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ABSTRACT

Bone marrow (BM) is the major target organ for neuroblastoma (NB) metastasis and its involvement is 
associated with poor outcome. Yet, the mechanism by which NB cells invade BM is largely unknown. 
Tumour microenvironment represents a key element in tumour progression and mesenchymal 
stromal cells (MSCs) have been recognized as a fundamental part of the associated tumour stroma. 
Here, we show that BM-MSCs isolated from NB patients with BM involvement exhibit a greater 
osteogenic potential than MSCs from non-infiltrated BM. We show that BM metastasis-derived NB-cell 
lines secrete higher levels of exosomal miR-375, which promotes osteogenic differentiation in MSCs. 
Of note, clinical data demonstrate that high level of miR-375 correlates with BM metastasis in NB 
patients. Our findings suggest, indeed, a potential role for exosomal miR-375 in determining 
a favourable microenvironment in BM to promote metastatic progression. MiR-375 may, thus, 
represent a novel biomarker and a potential target for NB patients with BM involvement.
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Introduction

Neuroblastoma (NB) is the most common extracranial, 

solid tumour of childhood. Most patients with metastatic 

disease present bone-marrow (BM) infiltration at diagno-

sis and relapse [1]. Despite intensive multimodal therapy, 

patients with BM dissemination continue to have poor 

survival rates. Current research increasingly supports BM 

stroma as a unique metastatic niche that contributes to 

favour the metastatic process by promoting tumour cell 

survival [2]. Among the cells that normally reside in BM, 

mesenchymal stromal cells (MSCs), pluripotent progeni-

tors of osteoblasts, adipocytes and chondroblasts play an 

important role in bone remodelling and provide stromal 

support to tumour cells [3]. In particular, osteoblasts may 

promote the formation of the BM niche through the 

establishment of a favourable microenvironment for both 

homing and growth of tumour cells [4,5].

In recent years, several microRNAs (miRNAs) have 

been identified as key regulators in tumorigenesis and 

development of metastasis to the bone [6]. Indeed, within 

bone homoeostasis, miRNAs have been shown to have 

a profound effect in directing differentiation and activity 

of cells residing in the bone microenvironment [7]. The 

metastatic process involves multiple steps, including 

bidirectional crosstalk among the primary tumour and 

the future site of metastasis, that help create a fertile soil 

in the target organ before tumour cell colonization [8]. 

Exosomes, nanometre-sized membrane vesicles of endo-

cytic origin, can serve as vehicles for horizontal transfer of 

RNA, mRNA, DNA and proteins promoting modifica-

tions in the tumour microenvironment [9] and pre- 

metastatic niche formation [10]. Indeed, exosomes can 

mediate the transfer of miRNAs from tumour cell to 

target cells in distant organs facilitating metastatic colo-

nization [11]. In NB patients, metastasis to bone is 
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predominantly osteoclastic, as observed in other tumours 

such as breast cancer, multiple myeloma and Ewing sar-

coma, this process is mediated by the RANKL/RANK axis 

[12,13]. In this study, we demonstrate that BM-MSCs 

derived from NB patients with BM metastasis have a pro- 

osteogenic phenotype. We identified miR-375 as a crucial 

exosomal miRNA, released from BM metastasis-derived 

NB-cell lines, which leads to the expression of bone 

differentiation-related genes in HC (healthy controls) 

BM-MSCs. Moreover, high expression of miR-375 in 

circulating exosomes and BM of NB patients positively 

correlated with the presence of BM metastasis. In sum-

mary, we provide new evidence that exosomal miR-375 

has a role in promoting the osteogenic differentiation of 

BM-MSCs and in generating a favourable microenviron-

ment for tumour growth. Therefore, miR-375 may repre-

sent a new biomarker and a potential therapeutic target 

for NB patients.

Materials and methods

Cells and cell culture

Human NB-cell lines, SKNSH, SHSY5Y, IGR-N91 and 

IGR-NB8 (gift from Dr Birgit Geoerger, Gustave Roussy. 

Paris-Sud, Université Paris-Saclay, Villejuif, France), 

were grown in DMEM low glucose (Euroclone Spa, 

Pero, MI, Italy), IMR32 cells were maintained in IMDM 

(Euroclone Spa, Pero, MI, Italy) medium. SKNBe2 c and 

LAN1 cells were cultured in RPMI 1640 medium 

(Euroclone Spa, Pero, MI, Italy). IMR32 and IGR-NB8 

had been derived from biopsy tissue obtained from 

a primary tumour mass located in the abdomen [14,15], 

while SKNSH [16], SKNBe2 c [17], LAN1 [18] and IGR- 

N91 [19] cell lines were established in vitro from BM- 

metastasis samples. SH-SY5Y is a twice-subcloned cell 

line derived from SKNSH cell lines. MSCs were grown 

in DMEM low glucose (Euroclone Spa, Pero, MI, Italy). 

All culture media were supplemented with 10% foetal 

bovine serum (FBS, Gibco), 2 mmol/L l-glutamine 

(Euroclone Spa, Pero, MI, Italy) and 100 g/mL penicillin- 

streptomycin (Euroclone Spa, Pero, MI, Italy). FBS for 

exosomes-education experiment was depleted of bovine 

exosomes by ultracentrifugation at 100,000 × g for 

70 min. Cell lines were maintained at 37°C in a 5% (v/v) 

CO2 humidified incubator. All NB-cell lines were char-

acterized by short tandem repeat analysis (STR) using the 

Thermo Fisher, AmpFlSTR® Identifiler® Plus PCR 

Amplification Kit (Eurofins). The STR profiles of 

IMR32, SKNSH, SHSY5Y, SKNBe2 C, LAN1 matched 

with the existing on-line DSMZ database (http://www. 

dsmz.de/de/service/service-human-and-animal-cell-lines 

/online-str-analysis.html). IGRNB8 and IGRN91 cell 

lines were not present in the DSMZ or ATCC STR 

database. Cells were confirmed negative for mycoplasma 

by routine testing performed once every month.

NB patients and healthy donors

MSCs were isolated from BM samples of NB patients 

and healthy donors (HC) at the Department of 

Paediatric Haematology-Oncology, Istituto di 

Ricovero e Cura a Carattere Scientifico (IRCCS) 

Bambino Gesù Children’s Hospital, Rome. The study 

was approved by the institutional ethics committee 

(protocol number GR-2016-02364088) and human 

samples were obtained from patients diagnosed with 

NB and from HC after obtaining written informed 

consent from their parents. BM samples were collected 

from 12 children with NB. All experiments were per-

formed in accordance with relevant guidelines and 

results were compared with seven HCs, who donated 

BM for haematopoietic cell transplantation in favour of 

an HLA-identical sibling at the same Hospital. 

Characteristics of NMBM, MBM-patients and HCs 

from which MSCs were isolated are listed in Table 1.

MSC-isolation and ex vivo expansion

A density gradient centrifugation (Ficoll 1,077 g/ml; 

Lympholyte, Cedarlane Laboratories Ltd., The 

Netherlands) was performed to collect mononuclear 

cells (MNCs) from NB patients and HC BM samples. 

MNCs were then washed twice in saline phosphate 

buffer (PBS, Euroclone Spa, Pero, MI, Italy) and seeded 

at a density of 160,000/cm2 in DMEM low glucose 

(Euroclone Spa, Pero, MI, Italy), 10% FBS (Gibco, 

Life Technologies Ltd, Paisley, UK), 2 mmol/ 

L-glutamine and 100 g/mL penicillin-streptomycin 

(Euroclone Spa, Pero, MI, Italy). After at least 36 h, 

non-adherent cells were removed and the culture med-

ium was replaced twice a week. MSCs were then har-

vested, after reaching ≥80% confluence, with a Trypsin 

solution (Euroclone Spa, Pero, MI, Italy) and then 

transferred to a new flask at a concentration of 4,000 

cells/cm2 for the subsequent passages (P). All MSCs 

obtained were confirmed negative for mycoplasma by 

routine testing performed once every month.

