) on bone-resorbing osteo-
clasts —inhibiting their differentiation in vitro and bone 
resorption in vivo.

seq and real-time qPCR analyses of NW1 and MCF7 cells overexpressing miR-24-2-5p showed the downregulation 

of common transcripts (CNNM4, DCTD, FMR1, PIGS, HLA-A, ICK, SH3BGRL2, WDFY, TRAF9B, IL6ST, PEX10, TRIM59). 

The conditioned medium from BC cells overexpressing miR-24-2-5p decreased human and murine osteoclast 

differentiation in vitro. Additionally, endogenous miR-24-2-5p expression levels in murine bone marrow-derived 

monocytes decreased during their differentiation into osteoclasts, further suggesting an inhibitory role for miR-24-

2-5p during osteoclastogenesis.

Conclusion MiR-24-2-5p exerts multiple protective roles in the early steps of BC bone metastasis by reducing 

malignant BC cell traits and tumour cell dissemination in bone, as well as by reducing the differentiation of precursors 

into mature osteoclasts.

Keywords Breast cancer, Bone metastasis, Early-stage, Osteoclasts, miR-24, Small extracellular vesicles, Migration, 

Invasion, Proliferation, Circulating miRNAs
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Materials and methods
MiRome analysis on patients’ serum samples

The expression levels for miR-24 forms in serum sam-
ples from 48 early-stage BC patients were obtained from 
our published dataset [10], where a miRome screen was 
conducted by TaqMan low-density arrays (TLDA). In 
this dataset, patients have been divided into 3 groups 
based on clinical information on patients’ metastatic 
status: NOMET (n = 16) with no metastatic recurrence, 
BONEMET (n = 16) with a first relapse in bone, and 
SOFTMET (n = 16) with a first relapse in other tissues 
than bone [10]. Clinical details on BC patients’ cohort 
can be found in supplementary Fig. S1. Raw cycle thresh-
old (CT) values, normalized delta CTs (ΔCT) (by global 
mean normalization), and expression levels for miR-
24-1-5p, miR-24-2-5p, miR-24-3p were retrieved from 
this dataset as well as data on the differential expression 
of these miRNAs between NOMET and BONEMET 
groups.

Receiver operating characteristic (ROC) curves analysis

Combined ROC curve analysis was constructed to evalu-
ate the value of circulating miR-24-2-5p levels combined 
with tumour grade patients’ information in distinguish-
ing between NOMET and BONEMET groups. Areas 
under the ROC curves (AUC) were calculated based on 
2−ΔCT values.

Cell lines and cell culture

MDA-MB-231, T-47D, MCF7, BT-474, ZR-75-1, SK-BR-
3, and Hs-578T human breast cancer lines were obtained 
from the American Type Culture Collection (ATCC) 
and authenticated in-house by DNA fingerprinting, 
using short tandem repeat method of 10 loci. MDA-
MB-231-luc2-NW1 (NW1) cell line was obtained from 
Dr Ning Wang, University of Sheffield, Sheffield, UK 
[16]. NW1/LENTI-Ctrl-GFP + were generated by lenti-
virus transduction as previously described [10]. MDA-
MB-231, NW1, T-47D, MCF7, Hs-578T, and BT-474 
cell lines were maintained in Dulbecco’s modified Eagle’s 
medium (DMEM) containing 4.5  g/L glucose (Gluta-
MAX, Gibco, UK), ZR-75-1 in RPMI 1640 medium 
(Gibco, UK), SK-BR-3 in McCoy’s 5 A medium (Sigma), 
supplemented with 10% (v/v) FCS (Invitrogen) and 100 
U/mL penicillin/streptomycin, at 37  °C, 5% CO2. Cell 
cultures were routinely tested for mycoplasma contami-
nation (MycoAlert PLUS Mycoplasma Detection Kit, 
Lonza). Cell lines in culture were used with a maximum 
of 20 passages after receipt.

MiR-24-2-5p transient and stable overexpression in BC cells

Transient miR-24-2-5p overexpression in BC cell 
lines (NW1/MIMIC-miR-24-2-5p, MCF7/MIMIC-
miR-24-2-5p) was obtained by cell transfection with 

Lipofectamine2000 (Invitrogen) using 50 nM of miR-
24-2-5p mimics (GenePharma, Shanghai). Control cells 
(NW1/MIMIC-negCTRL, MCF7/MIMIC-negCTRL) 
were transfected with 50 nM FAM-labelled negative con-
trol mimics (GenePharma, Shanghai). Transfected cells 
were used for in vitro and in vivo experiments at least 
24 h after transfection.

Stable miR-24-2-5p cell lines (NW1/miR-24-5p, MCF/
miR-24-5p) were generated by lentivirus transduc-
tion with a shMIMIC human lentiviral microRNA hsa-
miR-24-2-5p hCMV-TurboGFP (Horizon Discovery, 
United Kingdom) at 10 MOI, and clones were selected 
for 2 weeks with 8  µg/mL puromycin. Control cell line 
for NW1 and MCF7 were obtained by transduction of 
SMARTvector non-targeting hCMV-TurboGFP control 
particles as previously described [10].

MiR-24-2-5p transient downregulation in BC cells

Transient miR-24-2-5p downregulation in BC cell lines 
(ZR-75-1/INHIB-miR-24-2-5p, T-47D/INHIB-miR-24-
2-5p, SK-BR-3/INHIB-miR-24-2-5p) was obtained by 
cell transfection with Lipofectamine2000 (Invitrogen) 
using 50 nM of hsa-miR-24-2-5p mirVana miRNA inhibi-
tor (Ambion, Thermo Fisher). Control cells (ZR-75-1/
INHIB-negCTRL, T-47D/INHIB-negCTRL, SK-BR-3/
INHIB-negCTRL) were transfected with 50 nM mirVana 
miRNA inhibitor Negative Control #1 (Ambion, Thermo 
Fisher). Transfected cells were used for in vitro experi-
ments at least 24 h after transfection.

MiR-24-2-5p quantification in BC cells

Mir-24-2-5p expression levels were quantified by Taq-
Man real-time quantitative PCR (RT-qPCR) following 
manufacturers’ instructions. Total RNA was extracted 
with miRNeasy kit (Qiagen), following manufactur-
ers’ instructions. RNA concentration and purity were 
evaluated using a Nanodrop™ 2000 spectrophotometer 
(Thermo Scientific). A reverse transcription into cDNA 
was performed with TaqMan microRNA RT kit and spe-
cific probes directed to hsa-U6 and hsa-miR-24-2-5p 
(TaqMan miRNA Assays). Real-time qPCR was per-
formed with TaqMan Universal Master Mix NO UNG. 
Relative gene expression was calculated using the 2−ΔΔCT 
method.

Quantification of transcript expression levels in BC cells 

and osteoclasts

RNA from cell pellet was extracted as described above. 
Reverse transcriptions into cDNA were performed with 
iScript cDNA Synthesis Kit (Bio-Rad), and real-time 
qPCR was carried out with SsoAdvance Universal SYBR 
Green Supermix (Bio-Rad), following manufacturers’ 
instructions. Relative gene expression was calculated 
using the 2−ΔΔCT method. Primer sequences are listed 
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in supplementary Table S1 or were previously published 
[17].

