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Abstract 
The environment created during embryogenesis contributes to reducing aberrations that drive structural malformations and tumorigenesis. In 
this study, we investigate the anti-cancer effect of mesenchymal stem cells (MSCs) derived from 2 different gestational tissues, the amniotic 
fluid (AF) and the chorionic villi (CV), with emphasis on their secretome. Transcriptomic analysis was performed on patient-derived AF- and 
CV-MSCs collected during prenatal diagnosis and identified both mRNAs and lncRNAs, involved in tissue homeostasis and inhibiting biological 
processes associated with the etiology of aggressive cancers while regulating immune pathways shown to be important in chronic disorders. 
Secretome enrichment analysis also identified soluble moieties involved in target cell regulation, tissue homeostasis, and cancer cell inhibition 
through the highlighted Wnt, TNF, and TGF-β signaling pathways. Transcriptomic data were experimentally confirmed through in vitro assays, by 
evaluating the anti-cancer effect of the media conditioned by AF- and CV-MSCs and the exosomes derived from them on ovarian cancer cells, 
revealing inhibitory effects in 2D (by reducing cell viability and inducing apoptosis) and in 3D conditions (by negatively interfering with spheroid 
formation). These data provide molecular insights into the potential role of gestational tissues-derived MSCs as source of anti-cancer factors, 
paving the way for the development of therapeutics to create a pro-regenerative environment for tissue restoration following injury, disease, or 
against degenerative disorders.
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Graphical Abstract 

Introduction
The tumor is commonly conceived as the “evil twin of 
the embryo,” due to rapid rates of cellular proliferation 
and spreading, maternal immune system evasion, and the 
capability to act as a parasite for nutrient supply.1 During 
morphogenesis the precise recapitulation of specific develop-
mental steps and the immature status of the immune system, 
ensure the correct patterning for tissue growth by the con-
tinuous and regulated interplay between neighboring cells.2 
This controlled series of cellular interactions occurs in a well-
lubricated environment, where the amniotic fluid (AF) carries 
proteins and or peptide(s) that can support organogenesis 
and offer a natural immune response against infections, and 
the chorionic villi (CV) has an important role in fetomaternal 
exchanges.2 The chemical and cellular composition of this en-
vironment changes as pregnancy progresses, especially during 
the 3 gestational inflammatory phases, suggesting their cru-
cial role(s) in protecting and supporting the overall molecular 
and cellular machinery required for embryo development.3 
While specific mechanisms exploited by mesenchymal stem 
cells (MSCs) within the uterus to support tissue homeostasis 
are still under investigation (although homing toward the site 
of the lesion and the release of paracrine signals have been 
proposed), several studies have already proven the protective 
role of AF-derived MSCs isolated from women undergoing 
healthy pregnancy against the progression of congenital 
malformations, including spina bifida.4,5 In AF-MSC-treated 
groups the exposed spinal area was significantly smaller 
compared to the controls, concomitantly with a reduction in 
neural damage.

MSCs derived from fetal adnexa, such as CV and AF, pre-
serve the intermediate properties between adult stem cells and 
embryonic stem cells, which make them attractive tools for 
regenerative medicine purposes. More recently, such MSCs 
have been proposed as tools for the development of potential 
tumor treatments, as well as the production of factors that 
may be able to regulate the immune response.6,7

Potential MSC roles and functions in cancer are widely 
debated. Some scientists consider MSCs as carriers of 