Characterization of MSCs (Proliferative capacity/ 

immune-phenotype/differentiation capacity)

Proliferative capacity

Cell proliferation was assessed between P1 and P4 by 

population doubling (PDs) calculated as log10(N)/log10 

[2], where N represents harvested cells/seeded cells.
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Phenotype

MSCs from NB patients and HC donors were charac-

terized staining them with specific monoclonal antibo-

dies against CD34, CD45, CD90, CD105, CD81, CD9, 

CD56 and GD2 antigens (BD, San Diego, CA, USA), 

associated with different fluorochromes. Briefly, 

MSCs were harvested, counted and divided 1x105/ 

tube and then re-suspended in 100 μL of antibodies 

mix. Subsequently, cells were incubated for 30ʹ at 4°C, 

washed and analysed with a FACSCanto flow cyt-

ometer (BD PharMingen) and with the FACSDiva soft-

ware (Tree Star, Inc. Ashland, OR).

Differentiation capacity

The osteogenic differentiation ability of patients and 

HC-MSCs was performed between at P2 and P5 by 

culturing cells with αMEM (Euroclone Spa, Pero, MI, 

Italy), 10% FBS, penicillin 50 U/ml, 50 mg/ml strepto-

mycin, and 2 mM L-glutamine supplemented with 

10−7 M dexamethasone, 50 mg/ml L-ascorbic acid, 

and 5 mM ß-glycerol phosphate starting from day 7 

(Sigma-Aldrich, St Louis, MO). Adipogenic differentia-

tion was as well evaluated between P2 and P5 by 

incubating cells with the osteogenic medium supple-

mented with 100 mg/ml insulin, 50 mM isobutyl 

methylxanthine, 0,5 mM indomethacin (Sigma- 

Aldrich, St Louis, MO) and 5 mM b-glycerol phos-

phate. Both osteogenic and adipogenic cultures were 

incubated for 10 and 21 days before evaluating the 

differentiation status. To detect osteogenic differentia-

tion, cells were stained for calcium deposition with 

Alizarin Red (Sigma-Aldrich, St Louis, MO). 

Adipogenic differentiation, in contrast, was evaluated 

through the staining of fat droplets with Oil Red 

O (Sigma-Aldrich). At the same time points, differen-

tiated MSCs were also stored at −20°C to perform RNA 

extraction and RT-PCR analysis.

Exosome isolation and labelling

Exosomes were purified from supernatants after 

2–3 days of culture of 70,000–100,000 cells/cm2, 

depending on cell line, cultured in T-150 petri dishes, 

by sequential centrifugation. Supernatants were centri-

fuged at 500 g for 10 min to remove any cell contam-

ination, then spun at 12,000 g for 20 min to remove 

any possible apoptotic bodies and large cell debris, and 

finally, exosomes were collected by spinning at 

100,000 g for 70 min. The final pellet was resuspended 

in PBS and protein concentration was measured by 

BCA (Pierce, Thermo Fisher Scientific). Exosome pre-

parations were verified following the recommendations 

of MISEV2018 [20] by Scanning Electron Microscopy 

(SEM) and characterized by western blot (WB) and 

nanoparticle tracking analysis (NTA) as previously 

described [21]. For up-take experiments, the exosome 

pellet was resuspended in 1 mL of diluent solution 

C for general membrane labelling (Sigma Aldrich, St 

Louis, MO) and 1uL of fluorescent red dye (PKH26, 

Sigma Aldrich, PKH26 GL) was added. After mixing at 

room temperature for 5 mins the dye in excess was 

removed by adding 35% BSA solution. Exosomes were 

then diluted in PBS and after ultracentrifugation were 

resuspended in 100uL PBS and quantified by BCA 

(Pierce, Thermo Fisher Scientific). 10 µg of labelled 

exosomes were added for every mL of cell media of 

Table 1. Characteristics of NMBM-, MBM-patients and HCs from which MSCs were isolated.

Stage
Patient Gender Age at time of diagnosis (months) INSS INRGSS Site of metastasis Histology N-Myc
Pt1 F 25 4 M Lymph node NE Not Amplified
Pt2 M 5 2 L2 None FH Not Amplified
Pt3 F 2 4 S MS Liver FH Not Amplified
Pt4 F 42 2 L2 None FH Not Amplified
Pt5 M 8 4 M Bone, BM, liver FH Not Amplified
Pt6 M 87 4 M Bone, BM NE Gain
Pt7 F 62 4 M Bone, BM UH Gain
Pt8 M 31 4 M BM FH Not Amplified
Pt9 M 83 4 M Bone, BM NE Not Amplified
Pt10 F 22 4 M BM NE Amplified
Pt11 F 40 4 M BM UH Not Amplified
Pt12 M 47 4 M Bone, BM UH Amplified
Healthy Control Gender Age at time of sample collection (months)
HC1 M 180 / / / / /
HC2 F 8 / / / / /
HC3 F 84 / / / / /
HC4 M 97 / / / / /
HC5 M 138 / / / / /
HC6 M 63 / / / / /
HC7 F 182 / / / / /

Pt, patient; F, female; M, male; BM, bone marrow; NE, not evaluable; FH, favourable histology; UH, unfavourable histology according to the Shimada System. 
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HC-MSCs plated at 80% of confluence. After 24 h 

incubation, media was removed, cells were washed 

with PBS and fixed with 4% PFA for 20 min.

Immunofluorescence and cell microscopy

For immunofluorescence, cells were incubated with 

Dapi (1:5,000) for 5 min and then after one wash in 

PBS with Wheat Germ Agglutinin (1:200, WGA, Alexa 

Fluor™ 488 Conjugate, ThermoFisher Scientific) at 

room temperature for 20 min to stain cell membranes. 

Cells were washed again, one drop of PBS-glycerol and 

coverslip was added to each slide for cell microscopy. 

Confocal microscopy was performed on a Leica TCS- 

SP8X laser-scanning confocal microscope (Leica 

Microsystems, Mannheim, Germany) equipped with 

tunable white light laser (WLL) source, 405 nm diode 

laser, 3 Internal Spectral Detector Channels (PMT) and 

2 Internal Spectral Detector Channels (HyD) GaAsP. 

The fluorescence intensity mean (normalized for the 

cell number in the field) was calculated using the NIS- 

Elements software (Nikon) in at least 10 digital images 

acquired under 20X magnification, randomly selected 

and analysed for each staining condition.

MSC education with NB-derived exosomes

Education of HC-MSCs (80,000 cells/wells in 6-well plates) 

was performed by adding each well 10 µg/ml medium of 

purified NB-derived exosomes or synthetic Plain 

Liposomes (Cellsome®, Encapsula NanoSciences) every 2 

days. Standard education was performed for 14 days, 

whereas for experiments combining education and differ-

entiation the period of standard education was followed by 

21 days of differentiation in which the exosomes are admi-

nistered in the same manner described above.

Isolation of exosomes from plasma

Before exosome isolation, whole blood samples were 

collected in EDTA plasma tubes (BD Vacutainer, 

Reading, UK) and processed within 2 h. First were 

centrifuged at 500 g for 10 min. Supernatants were 

collected and centrifuged at 3,000 g and then at 

12,000 g for 20 min. Plasma sample was then stored 

at −80ºC prior use. Exosome isolation from plasma was 

performed using the commercial kit miRCURY™ 

Exosome isolation Kit – Serum and Plasma (Exiqon) 

according to the manufacturer’s protocol. Isolation is 

based on capturing of water molecules which otherwise 

form the hydrate envelop of particles in suspension. 

Briefly, 3 U of Thrombin was added to 0,6 mL of 

plasma and incubated for 5 min at room temperature 

(RT) and spun for 5 min at 10,000 g. 0,5 mL of super-

natant was collected, 200 µl of Precipitation Buffer 

A was added, vortex for 5 s to mix and incubated for 

60 min at 4°C. After incubation, samples were spun for 

5 min at 500 g at RT and the supernatants were 

removed and discarded. Pellets were re-suspended by 

vortex in 270 µl Resuspension Buffer. The purified 

exosome samples were characterized following the 

recommendations of MISEV2018 [20] by SEM, WB 

and NTA, and then processed for RNA extraction.