Small extracellular vesicle (sEV) isolation by 

ultracentrifugation

NW1 cells were seeded at a low percentage of confluency 
(20–30%) and cultured in complete medium for 24  h. 
The complete medium was then replaced with sEV-free 
medium (sEV-deprived medium by ultra-centrifugation). 
After 72 h in culture, the conditioned medium was col-
lected, and sequential centrifugations at 4  °C were per-
formed (300*g for 10 min, 10.000*g for 10 min, 100.000*g 
for 70 min). An Optima XPN-80 Beckman Coulter Ultra-
centrifuge was used for the ultra-centrifugation steps. 
sEV pellet was resuspended in QIAzol (Qiagen) for 
downstream RNA analysis.

Proliferation assay

Twenty-four hours post-transfection, cells were seeded 
into 12-well plates (Costar), in triplicate, at a concentra-
tion of 1 × 104 cells/500 µL/well. For 5 consecutive days 
(day 0, 1, 2, 3, 4), cells were washed with PBS, fixed with 
4% (v/v) paraformaldehyde (Fisher Scientific, UK), and 
stained with crystal violet solution (Sigma-Aldrich). The 
optical density (590  nm) of a solubilized crystal violet 
solution in 10% (v/v) acetic acid was measured using a 
SpectraMax M5e microplate reader (Molecular Devices), 
and readings were normalized to the measurement 
obtained at day 0.

Transwell migration and invasion assays

Twenty-four hours post-transfection, cells cultured at 
80% confluence were treated with 10 µg/mL of mitomycin 
C (Sigma) to prevent proliferation prior performing the 
cell migration assay. Tumour cells were then resuspended 
in serum-free DMEM medium and seeded at a concen-
tration of 104 cells/200 µL/well in the upper chamber of 
a 24-well plate (Costar), while complete DMEM medium 
was used as a chemoattractant in the lower chamber 
of the well. After 24 h, cells in the upper chamber were 
removed with a cotton swab, and cells that had migrated 
through the porous membrane (8-µm diameter pore-
size) were fixed in 100% ethanol, H&E stained, imaged 
under a Leica RMRB automatic upright microscope, and 
analysed with ImageJ 1.53k, Java 1.8.9_172 (64-bit) soft-
ware. Tumour cell invasion experiments were conducted 
in 24-well plates in the same way as cell migration assays 
except 8-µm diameter pore-size polyethylene terephthal-
ate (PET) membrane inserts were coated with Matrigel® 
(BioCoat, Costar).

Conditioned medium (CM) preparation from BC cells and 

mir-24-2-5p quantification

Six hours post-transfection, culture media of MIMIC-
transfected NW1 (NW1/MIMIC-miR-24-2-5p, NW1/
MIMIC-NegCtrl) and MCF7 (MCF7/MIMIC-miR-24-
2-5p, MCF7/MIMIC-NegCtrl) BC cells were replaced 
with serum-free DMEM medium. BC cell-conditioned 
media (CM) were then collected after 24  h, centrifuged 
to remove cell debris, aliquoted, and stored at -80  °C 
until use for the osteoclastogenesis assay. Total RNA 
was extracted from 200uL of CM by using a NucleoSpin® 
miRNA Plasm (Macherey-Nagel kit, Germany), accord-
ingly to manufacturer instructions. MiR-24-2-5p expres-
sion levels were quantified as described above.

Osteoclastogenesis assay

Osteoclastogenesis assay with human and murine mono-
cytes was performed as previously described [10].

Briefly, primary human osteoclasts were differenti-
ated from human peripheral blood mononuclear cells 
of healthy donors. The procedure was approved by the 
Ethical Committee of Campus Bio-Medico Univer-
sity of Rome (Prot. 21/15 OSS), and in accordance with 
the Declaration of Helsinki principles. Briefly, 1*104 
CD14 + monocytes resuspended in complete RPMI 
medium supplemented with M-CSF (25 ng/mL) and 
RANKL (50 ng/mL) were seeded in 96-well plates. After 
72  h, cell culture medium was replaced with complete 
medium supplemented with M-CSF and RANKL, with 
or without BC cell-CM (1:16 volume dilution). Medium 
was replaced every 3 days. At day 12, cells were fixed and 
stained for TRAP activity (Sigma), or cell pellet was col-
lected for gene expression analysis. Mature multinucle-
ated osteoclasts (> 3 nuclei) were enumerated, and the 
total area covered by osteoclasts measured using a Nikon 
NIS-Elements microscope imaging software.

For murine osteoclastogenesis, bone marrow cells 
from tibiae and femora of 6/8-week-old OF1 male mice 
(Charles River) were flushed, centrifuged, resuspended 
in Ficoll® Paque Plus (Cytiva), and further centrifuged 
to allow the isolation and enrichment of mononuclear 
cells. 1*10⁵ cells from the isolated mononuclear cell frac-
tion were then seeded in 12-well plate wells, and cul-
tured 24 h in α-MEM medium containing 10% (v/v) FCS 
(Invitrogen) with M-CSF (20 ng/mL). The next day, cul-
ture medium was replaced with a differentiation MEM-α 
medium containing 10% (v/v) FCS, M-CSF (20 ng/mL), 
and RANKL (10 ng/mL). For experiments conducted 
with BC cell-CM, mononuclear cells were continuously 
exposed to the CM (1:16 volume dilution), and mature 
multinucleated osteoclasts were then fixed after 7 days, 
stained for TRAP activity, and counted, or cell pellet was 
collected for gene expression analysis. For osteoclasto-
genesis experiments designed to measure endogenous 
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miR-24-2-5p levels during the differentiation into osteo-
clasts of bone marrow-derived mononuclear cells treated 
with M-CSF and RANKL, bone marrow cells were fixed, 
TRAP stained, and counted at early and late time points, 
which correspond to immature and mature osteoclasts, 
respectively. Alternatively, cell pellets were collected at 
these early and late stages of osteoclast differentiation for 
gene expression analysis.

TargetScan target prediction and ClueGO-based analysis

TargetScanHuman 7.0 software  (   h t  t p s  : / / w  w w  . t a r g e t s c a n 
. o r g / v e r t _ 7 0 /     , Accessed April 2021) was used to predict 
miR-24-2-5p targets in human transcriptome by search-
ing for the presence of 8mer, 7mer, and 6mer sites that 
matched with miR-24-2-5p seed region. Top 250 pre-
dicted targets (arbitrary threshold) were used to perform 
a ClueGO-based analysis [18] using the ‘GO Biological 
Process’ database.

RNA-seq of MIMIC-transfected BC cells

Thirty-six hours post-transfection, cell pellets from 
MIMIC-transfected NW1 (NW1/MIMIC-miR-24-2-5p, 
NW1/MIMIC-NegCtrl) or MCF7 (MCF7/MIMIC-miR-
24-2-5p, MCF7/MIMIC-NegCtrl) BC cells from three 
independent experiments were collected and stored at 
-80 °C until use.

Total RNA was extracted using the RNeasy Mini Kit 
(Qiagen), according to the manufacturer’s recommenda-
tions. A DNase digestion step was performed during the 
RNA extraction using RNase-free DNase I Kit (Qiagen). 
RNA quantity and purity were evaluated using a 2100 
Bioanalyzer (Agilent) and a Qubit RNA IQ Assay (Ther-
moFisher). RNA extracts (675 ng) were then used for 
RNA-seq library preparation with Poly-A enrichment.

A single-end RNA-seq was undertaken on the Illumina 
HiSeq™ 2500 platform in rapid run mode using the Illu-
mina HiSeq™ Rapid Cluster Kit (Illumina, Inc., San Diego, 
CA, USA). Each sample had 15  million reads. RNA-seq 
data was aligned to GRCh38 human genome assembly 
using STAR v2.7.5c, and transcript quantification was 
performed using RSEM v1.3.1 as previously described 
[10]. Poorly expressed transcripts (< 0.5 counts per mil-
lion in all samples) were eliminated for further analysis. 
Counts were normalized by weighted trimmed mean of 
M-values using TMM function of EdgeR Bioconductor 
package as previously described [10].

Differential gene expression (DE) analysis and gene set 

enrichment analysis (GSEA)

DE analysis, based on negative binomial generalized lin-
ear models, was performed using EdgeR Bioconductor 
package to compare MIMIC-miRNA-24-2-5p transfected 
cells to MIMIC-negCTRL transfected cells [10].

GSEA analysis was performed using ClusterPro-
filer Bioconductor package on genes ranked by the fold 
change estimated in DE analysis. A manual annotation of 
gene networks has been performed based on the descrip-
tion of each gene network retrieved from GSEA website 
(https:/ /www.gs ea-msig db.o rg/gsea/index.jsp, Accessed 
May 2022).

Animal studies

Animal experiments conducted at the University of Shef-
field (Sheffield, UK) were performed using 6-to-7-week-
old female BALB/c fox/- nude mice (Charles River, Kent, 
UK) kept on a 12-h/12-h light/dark cycle with free access 
to food and water. NW1 cells transfected with MIMIC-
miR-24-2-5p or negative control cells were injected into 
the left cardiac ventricle (5 × 104 cells) of mice 72 h post-
transfection. Tumour growth was monitored in anes-
thetized mice using an IVIS Lumina II system (Caliper 
Life Sciences, UK), following subcutaneous injection of 
D-Luciferin (Invitrogen, UK) to animals 4 minutes before 
imaging. Total blood was collected by cardiac puncture 
on the sacrifice day (9 days after intracardiac injection of 
tumour cells), aliquoted, and stored at -80  °C for down-
stream analysis by ELISA. An additional ex vivo imaging 
of hindlimbs and major organs by IVIS was performed at 
the autopsy to confirm site of metastases.

Enzyme-linked immunosorbent assays (ELISA)

Serum concentrations of CTX-I (C-terminal telopep-
tide of type I collagen) and P1NP (pro-collagen type I 
N propeptide) were measured by ELISA using commer-
cially available kits (E-EL-M3023 and E-EL-M3033, Elab-
science), following manufacturers’ instructions.

Statistical analysis

For combined ROC curve analysis (miR-24-5-5p with 
tumour grade), statistical significance was set at p < 0.05 
(two-sided test), and a binary logistic regression was cal-
culated using IBM SPSS Statistics. Broad institute soft-
ware Morpheus was used to generate the plot. Survival 
analysis was performed by dividing patients into two 
groups [high (value > 0.1) and low (value <-0.1)] based on 
miR-24-2-5p expression (Z-score of 2−ΔCT). The Kaplan–
Meier estimator was used to determine the relationship 
between miRNA expression and patient distant recur-
rence-free survival (only in bone). Differences in survival 
across the strata were calculated using a log-rank p-test.

All statistical analyses on experimental data were per-
formed using Prism GraphPad 9.2.0 (GraphPad Soft-
ware Inc., San Diego, CA, USA). Statistical significance 
was measured using parametric testing (Student’s t-test), 
assuming equal variance, and defined as p value (p) ≤ 0.05. 
All graphs represent mean ± standard error mean (SEM), 
*p ≤ 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

https://www.targetscan.org/vert_70/
https://www.targetscan.org/vert_70/
https://www.gsea-msigdb.org/gsea/index.jsp
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All in vitro experiments consisted of at least 3 indepen-
dent biological repeats with appropriate controls.

For in vivo experiments, power calculations for animal 
experiments are based on our previous work [10, 19, 20]. 
In experiments conducted with NW1 cells, 70–80% of 
animals have metastasis. Assuming a power of 80% and 
a level of significance of 5%, we estimated that we will be 
able to measure a difference of 60% or greater with 9 ani-
mals per group, using a Mann-Whitney test.

For Cancer cell line Encyclopaedia (CCLE) analysis, 
information of miRNA-24-2-5p expression levels in 44 
BC cell lines was retrieved from the public database. 
The violin plot was used to visualise the distribution of 
miRNA expression levels, which were reported as log2 
read counts. Statistical significance was evaluated using 
the unpaired t-test, where p-values 0 < 0.05 were consid-
ered as significant.

For the TCGA, selected matched (RNA-seq and small 
RNA-seq) data sets from 736 patients were analysed. 
Pearson correlation was conducted to identify the associ-
ation between miR-24-2-5p (RPM values, Z-score across 
the 736 samples) expression and target mRNA expression 
(TPM values, Z-score across the 736 samples).

Results
MiR-24-2-5p expression levels do not correlate with a 

specific BC subtype, and miR-24-2-5p is embedded in small 

extracellular vesicles released from BC cells

We previously reported that miR-24-2-5p is downregu-
lated in the serum from early-stage oestrogen receptor 
(ER)-positive BC patients who are at high risk of devel-
oping future (bone) metastasis (supplementary Fig. S1) 
[10]. We also showed that miR-24-2-5p has a good sen-
sitivity and specificity (ROC curves analysis) to predict 
metastatic recurrence [10]. Interestingly, by combin-
ing serum miR-24-2-5p expression levels with patient’s 
tumour grade, we obtained a higher predictability for the 
risk of bone relapse (AUC = 0.833, p = 0.02) compared to 
miR-24-2-5p alone (AUC = 0.748, p = 0.017) (Fig.  1A). 
Kaplan–Meier survival analysis of the patients’ cohort 
(N = 48) revealed that the risk of bone metastasis had a 
trend to increase for patients with low miR-24-2-5p cir-
culating levels (P = 0.053), compared to those who had 
high circulating levels (supplementary Fig. S2). We then 
evaluated circulating levels of miR-24-3p (the common 
form of miR-24 transcribed from both chromosomes 9 
and 19), miR-24-1-5p (transcribed from chromosome 9 
only), and miR-24-2-5p (transcribed from chromosome 
19 only) using the  serum from early-stage BC patients 
who did not relapse (NOMET, n = 16) compared to those 
who first relapsed in bone (BONEMET, n = 16) (Fig. 1B). 
MiR-24-3p was more expressed in the serum than miR-
24-1-5p and miR-24-2-5p forms (Fig. 1B), the latter hav-
ing very low detectable levels (supplementary Fig. S3). 

Both miR-24-3p and miR-24-2-5p showed a significative 
reduction of their expression levels in the BONEMET 
group compared to NOMET (Fig.  1B); however, only 
miR-24-2-5p showed a statistically significant decreased 
fold change (Log2FC≤ -0.5) between the two groups. 
(Fig. 1C). Overall, these results indicated that low circu-
lating levels of miR-24-2-5p at baseline were associated 
with a higher risk to develop future (bone) metastasis in 
early-stage ER-positive BC patients.

We then examined if miR-24-2-5p expression varied 
across BC subtypes. MiR-24-2-5p expression levels varied 
greatly from one BC cell line to another, with the highest 
expression levels being observed in T-47D cells (luminal 
A), and the lowest in NW1 (TNBC, triple negative BC) 
and MCF7 (luminal A) cells (Fig.  1D). This observation 
extended to the analysis of 45 additional human BC cell 
lines of the ‘Cancer Cell Line Encyclopaedia’ (CCLE) BC 
cell collection database (Fig. 1E), indicating therefore that 
miR-24-2-5p expression levels did not correlate with any 
specific BC subtype and/or tumour cell aggressiveness 
trait.