RNA isolation from exosomes

RNA from plasma exosomes was isolated using 

miRCURY™ RNA Isolation Kit – Biofluids (Exiqon) 

according to the manufacturer’s protocol. In detail, 

300 µL supernatant from exosome isolation were mixed 

with 90 µL Lysis solution BF, vortex for 5 s and incubated 

for 10 min at RT. 1 µL RNA Spike-in template mixture 

(miRCURY LNA™ Universal RT microRNA PCR, RNA 

Spike-in kit) was added to each sample for downstream 

PCR analysis. Thereafter, 30 µL Protein Precipitation 

Solution BF was added to samples and then vortexed, 

incubated for 1 min at RT and centrifuged for 3 min at 

11,000 g. After transferring the supernatants 400 µL iso-

propanol was added, vortexed for 5 s and loaded in 

microRNA Mini Spin Column BF. Columns were incu-

bated for 2 min at RT, centrifuged for 30 s at 10,000 g, 

washed with Wash Solution 1 BF and twice with Wash 

Solution BF 2. After that, columns were centrifuged for 

2 min at 11,000 g to dry membranes and RNA was eluted 

adding 80 µL RNase-free H2O directly onto the membrane 

of the spin column BF. Columns were incubated for 1 min 

at RT and then centrifuged for 1 min at 11,000 g. The 

purified RNA samples were stored at −80°C.

RNA-extraction, RT-PCR and RT-qPCR for genes or 

miRNA expression

Total RNA for gene expression was extracted using TRIzol 

(Invitrogen, Carlsbad, CA, USA) according to the manu-

facturer’s protocol and inspected by agarose gel electro-

phoresis. Reverse transcription was performed using the 

Improm-II Reverse Transcription System (Promega, 

Madison, WI, USA). The relative gene expression levels 

were measured by real-time RT-qPCR. TaqMan assays 

(Applied Biosystems, Life Technologies, Carlsbad, CA, 

USA) for RUNX2 (Hs01047973_m1), BMP2 

(Hs00154192_m1), SPP1 (Hs00959010_m1), OSTERIX 

(Hs01866874_s1), RANKL (Hs00243522_m1), IL-6 

(Hs00174131_m1), IL-8 (Hs00174103_m1), DEPTOR 

(Hs00961900_m1), YAP1 (Hs00371735_m1) were used. 

Samples were normalized according to the 
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glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

mRNA (Hs99999905_m1) levels. RNA for miRNA expres-

sion was isolated from exosomes using Plasma/Serum 

Circulating and Exosomal RNA Purification Mini Kit 

(slurry format) (Norgen Biotek Corp., Thorold, Canada) 

following the manufacturer’s instruction. For extraction 

efficiency evaluation, spike-ins (RNA spike-in kit, 

Exiqon) were added to lysis buffer before serum extraction. 

Extracted samples were stored at −80°C until use. Reverse 

transcription (RT) for miRNAs was performed by mixing 

RNA (2 μl) with two artificial RNAs (RNA spike-ins as RT 

controls) and the final mixture (10 μl) was reverse tran-

scribed at 42°C for 60 min using the miRCURY LNA™ 

Universal RT cDNA Synthesis Kit (Exiqon) following the 

manufacturer’s instruction. The expression level of 

miRNAs was evaluated by the Serum/Plasma Focus 

microRNA PCR panel (Exiqon) with a QuantStudio 12 K 

Flex Real-Time PCR System (Thermo Fisher Scientific, 

Waltham, MA, USA). The amplification curves were fil-

tered (Ct<36), imported into the GenEx software (ver.5, 

Exiqon) and normalized by global mean. The expression 

level (fold change [FC]) was calculated by taking the mean 

of individual Cq values for each group (controls and NB 

cells). Individual assays for mature miR-375 (cat. 

no.204362) and two endogenous controls, miR-16-5p 

(cat.no.205702) and let-7a-5p (cat.no.205727), for cell 

models or miR-191-5p (cat.no.204306) and miR-103a-3p 

(cat.no.204063) for exosomes were used. QuantStudio 

12 K Flex Real-Time PCR System (Thermo Fisher 

Scientific, Waltham, MA, USA) was employed for the 

qPCR quantification and the fold change was calculated 

by the 2−ΔΔCt method by using the Relative Quantification 

module of Thermo Fisher Cloud Data Analysis Apps. At 

least two independent amplifications were performed for 

each probe on triplicate samples.

miRNA mimic and inhibitor transfection

NMBM- and MBM-MSCs were transiently transfected 

with 30 nM of mirVana miR-375 mimic, 30 nM of 

miRVana mimic negative control, 30 nM mirVana miR- 

375 inhibitor or 30 nM mirVana inhibitor negative control 

(all from Ambion, Life technologies) using Lipofectamine 

RNAiMAX reagent (Invitrogen, Life Technologies) follow-

ing the manufacture’s protocol. Cells were lysed for 

miRNA and gene expression analysis or protein extraction 

24, 48, 72 and 96 h post-transfection.

Western blotting

Cell cultures were lysed with Cell lysis buffer (Cell Lysis 

Buffer (10X) #9803 Cell Signalling Technology) containing 

10 mM phenylmethylsulphonyl fluoride (PMSF 93,482 

Sigma) as a protease inhibitor. Lysates were incubated on 

ice for 15 min and centrifugated at 13 000 × g for 20 min at 

4°C. Equal micrograms (20 µg) of proteins quantiied with 

bicinchoninic acid (BCA) assay (Thermo Scientific) and 

boiled in SDS sample bufer (2x Laemmli Sample Buffer 

BIORAD cat.#161-0737) were resolved on 10% SDS- 

PAGE and transferred to PVDF membranes (Immun- 

Blot® PVDF Membrane for protein Blotting BIORAD cat. 

#162-0177). Blots were blocked for 1 h in PBS-T (PBS plus 

0.05% Tween-20), 5% non-fat, dried milk and probed 

overnight at 4°C with DEPTOR/DEPDC6 antibody, 

NBP1-49,674 (Novusbio); GAPDH (D16 H11) XP #5174 

(Cell Signalling Technology); Anti-YAP (phosphor S127) 

antibody [EP1675Y] ab76252 (Abcam); anti-YAP antibody 

[EP1674Y] ab52771 (Abcam); Anti-Sp7/Osterix antibody 

ab94744 (abcam); anti-BMP2 antibody ab14933 (abcam); 

RUNX2 (D1L7 F) Rabbit mAb #12,556 (Cell Signalling 

Technology); Anti-Osteopontin antibody ab8448 (abcam). 

Immunocomplexes were detected with horseradish perox-

idase-conjugated species-speciic secondary antibodies 

(Santa Cruz Biotechnology) followed by enhanced chemi-

luminescence reaction with Immobilon Western 

Chemiluminescence HRP substrate WBKLS0100 

(Millipore).

In vivo experiments

The animal studies were performed in NOD SCID 

mice following the protocols approved by the Italian 

Ministry of Health. Female 5–6 weeks-old mice were 

purchased from Charles River (Milan, Italy) and 

housed in a barrier rodent facility with free access 

to standard diet and water for 1 week before the 

experiment. For the uptake testing, exosomes were 

labelled with PKH26 fluorescent dye, 10ug of total 

exosome proteins were resuspended in 100 µl of PBS 

and injected retro-orbitally. The same concentration 

of liposomes was used as negative control. After 

24 h, mice were sacrificed, and the long bones 

(tibia and femur) were embedded in Optimum 

Cutting Temperature (OCT) compound and frozen 

at −80°C. Fluorescent signal from bone marrow, 

counterstained with DAPI, was observed with con-

focal microscopy. For in situ hybridization (ISH), 

10 µg of exosomes resuspended in 100ul of PBS 

were injected retro-orbitally each day for 3 days. 

The same concentration of liposomes was used as 

negative control. At day 4 mice were sacrificed, 

long bones (tibia and femur) were fixed in 10% 

buffered formalin, decalcified in ethylenediaminete-

traacetic acid (EDTA), embedded in paraffin and 

processed for ISH.
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In situ hybridization (ISH)

Paraffin-embedded BM and murine long bone samples 

were cut in RNAse-free environment at 5 µm thick, placed 

on positive-charged slides, backed at 60°C for 1 h and half 

and store at room temperature until used the day after. 

Before starting, double-DIG-LNA probes (Exiqon) for 

miR-375 (/5DigN/CACGCGAGCCGAACGAACAAA/ 

3Dig_N/), U6 small nuclear probe (/5DigN/ 

CACGAATTTGCGTGTCATCCTT/3Dig_N/) (positive 

control) and the scramble-miR probe (/5DigN/ 

GTGTAACACGTCTATACGCCCA/3Dig_N) (negative 

control) were denaturated by heating at 90°C for 4 min 

and then diluted with ISH buffer (Exiqon) at 80 nM, 

40 nM, 1 nM and 40 nM, respectively. Slides were placed 

in xylene and hydrated in alcohol descending scale. Tissue 

permeabilization was performed by using Protease-k at 

a final concentration of 15 µg/mL for 10 min for human 

BM sections and for 15 min for mice bone sections at 37°C 

in the stove. Slides were then washed in sterile phosphate 

buffer solution 1X, dehydrated in alcohol-increasing scale 

and air-dried. Probe mixture was placed directly on the 

tissue section and covered with sterile coverslip avoiding 

air bubbles. Slides were placed in a humidified chamber in 

the stove at 55°C for 1 h for human BM sections and at 50° 

C for 1 h and 30 min for mice bone sections. Non-specific 

bounds were removed through decreasing gradient (5X, 

1X, 0,2X) washes of Sodium Sulphate Citrate (SSC) 

(Sigma-Aldrich, St Louis, MO) at the hybridization tem-

perature for 5 min each and one wash in SSC 0,2X at room 

temperature for 5 min. Slides were placed in a humidifying 

chamber and incubate for 15 min with blocking solution 

(PBS, 0.1% Tween, 2% Sheep serum, 1% BSA) at room 

temperature. After removing blocking solution anti-DIG 

reagent at 1:800 in antibody dilutant (PBS, 0.05% Tween, 

1% Sheep serum, 1% BSA) was applied with AP substrate 

(NBT/BCIP tablet in Milli-Q water, 0.2 mM Levamisole) 

(Roche) for 2 h at 30°C in the humidifying chamber. To 

stop the reaction slides were incubated in KTBT buffer two 

times for 5 min and then washed twice with water. Nuclear 

Fast RedTM (Vector laboratories) was applied for 1 min for 

nuclear counterstaining, and finally, slides were washed in 

tap water, dehydrated in alcohol-increasing scale and 

mounted with Eukitt® (VWR) mounting medium. Slides 

were analysed by light microscopy with (Eclipse E600, 

Nikon) the subsequent day.

Prediction of miRNA targets

To discuss the potential biological role of putative target 

genes regulated by those miRNAs that were found signifi-

cantly upregulated in NB cells compared to MSCs, we 

performed a bioinformatics analysis by using the miR- 

Ontology Database miRò (http://microrna.osumc.edu/ 

miro/). This tool allows to obtain validated and/or pre-

dicted miRNA targets belonging to a well-defined biologi-

cal process or phenotype (disease). As a selection criterion, 

we extracted only those targets belonging to phenotypes 

related to the osteogenic lineage commitment (e.g. BMP2, 

RUNX, SPP1). Gene Ontology and KEGG pathway 

enrichment analysis and annotation were performed by 

DAVID bioinformatics tool [22] to determine the biologi-

cal processes and signalling pathways in which the pre-

dicted targets of the dysregulated miRs were involved.

Statistical analyses

Statistical analysis was performed using the two-tailed 

Student’s t-test for single comparison or one-way 

ANOVA for multiple comparisons. For qRT-PCR statisti-

cal analyses were performed on 2−ΔΔCt. Quantitative data 

are presented as mean±standard error of the mean (SEM). 

All experiments were performed in triplicate. Differences 

were considered significant at *P < 0.05; **P < 0.01; 

***P < 0.001; ****P < 0.0001. The raw Cq values from 

amplification curves were normalized by global mean 

using the GenEx qPCR analysis software (Exiqon ver 5). 

Statistically significant (p < 0.05) miRNAs with a fold 

change (FC) smaller than −1.5 (FC<-1.5) and greater 

than 1.5 (FC >1.5) compared to controls were obtained. 

Categorical variables were summarized by absolute fre-

quencies and percentages, and continuous variables by 

mean and standard deviation or median and interquartile 

range. To determine statistical differences between groups, 

the χ2 test or Fisher exact test was used for categorical 

variables, whereas the t-test or Mann–Whitney test was 

used for continuous variables. Two multivariable logistic 

regression models were developed to assess independent 

predictors of score 0, compared with score 1 + 2. Variables 

for which the p value was ≤0.20 in univariable analysis 

were included in the multivariable models. We have used 

infiltration of BM compared with non-infiltration of BM 

and alternatively presence of INRGSS compared with the 

absence of INRGSS among the covariates. The Hosmer– 

Lemeshow test was used to measure the model perfor-

mance. All multivariable logistic model was adjusted for 

potential confounders. All statistical analyses were per-

formed using Stata, version 13 (StataCorp).

Results

BM-MSCs from patients with NB and BM-metastasis 

exhibit a strong osteogenic ability

NB-cell lines enhance osteoblastic differentiation of 

BM-MSCs in vivo [23] and osteoblastic precursors 
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stimulate osteoclast differentiation and bone resorption 

via RANKL [24]. Therefore, we speculated that BM- 

MSCs may play a crucial role in promoting NB 

metastasis.

To test this hypothesis, we isolated and characterized 

in vitro BM-MSCs from 12 children affected by NB and 7 

healthy controls (HC) ((Table 1). Among NB patients, 

eight presented BM metastasis (MBM-MSCs, metastatic 

bone marrow-MSCs) and four did not have BM metas-

tasis (NMBM-MSCs, non-metastatic bone-marrow 

MSCs). First, MSC cells were immune-phenotypically 

characterized by flow-cytometry, at cell passage between 

2 and 4, for the expression of mesenchymal (CD90, 

CD105, CD81, CD9), haematopoietic (CD34, CD45) 

and neuronal (CD56) markers. Furthermore, we analysed 

the GD2 ganglioside, reported as abundant on the surface 

of NB cells and considered also to be an MSC marker 

[25]. Similar to HC-MSCs, MBM- and NMBM-MSCs 

were positive for CD90, CD105, CD81, CD9 and GD2 

and negative for CD34, CD45, CD56 (Figure 1(a)). To 

compare their proliferative capacity, NMBM-, MBM- 

and HC-MSCs were plated in parallel, by using the 

same culture conditions. Comparable proliferative capa-

city, calculated as population doublings (PDs), was found 

among NMBM-, MBM- and HC-MSCs (Figure 1(b)). 

Then, to examine the osteogenic potential, MSCs were 

induced to differentiate into osteoblasts and adipocytes 

and were examined by histological staining and gene 

expression. Alizarin Red staining, performed on day 21 

after osteogenic induction, showed a higher content of 

calcium deposits in MBM-MSCs compared to NMBM- 

MSCs and HC-MSCs (Figure 1(c,d)). By real-time quan-

titative PCR (Q-PCR) we analysed transcription factors 

expressed during osteogenic differentiation, such as 

RUNX2 and OSTERIX and osteogenic markers as 

BMP2 and SPP1. MBM-MSCs had a higher expression 

level of these osteogenic factors compared to the other 

two groups, both at basal level (T0) and during induction 

of osteogenic differentiation (Figure 1(e)). No significant 

differences were detected in the adipogenic differentia-

tion (Figure 1(f,g)). In sum, our data suggest that BM- 

MSCs isolated from NB patients with BM infiltration 

have stronger osteogenic differentiation capacity when 

compared to BM-MSCs from patients without BM 

metastasis.