Finally, since miR-24-2-5p was detected in the serum 
of BC patients, we questioned if miR-24-2-5p could be 
embedded in tumour cell-derived small extracellular 
vesicles (sEVs), which are known to have an important 
role in miRNA stability in the circulation as well as a 
functional role in cell-to-cell communication [21]. We 
therefore isolated sEVs from the tumour cell conditioned 
medium (CM) of NW1 and SK-BR-3 BC cell lines (hav-
ing low and high endogenous miR-24-2-5p levels, respec-
tively). MiR-24-2-5p was detected in sEVs secreted from 
NW1 (Fig.  1F) and SK-BR-3 cells (Fig.  1G). Moreover, 
there was a 5-fold enrichment of miR-24-2-5p in sEVs 
from NW1 cells compared to the cells from which they 
were derived (Fig. 1F).

Forced miR-24-2-5p expression in BC cells reduced 

proliferation, migration, and invasion in vitro

Since miR-24-2-5p expression levels in MCF7 and 
NW1 (a luc2-positive MDA-MB-231 subpopulation) 
cells were lower than in other BC cell lines, these cells 
appeared as useful cellular models for gain-of-func-
tion experiments designed to better understand a pos-
sible implication of miR-24-2-5p in the progression of 
BC metastasis. Forced overexpression of miR-24-2-5p 
in NW1 and MCF7 cells was obtained following tran-
sient transfection with miRNA mimics for miR-24-2-5p 
(MIMIC-miR-24-2-5p) or negative control miRNA mim-
ics (MIMIC-negCTRL) (supplementary Figs. S4A and 
C). NW1 and MCF7 cells were also transduced to sta-
bly express miR-24-2-5p (NW1/miR-24-2-5p, MCF7/
miR-24-2-5p) compared to control cells (NW1/miR-
negCTRL, MCF7/miR-negCTRL) (supplementary Fig. 
S4B, and Fig.  4D). We then used these cells to conduct 
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Fig. 1 MiR-24-2-5p expression levels in the serum from BC patients, human BC cell lines, and small extracellular vesicles derived from BC cell lines. A 

Receiver operating characteristic (ROC) curves analysis for miR-24-2-5p to predict bone relapse, either alone (left panel) or in combination with patients’ 

tumour grade (TGRADE) (right panel). B Violin plot showing miR-24-3p, miR-24-1-5p and miR-24-2-5p expression levels in the serum from early-stage 

BC patients who did not relapse (NOMET, n = 16) versus BC patients who relapsed in bone (BONEMET, n = 16). C Comparison of the expression levels of 

miR-24-3p, miR-24-1-5p and miR-24-2-5p between NOMET and BONEMET groups. Only miR-24-2-5p expression levels showed a significant fold change 

(Log2FC≤-0.5, p = 0.02) between both groups. D Expression levels of miR-24-2-5p in different subtypes of human BC cell lines (luminal A, luminal B, HER+, 

TNBC). E Expression levels of miR-24-2-5p in the CCLE BC cell collection database (45 tumour cell lines sub-grouped into 4 BC subtypes). F Expression 

levels of miR-24-2-5p in small extracellular vesicles (sEVs) secreted from NW1 cells compared to the cells of origin. G Expression levels of miR-24-2-5p in 

sEVs secreted from SK-BR-3 cells compared to the cells of origin. Data are the mean ± SEM of three independent experiments, * p ≤ 0.05, ** p < 0.01, *** 

p < 0.001, **** p < 0.0001
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functional cell-based assays (migration, invasion, pro-
liferation). In a short-term experiment (24  h), the acute 
overexpression of miR-24-2-5p by using miRNA mim-
ics considerably decreased migratory properties of both 
NW1 and MCF7 transfected cells compared to their 
respective negative controls (p < 0.001 and p < 0.01, 
respectively) (Fig. 2A and B). The effect of miR-24-2-5p 
overexpression on invasion was tested using NW1 cells, 

which are known to be highly invasive [22]. MiR-24-2-5p 
overexpression decreased NW1 cell invasive properties 
compared to control (p < 0.05) (Fig.  2C). Next, we used 
stably overexpressed miR-24-2-5p (NW1/miR-24-2-5p, 
MCF7/miR-24-2-5p) or control (NW1/miR-negCTRL, 
MCF7/miR-negCTRL) cells to assess cell proliferation in 
a relatively longer-term experiment (4 days). In both cel-
lular models, overexpression of miR-24-2-5p decreased 

Fig. 2 Effects of miR-24-2-5p overexpression on migration, invasion, and proliferation of BC cells. A Migration assay at 24 h using transiently transfected 

NW1 cells overexpressing miR-24-5p (MIMIC-miR-24-2-5p) or the negative control mimic (MIMIC-negCTRL). B Same as in (A) for the migration of tran-

siently transfected MCF7 cells (MIMIC-negCTRL, MIMIC-miR-24-2-5p). C Invasion assay at 24 h using transiently transfected NW1 cells (MIMIC-negCTRL, 

MIMIC-miR-24-2-5p). D Proliferation assay using transduced NW1 cells stably overexpressing miR-24-5p (MIMIC-miR-24-2-5p) or the negative control 

mimic (MIMIC-negCTRL). E Same as in (D) for the proliferation of transduced MCF7 cells (miR-negCTRL, miR-24-2-5p). Data are the mean ± SEM of 3 inde-

pendent experiments. * p ≤ 0.05, ** p < 0.01, *** p < 0.001
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cell proliferation in comparison to control cells (NW1, 
p < 0.01; MCF7, p < 0.05) (Fig. 2D and E).

We also tested the effect of miR-24-2-5p inhibition in 
human BC cell lines expressing high endogenous miR-
24-2-5p levels. Downregulation of miR-24-2-5p was 
obtained following transient transfection of a miRNA 
inhibitor for miR-24-2-5p (INHIB-miR-24-2-5p) in 
ZR-75-1, T-47D, and SK-BR-3 cell lines. As assessed by 
real-time qPCR, miR-24-2-5p expression levels were 
drastically decreased in these BC cells transfected with 
INHIB-miR-24-2-5p compared to their relative controls 
transfected with a negative control inhibitor (INHIB-
negCTRL) (supplementary Fig. S5). This substantial 
reduction of miR-24-2-5p expression did not, however, 
lead into a stimulatory effect of the proliferation (sup-
plementary Fig. S6) and migration (supplementary Fig. 
S7) of ZR-75-1, T-47D, and SK-BR-3 cell lines. These 
data indicated that the downregulation of miR-24-2-5p 
expression levels alone was not sufficient to modulate 
the intrinsic proliferative and migratory properties of 
these BC cell lines. This agreed with the observation 
that miR-24-2-5p did not correlate with BC cell aggres-
siveness (Fig. 1E). Conversely, in BC cells expressing low 
endogenous miR-24-2-5p levels and having high intrinsic 
proliferative, migratory and invasive properties, the res-
toration of miR-24-2-5p expression levels led to a signifi-
cant inhibitory effect on cell proliferation, migration and 
invasion in vitro (Fig. 2).