Exosomes produced by NB-cell lines derived from 

BM metastasis enhance osteogenesis in HC-MSCs

In our previous study, we showed that exosomes isolated 

from BM metastasis-derived NB-cell lines have a unique 

proteomic signature [21]. Nakata and colleagues demon-

strated that the uptake of NB-cell line-derived exosomes 

by MSCs was associated with a rapid increase in ERK1/2 

and AKT activation [26]. To explore whether the exo-

somes produced by BM metastasis-derived NB-cell lines 

interact differently with MSCs, we isolated exosomes 

from serum-free conditioned medium of two primary 

tumour (PT) – (IMR-32 and IGR-NB8 cells) and five 

BM metastasis-derived (SKNSH, SHSY5Y, SKNBe2 c, 

LAN-1 and IGR-N91) NB-cell lines, by following pre-

viously reported methods [21]. Then, after preparation 

of PKH26 labelled exosomes, 10 µg of total exosomal 

protein per mL of media, as reported in the literature 

[10,27], was co-cultured with HC-MSCs. Synthetic lipo-

somes were used as negative control. After 24 h, fluores-

cent red signals were visualized in the cytoplasm of MSCs 

by confocal microscopy, supporting the idea that, at var-

iance with liposomes, NB-cell line-derived exosomes were 

efficiently internalized by HC-MSCs (Figure 2(a,b) and 

Supplementary Figure 1A). Since SHSY5Y-derived exo-

somes, from a BM metastasis-derived cell line, were sig-

nificantly taken up by HC-MSCs compared to those 

derived from IMR32 (PT-derived) (Figure 2(a,b)), we 

investigated their different biological effects on the osteo-

genic ability of MSCs. The addition in culture media for 

24 h of SH5YSY-exosomes significantly induced the 

expression of osteogenic mRNAs, such as BMP2, 

RUNX2, SPP1 and OSTERIX, compared with those iso-

lated from IMR-32 in HC-MSCs (Figure 2(c)). These 

results were confirmed using exosomes isolated from 

a second BM metastasis-derived cell line (SKNBe2 C), 

whereas no effect was observed using IGR-NB8 or cervical 

cancer cells HeLa-derived exosomes (Supplementary 

Figure 1 B). To further explore the osteogenic phenotype 

induction due to exosome influence on BM-MSCs, we 

added SH5YSY-, IMR-32-derived exosomes or liposomes 

(10 µg/mL of media) every other day for 14 days to the 

HC-MSCs culture medium. After 14 days, we replaced the 

culture medium with osteogenic differentiation medium 

to the persisting co-culture with exosomes for further 

21 days. At the end of the differentiation period, we 

observed that HC-MSCs co-cultured with SH5YSY- 

derived exosomes had a higher content of calcium depos-

its as compared with the other two groups (Figure 2(d,e)). 

Moreover, BMP2, RUNX2, SPP1 and OSTERIX mRNA 

expression was significantly increased not only in the 

presence of the osteogenic medium but also in cells trea-

ted for 21 days with SHSY5Y-exosomes without osteo-

genic differentiation medium (Figure 2(f)) suggesting the 

possibility that these have the ability to potentiate/induce 

osteogenic differentiation of HC-MSCs. Furthermore, 

both BMP2 and OSTERIX protein levels increased in HC- 

MSCs exposed to SH5YSY-exosomes even in absence of 

osteogenic differentiation media after 21 days respect to 

basal condition (T0) or IMR32-exosomes (Figure 2(g)). 
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Figure 1. MBM-MSCs have an increased osteogenic potential.

(a) Flow-cytometry analysis of BM-MSCs confirmed their mesenchymal origin, showing no differences between HCs, NMBM and MBM surface 

markers, being all positive for CD90, CD105, CD81, CD9 and GD2 and negative for CD34, CD45 and CD56. (b) Cumulative PDs from P1 to P4 of HC- 

(black dots), NMBM- (empty grey circles), MBM-MSCs (black triangles). (c) Representative images of Alizarin Red (Ar.) staining after osteogenic 

differentiation induction (at day 21) to detect calcium deposition. Three representative different subjects are shown for each group. Scale bar: 

200 µm. (d) Quantification of staining by Image J software in HC-, NMBM- and MBM-MSCs. (e) Q-PCR analysis of the relative levels of BMP2, RUNX2, 

SPP1 and OSTERIX mRNA expression in NMBM-, MBM- and HC-MSCs respect to basal condition of HC-MSCs (T0) after 10 and 21 days cultured with 

(+) or without (-) osteogenic differentiation medium. (f) Representative images of Oil Red O staining to detect fat droplets of HC-, NMBM-, MBM- 

MSCs after adipogenic differentiation induction obtained by culturing cells in adipogenic medium for 21 days. Three representative different 

subjects are shown for each group. Scale bar: 200 µm. (g) Q-PCR analysis of the relative levels of PPARγ mRNA in NMBM- and MBM- as compared to 

HC-MSCs after 10 and 21 days cultured without (-) or with (+) adipogenic differentiation medium. Values are mean±SEM, n = 7 in HC group, n = 4 

in NMBM group and n = 8 in MBM group. Each experiment has been repeated at least twice. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 

analysed by one-way ANOVA for multiple comparisons. 
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Figure 2. Exosomes isolated from MBM cells induce osteogenic differentiation of HC-MSCs.

(a) HC-MSCs were cultured for 24 h in the presence of liposomes, PKH26-labelled exosomes isolated from SHSY5Y or IMR32 cells (10 µg/mL of 

protein content). SHSY5Y-derived exosomes were taken up more efficiently from HC-MSCs as shown by confocal microscopy. Nuclei were stained 

with Dapi and wheat germ agglutinin (WGA) was used to visualize cell profile. Magnification 20X. Scale bar: 40 µm. (b) Fluorescence intensity 

quantification in the HC-MSCs cytoplasm of PKH26-labelled exosomes from IGR-NB8, IMR32, SHSY5Y, SKNSH, SKNBe2 C, LAN1, IGR-N91 and 

liposomes normalized by the number of cells after 24 h of co-culture. Fluorescence intensity was calculated in five random fields for each 

experiment and each experiment was performed in triplicate. (c) Q-PCR analysis of mRNA expression of gene involved in osteogenic differentiation 

(BMP2, RUNX2, SPP1, OSTERIX) in HC-MSCs cultured with liposomes, IMR32-exo or SHSY5Y-exo (10 µg/mL of protein content) for 24 h. (d) 

Representative images of Alizarin Red (Ar.) Staining to detect calcium deposition in MSCs isolated from three different healthy subjects cultured in 

osteogenic differentiation medium and educated with 10 µg/mL of protein content of IMR-32-exo or SHSY5Y-exo for 21 days. Scale bar: 200 µm. (e) 

Quantification of Ar. staining by Image J software at day 21 of HC-MSCs differentiated and educated with exosomes isolated from IMR32 or SHSY5Y. 

(f) Q-PCR analysis of the relative levels of BMP2, RUNX2, SPP1 and OSTERIX mRNA expression in HC-MSCs after 10 and 21 days co-culture without (-) 

or with (+) osteogenic differentiation medium in combination with 10 µg/mL of protein content of IMR32 or SHSY5Y-derived exosomes. (g) WB 

analysis and densitometric analysis of osteogenic marker BMP2, SPP1 and OSTERIX protein expression in HC-MSCs cultured either with or without 

osteogenic differentiation medium in combination with 10 µg/mL of protein content of IMR32 or SHSY5Y-derived exosomes for 21 days. Protein 

expression values are reported as protein/GAPDH ratio. Values are mean±SEM, obtained with three individual experiments performed each in 

triplicate, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 analysed by one-way ANOVA for multiple comparisons. 
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No significant variation in the induction of adipogenic 

differentiation was observed in HC-MSCs educated with 

SH5YSY- or IMR-32-exosomes (Supplementary Figure 1 

C, D, E). Altogether, these data suggest that exosomes 

released from BM metastasis-derived NB cells play an 

important role in regulating osteogenic differentiation of 

BM-MSCs.