Transcriptomic analyses of BC cells revealed a set of genes 

specifically modulated by miR-24-2-5p

To evaluate whole transcriptomic changes due to the 
overexpression of miR-24-2-5p in BC cells at an early 
time-point, we performed RNA-sequencing (RNA-seq) 
on both NW1 and MCF7 cells at 36 hours post-mimic 
transfection. A total of 222 transcripts were modulated 
by miR-24-2-5p overexpression in NW1 cells com-
pared to controls (Fig.  3A and B), with most of them 
(187 transcripts) being downregulated. A similar trend 
was observed in MCF7 cells, where a lower number (34 
transcripts) were regulated by miR-24-2-5p overexpres-
sion compared to controls, almost all of them (32 tran-
scripts) being downregulated (Fig.  3C and D). In order 
to focus on miR-24-2-5p-mediated molecular pathways 
shared between NW1 and MCF7 cells, we overlapped 
the results obtained from the two cell lines to identify 
common elements. A total of 30 transcripts (29 down-
regulated, 1 upregulated) were shared between the two 
screens (Fig. 3E). Moreover, 12 (out of 29) downregulated 
transcripts were among the top 250 predicted targets of 
miR-24-2-5p, using TargetScan software (Fig.  3E, and 
supplementary Table S2). Gene set enrichment analy-
sis (GSEA) was performed on RNA-seq data from NW1 
and MCF7 screens. For the transcripts modulated by 

miR-24-2-5p in NW1 cells, a total of 22 gene pathways 
were significantly enriched (Set Enrichment Score < 0.5) 
(Fig. 3F, and supplementary Table S3). Among the top 10 
more (negatively) enriched sets, we identified ‘Benporath 

proliferation’ and ‘Sarrio Epithelial Mesenchymal Transi-

tion UP’ gene sets that are both involved in human BC 
cell proliferation, and ‘Hallmark G2M checkpoint’ set 
that includes genes involved in the progression through 
the cell division cycle, the latter being indirectly related 
to cell proliferation. For the transcripts modulated by 
miR-24-2-5p in MCF7 cells, a total of 16 gene pathways 
were significantly enriched (Set Enrichment Score < 0.5) 
(Fig.  3G, and supplementary Table S3). Of note, this 
analysis pointed out the ‘Module 54’, which is a cancer-
related set of genes mainly upregulated in BC, and being 
negatively enriched, which suggested a possible role of 
miR-24-2-5p in BC progression. Moreover, we identi-
fied 4 shared gene sets between NW1 and MCF7 GSEA 
analyses (Fig. 3F and G), that were either downregulated 
during hypoxia, expressed by normal mammalian cells 
during acinar development, upregulated in MCF7 cells 
after estradiol treatment, and/or involved in cell cycle.

Based on literature [23], our RNA-seq and GSEA data, 
and our target prediction with TargetScan software, we 
decided to validate by real-time qPCR some of the tran-
scripts that were downregulated following miR-24-2-5p 
overexpression in both NW1 and MCF7 cells. Thus, 
NW1 cells were transiently transfected with a miR-24-
2-5p mimic (MIMIC-miR-24-2-5p) or a negative control 
mimic (MIMIC-negCTRL), and then collected at two dif-
ferent time points (day 1 and 4) to evaluate early and late 
gene expression levels upon miR-24-2-5p overexpression. 
CNNM4, DCTD, FMR1, PIGS, HLA-A, ICK and SH3B-
GRL2 transcripts were significantly downregulated by 
miR-24-2-5p overexpression in comparison to control at 
both 1- and 4-days post-transfection (Fig.  4A); WDFY, 
TRAF9B and IL6ST transcripts were downregulated on 
day 4 only (Fig. 4B); PEX10 and TRIM59 transcripts were 
downregulated on day 1 only (Fig. 4C). No differences in 
gene expression was observed for MINPP1 and ZNF770 
transcripts (supplementary Fig. S8). Overall, most of the 
transcripts downregulated upon miR-24-2-5p overex-
pression in NW1 and MCF7 cells in our RNA-seq data 
were validated by real-time qPCR at an early and/or late 
time-point.

To evaluate if there was a correlation between miR-
24-2-5p and the modulated transcripts (CNNM4, 
DCTD, FMR1, PIGS, HLA-A, ICK, SH3BGRL2, WDFY, 
TRAF9B, IL6ST, PEX10, TRIM59) in BC tissues from 
patients, we examined their expression levels in primary 
tumours (n = 736) by interrogating the TCGA-BRCA 
dataset. We found that IL6ST, PEX10, and CNNM4 
transcripts had a significant but poor inverse correlation 
in relation to miR-24-2-5p expression levels (Fig.  4D). 
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Fig. 3 RNA-sequencing analyses on miR-24-2-5p-overexpressing BC cells. A Heatmap for transcripts modulated by miR-24-2-5p in NW1 cells. B Volcano 

plot with differentially expressed transcripts modulated by miR-24-2-5p in NW1 cells. C Heatmap for transcripts modulated by miR-24-2-5p in MCF7 cells. 

D Volcano plot with differentially expressed transcripts modulated by miR-24-2-5p in MCF7 cells. E Common transcripts modulated by miR-24-2-5p in 

both NW1 and MCF7 cells. In yellow, transcripts that were predicted direct targets of miR-24-2-5p. F GSEA on modulated transcripts in RNA-seq data from 

NW1 cells transiently transfected with MIMIC-miR-24-2-5p versus MIMIC-negCTRL. G GSEA on modulated transcripts in RNA-seq data from MCF7 cells 

transiently transfected with MIMIC-miR-24-2-5p versus MIMIC-negCTRL. Common gene sets between NW1 and MCF7, GSEA analyses are highlighted in 

red
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A trend of inverse correlation with miR-24-2-5p was 
noticed for SH3BGRL2, while no changes or a poor posi-
tive correlation were observed for the other transcripts 
(Fig. 4D). These results only suggested that miR-24-2-5p 

might be involved in the downregulation of IL6ST, 
PEX10, and CNNM4 at the breast tumour tissue level. 
However, it needs to be considered that all transcripts 
(showing an inverse or a positive correlation) are likely to 

Fig. 4 Real-time qPCR validation of transcripts downregulated by miR-24-2-5p overexpression. A Validated transcripts downregulated upon miR-24-2-5p 

overexpression at both early (day 1, D1) and late (day 4, D4) in NW1 cells transiently transfected with MIMIC-miR-24-2-5p versus MIMIC-negCTRL. B Vali-

dated transcripts downregulated only at D4 in NW1 cells transiently transfected with MIMIC-miR-24-2-5p versus MIMIC-negCTRL. C Validated transcripts 

downregulated only at D1 in NW1 cells transiently transfected with MIMIC-miR-24-2-5p versus MIMIC-negCTRL. D Correlations of miR-24-2-5p expression 

and the expression of each validated transcript in 736 primary BC tissues from the TGCA-BRCA database. Significant correlations are highlighted. Data are 

the mean ± SEM of 3 independent experiments. * p ≤ 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001

 



Page 12 of 19Puppo et al. Breast Cancer Research          (2024) 26:186 

be regulated through multiple pathways, indicating that 
our results remained merely indicative of the role of miR-
24-2-5p in more complex primary BC tissues.

Forced miR-24-2-5p expression in metastatic BC cells 

reduces bone metastasis in vivo

We previously reported that the intracardiac injection 
of NW1 cells in mice is a reliable model to study early 
and late stages of bone metastasis formation [10, 19]. 
Transient transfection of NW1 cells with miR-24-2-5p 
mimics was chosen because (1) a higher miR-24-2-5p 
overexpression was obtained compared to miR-24-2-5p 
levels expressed in transduced NW1/miR-24-2-5p cells 

(supplementary Fig. S4), and (2) transfected cells still 
retain miR-24-2-5p mimics when circulating in the blood 
stream until they seed and start to proliferate in bone 
[10]. Thus, NW1 cells were transiently transfected with a 
miR-24-2-5p mimic (MIMIC-miR-24-2-5p) or a negative 
control mimic (MIMIC-negCTRL) prior to their intra-
cardiac injection in immunocompromised mice, and then 
the tumour formation in mice was monitored over time 
using in vivo bioluminescence imaging (BLI) (Fig. 5A). As 
judged by BLI, NW1 cells overexpressing miR-24-2-5p 
had a reduced ability to form metastasis in vivo (p < 0.05), 
especially in hind limbs and jaws (Fig. 5A and B).

Fig. 5 Experimental model of bone metastasis to evaluate the effect of miR-24-2-5p on early BC dissemination in vivo. A Schematic representation of the 

protocol aimed to evaluate the impact of miR-24-2-5p overexpression on the early stages of (bone) metastasis formation in animals. The control group of 

mice that received an intracardiac injection of control NW1 cells (upper panel, gray) showed metastasis formation, mainly in bones (e.g., jaws, hind limbs, 

and shoulders), 7 days post tumour cell injection, as judged by BLI. Instead, the experimental group that received an intracardiac injection of miR-24-2-5p-

overexpressing NW1 cells (lower panel, green) showed a drastic reduction or absence of metastases. B Total bioluminescence intensity of each mouse 

that belonged to the control (MIMIC-negCTRL) or experimental (MIMIC-miR-24-2-5p) group was quantified as a readout of tumour burden in animals at 

day 7 post injection. C Circulating CTX-I (bone resorption marker) and P1NP (bone formation marker) levels in control (MIMIC-negCTRL) and experimental 

(MIMIC-miR-24-2-5p) group at day 9 (sacrifice day). Data are shown as mean value ± SEM. * p ≤ 0.05
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Once in bone, BC cancer cells disrupt normal bone 
homeostasis, altering bone formation and increasing 
bone resorption, which often results in bone destruc-
tion [2]. In animal models of BC bone metastasis, the 
presence of osteolytic lesions is usually detected by 
microcomputed tomography or radiography [2]. How-
ever, since our animal study was designed to evaluate 
the onset of bone metastasis formation (i.e., 9 days after 
tumour cell inoculation in animals), at which time there 
is no radiographic evidence of osteolytic lesions, instead, 
we measured circulating levels of CTX-I, a marker for 
bone resorption, and P1NP, a marker for bone forma-
tion. In the clinic, high baseline P1NP and CTX-I serum 
levels in early-stage BC patients are predictive of future 
bone recurrence, indicating that there is a relationship 
between accelerated baseline bone turnover and sub-
sequent distant recurrence events [24]. We found that, 
compared to animals injected with control NW1 cells, 
mice injected with miR-24-2-5p-overexpressing NW1 
cells had reduced circulating CTX-I levels (p = 0.0386) 
(Fig.  5C), and these low CTX-I levels were comparable 
to those observed in naïve mice of the same age (supple-
mentary Fig. S9). Furthermore, animals injected with 
miR-24-2-5p-overexpressing cells had low P1NP circu-
lating levels (p = 0.0168), compared to control animals 
(Fig. 5C), indicating that there was not only a reduction 
in bone resorption as indicated by lower CTX-I levels, 
but also a decrease in bone formation, which led to an 
overall decrease of bone turnover in these mice.

Altogether, these data suggested that miR-24-2-5p had 
a protective effect by reducing the metastatic potential of 
circulating BC cells in vivo.

The conditioned medium from miR-24-2-5p-

overexpressing BC cells reduces osteoclastogenesis in vitro

MiRNAs produced by metastatic BC cells can regulate 
gene expression of surrounding bone cells and their activ-
ities, thus playing an additional role during bone metas-
tases formation [2, 25]. In this respect, BC cells secrete 
soluble factors that accelerate osteoclast differentiation, 
leading to the formation of osteolytic bone metastases 
[8]. Here, we used the top 250 predicted direct targets 
of miRNA-24-2-5p (supplementary Table S2) to conduct 
a ClueGO-based analysis, and found that miR-24-2-5p 
predicted targets were mainly involved in 4 distinct GO-
biological processes: ‘nephron development’, ‘regulation 
of alpha-beta T cell differentiation’, ‘sphingolipid meta-
bolic process’, and ‘phosphatidylinositol metabolic pro-
cess’ (Fig. 6A, and supplementary Fig. S10 and Table S4). 
In particular, we noticed that a group of direct predicted 
targets of miR-24-2-5p (SOCS2, SOCS4, TEK, UVRAG, 
EFR3A, LPGAT1, MTMR6, PIGS, PIP4P1) that consti-
tuted the ‘sphingolipid metabolic process’ and ‘phospha-
tidylinositol metabolic process’ networks have previously 

been shown to be involved in osteoclastogenesis [26–29]. 
After having observed that miR-24-2-5p overexpression 
in NW1 cells reduced bone resorption in vivo (Fig. 5C), 
we therefore asked whether miR-24-2-5p had any influ-
ence on osteoclast differentiation.

We first tested the effect of conditioned media (CM) 
collected from NW1 or MCF7 cells transfected with 
MIMIC-miR-24-2-5p or a negative control mimic 
(MIMIC-negCTRL) on the osteoclast differentiation 
of human peripheral blood mononuclear cells exposed 
to osteoclast differentiating factors (M-CSF, RANKL) 
(Fig.  6B). The CM from miR-24-2-5p-overexpressing 
NW1 and MCF7 cells reduced osteoclast differentiation 
and activity (evaluated by TRAP staining) promoted by 
M-CSF and RANKL, compared to the CM from cells 
overexpressing a negative control miRNA mimic (Fig. 6C 
and D, and supplementary Fig. S11). Specifically, CM 
from miR-24-2-5p-overexpressing NW1 and MCF7 cells 
almost completely inhibited the formation of osteoclasts 
with more than 30 nuclei (Fig. 6D), the latter being those 
that are the most active to resorb bone [30]. This inhibi-
tory effect of the CM from miR-24-2-5-overexpressing 
NW1 and MCF7 cells on human osteoclastogenesis was 
accompanied by a decreased gene expression of mark-
ers associated with osteoclast differentiation, includ-
ing ACP5 (Tartrate-Resistant Acid Phosphatase 5, also 
known as TRAP), CTSK (Cathepsin K, an osteoclast-
derived cysteine protease enabling degradation of the 
collagenous matrix), CALCR (calcitonin receptor), and 
MMP-9 (Matrix Metallopeptidase 9, an osteoclast-
derived metalloproteinase mediating matrix degradation) 
(supplementary Fig. S12).

We next conducted similar osteoclastogenesis experi-
ments using murine bone marrow-derived monocytes 
exposed to M-CSF and RANKL. As for human osteo-
clastogenesis, we found that the CM from miR-24-2-5p-
overexpressing NW1 cells reduced murine osteoclast 
differentiation induced by M-CSF and RANKL compared 
to the CM from NW1 cells overexpressing a negative 
control miRNA mimic (Fig.  6E). Interestingly, miR-24-
2-5p expression levels were drastically increased in the 
CM from miR-24-2-5p-overexpressing NW1 cells com-
pared to the CM from NW1 control cells (supplementary 
Fig. S13), and also in osteoclasts cultured with the CM 
from miR-24-2-5p-overexpressing NW1 cells compared 
to osteoclasts cultured with the CM from NW1 control 
cells (Fig.  6F), indicating an uptake of tumour-derived 
miR-24-2-5p by murine osteoclasts likely responsible of 
the reduction in the osteoclast differentiation.