MiR-375 is highly expressed in exosomes released 

from NB-cell lines derived from BM-metastasis and 

in MBM-MSCs

MiRNAs may be secreted by cancer cells within exo-

somes and transferred to target cells, influencing their 

gene expression [9]. We postulated that NB-derived 

exosomal miRNAs could promote an osteogenic phe-

notype in MSCs described in Figure 2(c,f). To verify 

this hypothesis, we characterized exosomal miRNAs of 

7 NB-cell lines: PT-derived (IMR32, IGR-NB8) and 

BM metastasis-derived (SKNSH, SH5YSY, SKNBe2 c, 

LAN-1, IGR-N91). By real-time Q-PCR, we compared 

the expression levels of exosomal miRNAs between 

PT-derived lines and each single BM-derived line 

(Figure 3(a)). In exosomes isolated from all BM metas-

tasis-derived cell lines, five miRNAs (miR-375, miR- 

365a-3p, miR-193b-3p, miR-18a-3p, miR-140-5p) 

resulted up-regulated, with a fold change FC>1.5 or 

FC<-1.5. Among these, miR-375 was particularly 

expressed compared to control (FC>3). The levels of 

miR-375 were higher in BM-metastasis-derived with 

respect to PT-derived cell lines (Figure 3(b)). In addi-

tion, we found that miR-375 expression level was also 

increased in MBM-MSCs compared to HC- and 

NMBM-MSCs (Figure 3(c)). In light of this evidence, 

we decided to investigate the expression of miR-375 in 

HC-MSCs treated with either SHSY5Y- or IMR32- 

derived exosomes. We observed that 24 h co-culture 

with SHSY5Y-exosomes significantly increased the 

miR-375 expression in HC-MSCs (Figure 3(d)). 

Target prediction analysis revealed and confirmed 

Yes-Associated Protein 1 (YAP1) and DEP domain- 

containing mTOR-interacting protein (DEPTOR) 

among the potential miR-375 targets (Figure 4(a)) as 

reported in the literature [28,29]. Indeed, it has been 

demonstrated that YAP1, an effector of Hippo path-

way, suppresses the activity of RUNX2 required for 

osteoblast maturation [30]. Thus, we postulated that 

miR-375, carried by exosomes released from NB cells 

with BM tropism, promotes osteogenesis by inhibiting 

YAP1 and consequently restoring RUNX2 function. 

To test this hypothesis, we first evaluated the expres-

sion of both YAP1 and DEPTOR in NB-cell lines. Both 

YAP1 and DEPTOR expression levels were lower in 

NB BM-metastasis compared to PT-derived cell lines 

(Figure 4(b)). Moreover, WB analyses showed that 

both YAP1 and its phosphorylated form (YAP1-p) 

were not expressed in NB BM-metastasis-derived cell 

lines with respect to both IMR32 and IGR-NB8 

(Figure 4(c)). On the contrary, DEPTOR was substan-

tially expressed in all the NB-cell lines analysed, and 

marginally in the metastatic ones. Interestingly, the 

SKNBe2 C cell line expressed a high level of 

DEPTOR both at mRNA and protein levels, probably 

due to different cell-specific mechanisms. mRNA 

expression and WB analysis of HC-MSCs treated for 

24 h with SH5YSY-derived exosomes showed a signifi-

cant decrease in both YAP1 and DEPTOR levels, at 

variance with what has been observed for IMR-32 

exosomes (Figure 4(d,e)). A baseline mRNA analysis 

of miR-375 target genes in MBM, NMBM- and HC- 

MSCs showed a decreased expression of YAP1 and 

DEPTOR in MBM-MSC with respect to NMBM- and 

HC-MSCs (Figure 4(f)). WB analyses on three repre-

sentative subjects of each group evidenced the absence 

of YAP1 in all patients with NB except for one without 

BM infiltration, the absence of YAP1-p in all NB 

patients and in one HC and the presence of 

DEPTOR in all samples excluding one derived from 

a BM metastatic patient (Figure 4(g)). This variability 

in miR-375 targets expression could be linked to the 

reduced number of samples or the fact that these are 

involved in several other molecular pathways such as 

the Hippo pathway and mTOR pathway [31,32].

MiR-375 modulates the expression of osteogenic 

transcription factors

To confirm the involvement of miR-375 in the induc-

tion of osteogenic differentiation program in BM- 

MSCs, we transiently overexpressed miR-375 in 

NMBM-MSC or knocked it down in MBM-MSC for 

24, 48, 72 and 96 h. As predicted, real-time Q-PCR 

analysis confirmed the increase of miR-375 levels in 

NMBM-MSC compared to basal condition (no trans-

fection) and the mimic negative control (Figure 5(a)). 

Consistently, overexpression of miR-375 significantly 

decreased both mRNA and protein expression of its 

target genes YAP1 and, to a lesser extent, DEPTOR 

(Figure 5(b,c)) and increased osteogenic markers such 

as SPP1 and OSTERIX (Figure 5(d)). Conversely, the 

down-regulation of miR-375 by using synthetic oligo 

inhibitor in MBM-MSC for 24, 48, 72 and 96 h deter-

mined a significant miR-375 downregulation respect to 

basal condition starting from 48 h after transfection 

(Figure 5(e)), a significant up-regulation of YAP1 and 

DEPTOR mRNA expression and proteins at 24, 48 and 
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72 h of down-regulation of the miR-375 compared to 

the non-transfected cells (Figure 5(f,g)). The effects of 

miR-375 inhibition on its targets are lost at 96 h prob-

ably due to particular kinetics of transcripts and pro-

teins turnover that are however perturbed by forcing 

the system, without considering that these factors are 

involved in several other molecular pathways (i.e. 

Hippo pathway and mTOR pathway). However, no 

significant modulation or a down-regulation of genes 

involved in osteoblast differentiation was observed 

(Figure 5(h)).

MiR-375 expression correlates with BM disease in 

NB patients

To test a possible correlation between the levels of 

miR-375 and BM infiltration in NB patients, we iso-

lated and characterized (Supplementary Figure 2) exo-

somes from peripheral blood plasma (PBP) of HC 

(n = 17), NMBM patients (n = 7) or MBM patients 

(n = 14). MiR-375 expression levels were then assessed 

by Q-PCR. The mean value of miR-375 expression in 

HC was established as 1 and levels in plasma exosomes 

Figure 3. Exosomal miR-375 expression differs between PT- and BM-derived cell lines.

(a) MiRNAs expression profiling on total RNA isolated from different NB-cell lines: IMR32, IGR-NB8 (PT-derived cell lines) and SKNSH, SHSY5Y, 

SKNBe2 c, IGR-N91, LAN-1 (BM-metastasis-derived). A heatmap was generated after supervised hierarchical cluster analysis. Differential miRNA 

expression is shown by red (upregulation) versus green (downregulation) intensity. (b) MiR-375 expression was determined by Q-PCR in IMR32, IGR- 

NB8, SKNSH, SHSY5Y, SKNBe2 C, LAN1, IGR-N91 (2−ΔΔCt method, normalized to RNU6B). (c) MiR-375 level determined by Q-PCR (2−ΔΔCt method, 

normalized to RNU6B) in HC-, NMBM- and MBM-MSCs. (d) MiR-375 expression level in HC-MSCs educated for 24 h with liposomes, IMR32-exo or 

SHSY5Y-exo. Results are expressed as mean±SEM obtained with three biological replicates tested in duplicate, n = 7 for HC-group, n = 4 for NMBM- 

MSCs and n = 8 for MBM-MSCs. ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 analysed by one-way ANOVA. 
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have been calculated as fold changes (FC). MBM 

patients had statistically significant higher level of 

miR-375 than NMBM-patients (P = 0.01) (Figure 6 

(a)). Furthermore, we measured miR-375 levels in 

exosomes isolated from BM plasma derived from HC- 

(n = 13), NMBM- (n = 12) or MBM- (n = 17) patients 

and we found that MBM patients had higher levels of 

miR-375 than NMBM patients (P = 0.01) (Figure 6(b)). 

Figure 4. YAP1 and DEPTOR, two MiR-375 target genes, are down-regulated by exosomes isolated from SHSY5Y.

(a) Target prediction analysis performed by miR-Ontology Database miRò (http://microrna.osumc.edu/miro/) defined and confirms YAP1 and 

DEPTOR as miR-375 direct targets. (b) Q-PCR analysis of the relative levels of YAP1 and DEPTOR mRNA expression (2−ΔΔCt method, normalized to 

Gapdh) in NB-cell lines IMR32, IGR-NB8, SKNHSH, SH5YSY, SKNBe2 C, LAN1 and IGR-NB91. (c) WB and densitometric analysis of YAP1, YAP1-p and 

DEPTOR in NB-cell lines. Protein expression values are reported as protein/GAPDH ratio. (d) Q-PCR analysis of YAP1 and DEPTOR mRNA expression 

(2−ΔΔCt method, normalized to Gapdh gene) in HC-MSCs educated for 24 h with 10 µg/mL protein content of IMR32- or SHSY5Y-derived exosomes. 

(e) WB and densitometric analysis of protein lysates of HC-MSCs educated for 24 h with IMR32-, SH5YSY-derived exosomes or liposomes as negative 

control. Protein value is reported as YAP1/GAPDH, YAP1-p/GAPDH, DEPTOR/GAPDH relative to liposome sample taken as 1. (f) YAP1 and DEPTOR 

mRNA expression levels were determined in HC, NMBM- and MBM-MSCs by Q-PCR (2−ΔΔCt method, normalized to Gapdh). (g) WB and densitometric 

analysis of YAP1, YAP1-p and DEPTOR in three representative HC-, NMBM- or MBM-MSCs. Values are reported as mean±SEM of three individual 

experiments performed in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 analysed by two-tailed Student’s t-test for single 

comparison or one-way ANOVA for multiple comparisons. 
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Figure 5. MiR-375 overexpression induces transcription of osteogenic genes in NMBM-MSCs.

(a) NMBM-MSCs were transiently transfected with 30 nM of miR-375 mimic or mimic negative control for 24, 48,72 and 96 h and Q-PCR analysis on 

miR-375 expression (2−ΔΔCt method, normalized to RNU6B) was assessed. (b) Effect of miR-375 overexpression on YAP1 and DEPTOR mRNA level at 

24, 48, 72 and 96 h of transfection. (c) WB and densitometric analysis of YAP1, YAP1-p and DEPTOR in NMBM-MSCs after miR-375 overexpression. 

Protein expression values are reported as protein/GAPDH ratio relative to basal condition (No transfection) 24 h taken as 1. (d) Q-PCR analysis of the 

relative levels of RUNX2, BMP2, SPP1 and OSTERIX mRNA expression after miR-375 overexpression for 24, 48, 72 and 96 h. (e) MBM-MSCs were 

transiently transfected with 30 nM of miR-375 inhibitor or inhibitor negative control for 24, 48, 72 and 96 h and Q-PCR analysis on miR-375 

expression (2−ΔΔCt method, normalized to RNU6B) was performed. (f) Levels of YAP1 and DEPTOR mRNA at 24, 48, 72 and 96 h of transfection 

determined by Q-PCR analysis (2-ΔΔCt method, normalized to Gapdh gene). (g) WB and densitometric analysis of YAP1, YAP1-p and DEPTOR in MBM- 

MSCs after miR-375 inhibition. Protein expression values are reported as protein/GAPDH ratio relative to basal condition (No transfection) 24 h 

taken as 1. (h) Q-PCR analysis of the relative levels of RUNX2, BMP2, SPP1 and OSTERIX mRNA expression after miR-375 inhibition for 24, 48, 72 and 

96 h. Data are reported as mean±SEM relative to basal condition (No transfection) taken as 1 of 3 independent experiments performed in duplicate 

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 analysed by two-tailed Student’s t-test. 
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In order to investigate the expression of miR-375 in 

BM cells, whole-mount ISH was performed on paraf-

fin-embedded BM samples of 27 NMBM patients and 

33 MBM patients. Synaptophysin staining was used to 

evaluate NB invasion. Staining intensity for miR-375 

was evaluated by three independent operators and 

a score (0 = no expression; 1 = low expression; 

2 = high expression) was assigned to each case 

(Figure 6(c)). Comparison with clinical characteristics 

revealed that score 1 or 2 was significantly associated 

with patients presenting BM infiltration (P = 0.016) 

(Figure 6(d,e)). We evidenced that miR-375 expression 

in MBM patients is present not only in neuroblasts but 

also in osteoblasts and in other cells native of the BM 

(e.g. erythroid colonies) (Figure 6(f)). Intriguingly, 

a patient with localized NB at diagnosis, who presented 

a negative staining for miR-375 in BM, became positive 

after BM relapse (Supplementary Figure 3). Moreover, 

we correlated the different prognostic risk factors 

known in NB with miR-375 staining (0 versus 1 + 2 

score). We performed a univariable analysis taking into 

account patients’ age (younger or older than 

18 months), stage of disease according to INRG (L1/ 

L2 versus M), MYCN status (amplified versus not 

amplified) and BM-infiltration (Yes versus Not). We 

found that positive staining for miR-375 (score 1 or 2) 

correlates with the metastatic stage (p = 0.007) and BM 

infiltration (p = 0.016) (Supplementary Table 1). We 

did not find any correlation between miR-375 expres-

sion and MYCN status. This could be related to the 

presence of a subset of high-risk cases without MYCN 

amplification [33]. Clinical characteristics of patients 

are summarized in Supplementary tables 2. To deter-

mine whether NB-derived exosomes are able to reach 

BM, we inject in NOD SCID mice 10 µg of SHSY5Y- 

exosomes PKH26-labelled retro-orbitally. After 24 h of 

injection, we confirm an uptake of exosomes by BM 

cells (Figure 6(g)). To evaluate if exosomes are able to 

transfer miR-375 to BM microenvironment, we 

injected, retro-orbitally in NOD SCID mice, 10 µg/ 

day of NB exosomes or liposomes for 3 days. Then, 

we verified the expression of miR-375 in long bone 

sections by ISH, and we observed a positivity for 

miR-375 expression in mice injected with exosomes 

than those injected with liposomes (Figure 6(h)). 

Moreover, to confirm that NB exosomes carry on 

miR-375 and are able to transfer it to MSCs we per-

formed an ISH on HC-MSCs after coculture for 24 h 

with 10 µg/mL of SHSY5Y-exosomes or liposomes 

(Figure 6(i)). HC-MSCs treated with NB exosomes 

become positive for miR-375 while those with lipo-

somes were negative. In sum, our data indicate that 

a high level of miR-375 in circulating exosomes and in 

BM is associated with BM metastasis.

Discussion

BM is the most frequent site of metastasis and one of 

the major cause of cancer-related death in NB. In 

several cancer types, the interaction among tumour 

cells and BM microenvironment plays a central role 

in promoting metastasis formation [34]. MSCs are 

fundamental components of the BM microenviron-

ment and are essential for the homing of tumour cells 

and the establishment of metastasis by forming the 

osteoblastic niche [3]. In NB, tumour cells activate 

osteoclasts to form osteolytic lesions for bone invasion 

[34] and their ability to induce osteoclastogenesis is 

mediated by RANKL [12]. HaDuong and co-workers 

have described that NB cells may increase the capacity 

of osteogenic differentiation in vivo [23]. However, 

despite several studies, the role of osteoblasts and 

osteoclasts in generating a favourable microenviron-

ment for BM metastases is still controversial [35–37].

In this study, we showed that BM-MSCs derived 

from NB patients with BM invasion exhibit a stronger 

osteogenic differentiation ability as compared to MSCs 

isolated from patients without BM metastasis and HC. 

Furthermore, we showed that both NMBM- and 

MBM-MSCs expressed high levels of RANKL; how-

ever, the significance was lost considering separately 

patients with only BM metastasis and with also bone 

metastasis. Considering other osteoclast activating fac-

tors (i.e. IL-6 and IL-8) we observed a not significant 

increase of IL-8 in MBM-MSCs (Supplementary 

Figure 4). Taken together, our findings suggest that 

NB-MSCs (and mostly MBM-MSCs) could enhance 

osteolytic bone metastasis formation via RANKL and 

IL-8 production [35,36,38]. In support of our hypoth-

esis, a recent work has demonstrated that β-tricalcium- 

phosphate scaffolds promote differentiation of human 

MSC towards osteoblasts favouring the growth of 

metastatic NB cells in characteristic rosette-like struc-

tures [39]. In support of our hypothesis, a recent work 

has demonstrated that β-tricalcium-phosphate scaf-

folds promote differentiation of human MSC towards 

osteoblasts favouring the growth of metastatic NB cells 

in characteristic rosette-like structures [39].