To further investigate the role of miR-24-2-5p during 
osteoclastogenesis, we also measured endogenous miR-
24-2-5p expression levels during the differentiation into 
osteoclasts of murine bone marrow-derived monocytes 
treated with differentiating factors (M-CSF, RANKL). 
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Fig. 6 (See legend on next page.)
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The osteoclast differentiation status (defined as immature 
or mature) was evaluated by TRAP staining (supplemen-
tary Fig. S14) and real-time qPCR gene expression analy-
sis of markers associated with osteoclast differentiation 
and cytoskeleton morphology (supplementary Fig. S15). 
We found that endogenous miR-24-2-5p expression lev-
els were significantly reduced in mature osteoclasts com-
pared to their immature counterparts (Fig.  6G). These 
observations indicated that, under more physiological 
conditions, a downregulation of miR-24-2-5p expression 
levels was occurring during osteoclast differentiation in 
vitro.

Collectively, these results showed the importance of 
the inhibitory role of tumour-derived miR-24-2-5p dur-
ing human and murine osteoclast differentiation in vitro.

Discussion
Metastasis to the  bone is common in advanced stage 
of BC [2], and miRNAs play important roles in regulat-
ing the progression of BC metastatic disease [2, 8]. We 
have previously shown that low circulating miR-24-2-5p 
levels in the serum at baseline (time of surgery) from 
early-stage BC patients are associated with a high risk 
to develop future bone metastasis [10]. Experimentally, 
miR-24-2-5p decreases growth of human BC xenografts 
in animals and tumour cell survival in vitro [12], suggest-
ing that miR-24-2-5p might act as a tumour suppressor. 
However, a potential tumour suppressive role for miR-
24-2-5p in BC bone metastasis has never been explored. 
Here, we demonstrated that miR-24-2-5p attenuates 
breast-to-bone metastasis. Specifically, we showed that 
miR-24-2-5p overexpression in BC cells reduces their 
proliferative and migratory/invasive properties in vitro, 
and bone metastasis formation in vivo. Additionally, we 
showed that miR-24-2-5p overexpression in metastatic 
BC cells also has an impact on bone homeostasis, inhibit-
ing osteoclast differentiation in vitro and bone resorption 
in vivo. Thus, miR-24-2-5p employs multiple inhibitory 

mechanisms to reduce the formation of BC bone metas-
tasis (Fig. 7).

In this study, we chose to overexpress miR-24-2-5p in 
human ER-positive (MCF7) or triple negative (NW1) 
BC cells that express low endogenous miR-24-2-5p lev-
els because (1) circulating levels of this miRNA were 
extremely low in the serum of BC patients who develop 
bone metastases, and (2) miR-24-2-5p expression levels 
did not correlate with any specific BC subtype (Fig.  1). 
In order to reduce the risk of technical bias, miR-24-
2-5p overexpression in tumour cells was obtained using 
two different overexpressing systems: (i) miRNA mim-
ics to force a potent yet transient overexpression, and (ii) 
the stable overexpression. The use of miRNA mimics is 
an efficient and trustable technique to upregulate miR-
NAs, with a clinical potential [17, 25, 31, 32]. Moreover, 
the overexpression strategy allowed us to study the role 
of miR-24-2-5p using an animal model of bone metasta-
sis in which transfected NW1 cells were injected intra-
cardially to mice. In MCF-7 and NW1 cells expressing 
low endogenous miR-24-2-5p levels, increased miR-
24-2-5p expression levels led to a significant inhibitory 
effect on cell proliferation, migration, and invasion in 
vitro (Fig. 2). A similar inhibitory effect of miR-24-2-5p 
on DU145 prostate cancer cell proliferation has previ-
ously been reported, when overexpressing a miRNA 
mimic [33]. Our results are also complementary to those 
observed in primary BC progression where miR-24-2-5p 
overexpression decreases growth of tumour xenografts 
[12], thus reinforcing the idea that miR-24-2-5p acts as a 
tumour suppressor. We also tested the effect of miR-24-
2-5p inhibition in human BC cell lines (ZR-75-1, T-47D, 
SK-BR-3) with high miR-24-2-5p endogenous levels fol-
lowing transient transfection with a miRNA inhibitor for 
miR-24-2-5p. The downregulation of miR-24-2-5p did 
not modulate proliferative and migratory properties of 
these BC cell lines (supplementary Figs. S6 and S7). It is 
likely that the downregulation of miR-24-2-5p alone was 
not sufficient to modulate proliferative and migratory 

(See figure on previous page.)

Fig. 6 Effect of the conditioned medium (CM) from miR-24-2-5p-overexpressing BC cells on osteoclast differentiation. A ClueGO-based analysis con-

ducted on the top 250 predicted targets (TargetScan) for miR-24-2-5p. 18 GO biological process networks (groups) with the relative p-value are presented. 

Two groups of high relevance for osteoclastogenesis are highlighted. B Schematic representation of the experimental protocol with human blood-

derived monocytes cultured in the presence of differentiating factors (RANKL, M-CSF) and the conditioned medium (CM) from BC cells overexpressing 

or not overexpressing miR-24-2-5p. C Representative figures of differentiated, TRAP-positive osteoclasts after 12 days in culture in the presence of CM 

from control (MIMIC-negCTRL) or miR-24-2-5p-overexpressing (MIMIC-miR-2-5p) NW1 or MCF7 cells (upper and lower panels, respectively). D Histograms 

showing the number of TRAP-positive osteoclasts in the presence of CM from control (MIMIC-negCTRL) or miR-24-2-5p-overexpressing (MIMIC-miR-2-5p) 

NW1 (upper panel) and MCF7 (lower panel) cells. Mature osteoclasts were classified into 3 groups: between 3 and 10 nuclei, from 11 to 30 nuclei, and 

more than 30 nuclei. E Effect of CM from NW1 cells overexpressing miR-24-2-5p (MIMIC-miR-24-2-5p) or a negative control mimic (MIMIC-negCTRL) on 

the differentiation of murine bone marrow-derived osteoclasts. Plot showed the number of multinucleated (> 3 nuclei) TRAP-positive osteoclasts for 

each group. F MiR-24-2-5p expression levels in osteoclasts cultured with CM from NW1 cells transfected with miR-24-2-5p mimics (MIMIC-miR-24-2-5p) 

or negative control miRNA mimics (MIMIC-negCtrl). Cell pellets were collected at day 7 of the osteoclastogenesis protocol. Relative expression levels of 

miR-24-2-5p compared to the housekeeping gene U6 were calculated by the 2−ΔΔCT method. G MiR-24-2-5p expression levels in immature and mature 

murine osteoclasts (the categorization was based on TRAP-positivity and gene expression analysis of markers related to osteoclastogenesis). Relative 

expression levels of miR-24-2-5p compared to the housekeeping gene U6 were calculated by the 2−ΔΔCT method. Data are the mean ± SEM of 3 indepen-

dent experiments. * p ≤ 0.05, ** p < 0.01
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capacities of human BC cell lines that have not already 
acquired those properties by expressing epithelial-to-
mesenchymal-related transcription factors. Compa-
rable results were obtained with miR-24-3p, a tumour 
promoter, whose overexpression in human basal MDA-
MB-435 and MDA-MB-468 BC cell lines only modestly 
stimulates tumour growth in vitro [23]. Furthermore, we 
previously reported that Twist1-induced miR-10b over-
expression in human basal MDA-MB-231/B02 BC cells 
does not further modify their mesenchymal appearance 

nor their growth in vitro [34]. For these reasons, we 
did not perform additional experiments using the miR-
24-2-5p-downregulation strategy, but we focussed on the 
effect of miR-24-2-5p expression restoration in BC cells 
instead. Altogether, our experimental results suggest that 
the restoration of protective levels of miR-24-2-5p in BC 
cells at the primary site could be a potential therapeutic 
approach to reduce metastasis by impeding BC cells to 
evade the primary site and then colonise distant organs, 
such as bone. In this respect, a specific delivery system 