Osteogenic differentiation of MSCs is a complex 

process, which is regulated by various factors, includ-

ing miRNAs [40]. MiRNAs can be transported by exo-

somes, endosome-derived nanovesicles secreted into 

the extracellular space. Exosomes may facilitate the 

communication among the primary tumour and site 
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Figure 6. MiR-375 expression correlates with BM disease in NB patients.

(a) MiR-375 expression analysis in exosomes isolated from the peripheral blood plasma of HC, NB patients without BM infiltration or NB patient with BM 

metastasis. (b) miR-375 expression in exosomes isolated from BM plasma of HCs, NB patients without BM infiltration or NB patient with BM metastasis. (c) 

Representative images (20X, zoom at 40X) of patient-derived BM not expressing (0), with a low expression (1) or high expression (2) level of miR-375. The 

histological expression of synaptophysin (indicating NB invasion) is also shown. In this panel are also reported U6 probe as positive control, and scramble probe 

as the negative control of ISH. Scale bar: 50 µm. (d) Histogram representing the number of patients having a score of 0, 1 or 2 without BM or with BM 

infiltration. NMBM: 20 cases score 0, 6 cases score 1, 1 case score 2; MBM: 14 cases score 0, 10 cases score 1, 9 cases score 2. (e) Scatter plots showing the 

distribution of patients without or with BM involvement with score 0, 1, 2. (f) Representative images of an MBM patient, as confirmed by the histological 

expression of synaptophysin (indicating NB invasion). The panel shows not only the presence of miR-375 in neuroblasts but also (as indicated by arrows) in 

osteoblasts and in other cells native of the BM (e.g. erythroid colonies). Magnification 40X, Scale bar: 20 µm. (g) Localization of PKH26-labelled SHSY5Y- 

exosomes in tibial BM of NOD SCID mice 24 h post-injection. Images were obtained by confocal microscopy (magnification, 20x). Nuclei were stained with Dapi, 

Scale bar: 40 µm (h) Representative images of miR-375 expression in tibial BM paraffin sections of mice inoculated retro-orbitally with 10 µg of liposomes or 

SHSY5Y-exo for 3 days every day. The picture shows that only the SHSY5Y-exo-treated mice express miR-375, both in haematologic (larger panel) and 

osteoblast cells (smaller panel). U6 and scramble probes are also reported as positive and negative control, respectively. Magnification 40X, Scale bar: 50 µm. (i) 

HC-MSCs cocultured for 24 h with 10 µg/mL SHSY5Y-exosomes become positive for miR-375 staining whereas those treated with liposomes do not. 

Magnification 20X, Scale bar: 100 µm. (l) PT cells secrete exosomes containing miR-375 that, through the systemic circulation, reach the BM. In BM, metastatic 

cells in situ also produce exosomes. In this site, exosomes are internalized by the MSCs affecting their behaviour and inducing the process of osteoblastogen-

esis. In particular, miR-375 present in tumour exosomes inhibits the transcript of YAP in MSCs, causing a reduction in the protein content, which can no longer 

sequester RUNX2 at inactive transcription sites. RUNX2 then becomes free to bind to chromatin to activate transcription of genes implicated in osteogenic 

differentiation. Moreover, an increase in RANKL expression level is observed in MBM-MSCs. This could explain the generation of osteolytic metastasis during NB 

progression. All these events might lead to a variation of the BM microenvironment, which becomes fertile soil for the growth of NB metastasis. The results are 

reported as single values±SEM. For PB plasma: n = 17 for HC group, n = 7 for NMBM group, n = 14 for MBM group; for BM plasma: n = 13 for HC group, n = 12 

for NMBM group, n = 17 for MBM group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 analysed by one-way ANOVA. 
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of metastasis by transferring genetic information to 

target cells and promoting modifications in the tumour 

microenvironments [9]. Exosomal miRNAs have been 

shown to directly control cell–cell interactions in the 

BM environment, as well [41,42].

Our results indicate that the uptake of exosomes 

isolated from NB cells with BM tropism by BM-MSCs 

is able to promote osteogenesis. Although we cannot 

rule out the presence of other types of extracellular 

vesicles, such as small microparticles, we postulate 

that the functional effect we have observed is mainly 

mediated by exosomes.

This occurs via induction of expression of tran-

scription factors as RUNX2 and OSTERIX and osteo-

genic markers, including BMP2 and SPP1. Indeed, by 

using a high-throughput analysis, we identified 

a panel of exosomal miRNAs associated with BM 

metastasis-derived NB-cell lines. Among these 

miRNAs, miR-375 is significantly up-regulated in 

bone tropic NB-derived exosomes. MiR-375 has 

been described to function either as an oncogene or 

tumour suppressor in many human cancers [43]. 

Interestingly, a recent work reported that exosomes 

from prostate adenocarcinoma cells carry miR-375 

promoting osteoblast activity [44]. In the present 

study, we found that miR-375 expression level was 

also increased in MBM-MSCs and in HC-MSCs after 

co-culture with bone tropic NB-derived exosomes. 

Based on these results, we hypothesize that miR-375 

may be transferred from BM tropic NB cells to MSCs 

via exosomes promoting osteogenic differentiation 

and generating a favourable microenvironment for 

metastasis growth (Figure 6(f)).

Our prediction analysis confirms that YAP1, an 

effector of Hippo pathway, and DEPTOR may repre-

sent targets of miR-375. It has been demonstrated that 

YAP1 suppresses the activity of RUNX2 required for 

osteoblast maturation [30]. It has also been reported 

that DEPTOR is implicated in osteogenic differentia-

tion by inhibiting MEG3-mediated activation of BMP4 

signalling [45]. In line with our results Chen et al. 

showed that miR-375 promoted the osteogenic differ-

entiation of hASCs via the YAP1/DEPTOR/AKT reg-

ulatory network [46].

Indeed, we demonstrate that overexpression of miR- 

375 in NMBM-MSCs, which exhibits a low expression 

of this miRNA, leads to down-regulation of YAP1 

mRNA and increased expression of bone differentia-

tion-related genes. On the other hand, down-regulation 

of miR-375 in MBM-MSCs has no significant effect on 

the transcription of genes involved in osteoblast differ-

entiation, which is basically transcribed at higher levels 

in MSCs derived from these patients. This suggests the 

importance of down-regulating YAP to unlock tran-

scription [30] and to initiate the process of osteoblas-

togenesis in NMBM.

Interestingly, several studies reported that circulating 

and exosomal miR-375 was elevated in plasma or serum 

of patients affected by breast and prostate cancer with 

distant metastases [47–50]. Here, we showed that miR- 

375 level in circulating exosomes (peripheral and BM 

plasma) from NB patients with BM metastasis was higher 

than in those without BM metastasis. In addition, in situ 

hybridization analysis of miR-375 on paraffin-embedded 

BM trephine biopsy specimens derived from 60 NB 

patients revealed a positive correlation between the 

expression of this miRNA and BM infiltration. 

Altogether, our clinical data suggest that high levels of 

miR-375 in circulating exosomes and in BM are asso-

ciated with BM infiltration in NB patients.

Overall, our findings suggest that osteoblastic activ-

ity is crucial in determining a favourable microenvir-

onment for NB growth in BM. It is thus conceivable 

that miR-375 produced by NB cells facilitate the meta-

static spread in BM. This hypothesis is currently 

explored in our laboratory.

Evaluation of blood and BM miR-375 would be 

useful for the diagnosis of BM metastasis in NB 

patients. Therapies targeting miR-375 may be 

a strategy able to suppress BM metastasis in NB. 

Bisphosphonates, such as zoledronic acid, have been 

shown to be efficacious against bone metastasis in 

different solid tumours [51]. A phase 1 of zoledronic 

acid associated with low-dose cyclophosphamide in 

recurrent/refractory NB has shown good tolerance 

with prolonged disease stability [52]. Denosumab, 

a monoclonal antibody targeting RANKL, inhibits 

osteoclast formation and maturation preventing osteo-

lysis. The inhibition of RANKL in a breast cancer 

mouse model significantly delayed the formation of 

bone metastases and improved animal survival [53]. 

Thus, the inhibition of RANKL/RANK axis also repre-

sents a potential strategy for preventing the develop-

ment of BM metastasis in NB.
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