Fig. 7 Schematic representation of the role of miR-24-2-5p during breast cancer progression and bone metastasis formation. In invasive human BC cells, 

forced miR-24-2-5p expression reduces cell malignant traits in vitro (upper panel). Low miR-24-2-5p expression levels in serum of early-stage BC patients 

are associated with a high risk to develop (bone) metastasis (middle panel). Forced expression of miR-24-2-5p in disseminated BC cells in bone has a 

protective effect in vivo by reducing the metastatic potential of circulating BC cells and decreasing bone turnover (lower panel). Overall, miR-24-2-5p 

has a protective role in the first events of BC bone metastasis formation, reducing malignant BC cell traits, tumour cell dissemination in bone, and the 

differentiation of monocytes into mature osteoclasts
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of miR-24-2-5p mimics in artificial liposomes [35] or 
nanoparticles [36] might represent a promising thera-
peutic opportunity to target the very first events of BC 
progression.

To further study the role of miR-24-2-5p in BC pro-
gression, we focused on transcriptomic changes due to 
miR-24-2-5p overexpression. Some human genes, such as 
GNAI3 [15], KLF4 and C-MYC [37], and PKC-alpha [12], 
have already been described as direct targets of miR-24-
2-5p, playing a role in osteogenic differentiation, stem-
ness properties of embryonic stem cells, and survival of 
BC cells, respectively. Here, we used a high-throughput 
method, the RNA-seq, to specifically evaluate transcripts 
modulated in NW1 and MCF7 cells after acute overex-
pression of miR-24-2-5p. Most of the transcripts shown 
to be dysregulated upon miR-24-2-5p overexpression 
were actually downregulated (Fig.  3), being in line with 
the canonical effect of miRNAs as negative gene expres-
sion regulators. Moreover, 30 transcripts were in com-
mon between NW1 and MCF7 cells, suggesting that 
miR-24-2-5p modulates tumour cell functions through 
similar molecular pathways irrespective of the BC sub-
types. A number of transcripts (CNNM4, DCTD, FMR1, 
PIGS, HLA-A, ICK, SH3BGRL2, WDFY, TRAF9B, 
IL6ST, PEX10, TRIM59) were further validated by real-
time qPCR to be downregulated by miR-24-2-5p over-
expression in comparison to control at an early and/or 
late timepoint post-transfection (Fig.  4). Among these 
transcripts, WDFY1 and SH3BGRL2 may be of particu-
lar interest. WDFY1 is a regulator of endocytic activ-
ity in breast and prostate cancer cells [38, 39], and it is 
also associated with enhanced tumour growth and lung 
metastasis in a mouse model of BC [39]. SH3BGRL12 
expression has been reported to enhance migratory and 
invasive properties of BC cells in vitro, and their capac-
ity to form lung metastasis in vivo [40]. Finally, we have 
found relatively poor correlations between a small group 
of miR-24-2-5p-modulated transcripts (IL6ST, PEX10, 
CNNM4) and miR-24-2-5p expression levels in BC tis-
sues from patients, suggesting that the gene expression 
of these transcripts at the primary site is likely subjected 
to the regulation of other regulatory pathways. Thus, our 
results remained merely indicative of the role of miR-24-
2-5p in primary BC tissues.

We then chose to examine the effect of miR-24-2-5p 
overexpression in BC cells at a very early stage of bone 
metastasis formation (i.e., 9 days post tumour cell inocu-
lation in animals), at which time disseminated BC cells 
in bone are present only as small cell clusters and start 
to disrupt normal bone homeostasis. In the clinic, high 
baseline levels of CTX-I, a marker for bone resorption, 
and P1NP, a marker for bone formation, in the serum 

from early-stage breast cancer patients are predictive of 
future bone recurrence, indicating that there is a rela-
tionship between accelerated baseline bone turnover and 
subsequent distant recurrence events [24]. Thus, bone 
turnover markers are a powerful hallmark of the presence 
of disseminated BC cells in bone at an early stage, while 
other techniques (e.g., histology of bone sections or flow-
cytometry of bone marrow) show reduced sensibility in 
disseminated cells detection. Here, we measured CTX-I 
and P1NP serum levels in animals as a complementary 
method to the use of BLI for detecting disseminated BC 
cells. We observed that, in addition to a decreased BLI 
signal, circulating CTX-1 and P1NP levels were signifi-
cantly lower in mice injected with miR-24-2-5p-overex-
pressing NW1 cells than those observed in mice injected 
with control NW1 cells (Fig. 5). These data indicate that 
miR-24-2-5p had a protective effect by reducing bone 
metastasis formation and the bone turnover in vivo.

Acknowledging the importance of the cross-talk 
between cancer cells and bone cells in the formation of 
BC metastasis in bone [2], and in the light of these results 
obtained in vivo, we asked whether miR-24-2-5p had any 
influence on osteoclast differentiation in vitro. Thus, we 
tested the effect of the conditioned medium (CM) from 
miR-24-2-5p-overexpressing BC cells during human and 
murine osteoclastogenesis assays. We found that the 
CM collected from human BC cells overexpressing miR-
24-2-5p inhibited both human and murine osteoclast 
differentiation (Fig. 6). In addition, we observed that miR-
24-2-5p expression levels in osteoclasts cultured with the 
CM from miR-24-2-5p-overexpressing cells were sub-
stantially increased (∼ 180-fold) compared to levels seen 
in the control group (Fig. 6F), and that there was a ∼ 350-
fold increase of miR-24-2-5p expression levels in the CM 
from miR-24-2-5p-overexpressing NW1 cells compared 
to the CM from control NW1 cells (Supplementary Fig. 
12), indicating a direct relationship between high miR-
24-2-5p levels in osteoclasts and those observed in the 
CM from miR-24-2-5p-overexpressing NW1 cells. As 
a limitation of our study, we cannot exclude an indirect 
effect of miR-24-2-5p on osteoclasts on the secretion 
of other factors by BC cells. However, it is highly likely 
that tumour-derived miR-24-2-5p directly influenced 
osteoclast differentiation. This contention is supported 
by several examples in the literature of tumour-derived 
miRNAs (e.g., miR-21, miR-141, miR-192, miR-940) that 
are uptaken by bone cells, acting as negative regulators 
of gene expression in these recipient cells [2, 10, 25]. Our 
study is mainly focussed to evaluate the role of miR-24-
2-5p derived from BC cells, however the role of miR-24-
2-5p in bone will require further investigation.
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Conclusion
MiR-24-2-5p has a protective role in the progression 
of BC cells to bone. MiR-24-2-5p forced expression 
decreased proliferative, migratory, and invasive proper-
ties of BC cells in vitro, and bone metastasis formation 
in animals. Furthermore, tumour-derived miR-24-2-5p 
reduced BC-induced osteoclast differentiation in vitro, 
and BC-induced bone turnover in vivo, which likely con-
tributed to the reduction of BC cell dissemination in ani-
mals. Overall, miR-24-2-5p act as a tumour suppressor 
miRNA in the early stages of breast-to-bone metastasis.
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