cancer-growth-related factors, sustaining the MSC pro-tumor 
activity; others have proposed evidence attributing an anti-
tumor potential, due to their capability to inhibit the pro-
gression of different cancer-related pathways.8 In both cases, 
the main players in the communication mechanisms exploited 
by MSCs to modulate cancer cell responses, are thought to 
be the paracrine factors they release.9,10 They include the ex-
tracellular vesicles (EVs) and soluble factors (such as growth 
factors, angiogenic factors, and signaling molecules) which 
have been shown to play a key role in cell-to-cell commu-
nication process.11,12 EVs, include exosomes (EXO), nano-
scopic particles with a lipid/protein shell that confers inherent 
targeting properties and protect the cargo, constituted by 
coding and non-coding RNAs with the potential to acti-
vate specific phenotypes in recipient cells.13,14 The chemical 
and molecular composition of EVs change according to the 
physiological state and origin of the producer cell, as well 
as upon exposure to specific environments, meaning that by 
modulating the microenvironment, whether natural or artifi-
cial, it is possible to influence EV features and ultimately their 
function.13,15 Based on this premise, together with the fact that 
the environment created within the placenta during embryo-
genesis contributes to reducing the frequency of aberrations 
that drive tumorigenesis, we hypothesize that by under-
standing the mechanisms exploited by MSCs from tissues 
harvested at different gestational stages, the AF and CV, it is 
possible to identify key components useful for the develop-
ment of naturally inspired anti-cancer therapeutics.

In this study, we demonstrate the anti-tumor potential of 
MSCs derived from AF- and CV in cell models of High Grade 
Serous Ovarian cancer. First, we analyzed their transcriptomic 
profile (genes and lncRNA) looking for factors potentially in-
volved in checkpoint and cancer differentiation processes in 
target cells, indicating they may be able to play an important 
role in the cancer maintenance, proliferation, and response to 
therapy.16 Second, to validate our hypothesis and mechanism 
dependence, we performed functional assays to show the 
anti-cancer effect the CM from AF- and CV-MSCs plays by 
using ovarian cancer cells, SKOV-3, and OVCAR-3. To better 
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characterize the role of the paracrine signals produced by AF- 
and CV-MSCs on tumor cells, we isolated EXOs from the 
conditioned media, from each cell line, and assessed their po-
tential to inhibit cellular proliferation and induce apoptosis, 
in SKOV-3 and OVCAR-3 cells.

Materials and methods
Cell lines and cultures
Human chorionic villi (CV) and amniotic fluid (AF) samples 
for MSC isolation were obtained from healthy pregnant 
women undergoing chorionic villus sampling and amniocen-
tesis at the Cytogenetic Laboratory Children’s Hospital Salesi 
(Ancona, Italy) upon informed written consent for their use for 
research purposes. The study was approved by the Regional 
Institutional Review Board (Comitato Etico Regione Marche) 
and was conducted in accordance with the Declaration of 
Helsinki. To obtain MSCs, samples were processed as follows. 
CVs were carefully separated from maternal decidua using 
sterile fine forceps to avoid contamination, washed with 
1× phosphate-buffered saline (PBS) to remove any blood 
clots, and subjected to mechanical treatment to obtain small 
fragments (approximately 3 mm2 in size). Subsequently, they 
were transferred into flasks where the cells were allowed to 
adhere and migrate out of the tissue. AF-MSC samples were 
obtained from AF (10 mL) and centrifuged at 1200g for 10 
minutes at room temperature (RT). The supernatant was 
discarded, and the pellet was washed with PBS to remove 
any blood clots. This procedure was repeated until the pellet 
had a clear color. After the cells were cultured in Chang C 
medium (Irvine Scientific, CA, USA) containing 88% αMEM 
(Minimum Essential Medium Eagle Alpha Modification; 
Sigma),10% FBS, 1% GlutaMAX, 100 U/mL penicillin/strep-
tomycin (PS) (Sigma-Aldrich), 10% Chang B Basal Medium, 
and 2% Chang C supplement (Irvine Scientific) at 37 °C and 
5% CO2. Upon isolation, AF- and CV-MSCs were maintained 
in Standard Culture Medium constituted by High Glucose-
Dulbecco’s Modified Eagle Medium (HG-DMEM) (Thermo 
Fisher Scientific) supplemented with 10% fetal bovine serum 
(FBS) (Thermo Fisher Scientific), 1% l-glutamine and 100 U/
mL PS solution (Sigma–Aldrich).

Ovarian cancer cell lines (SKOV-3 and OVCAR-3) were 
purchased from ATCC. SKOV-3 cells were cultured in 
MCCoy’s 5A media (Sigma–Aldrich) supplemented with 10% 
FBS (Thermo Fisher Scientific), 1% l-glutamine, and PS. The 
OVCAR-3 cell line was cultured in Roswell Park Memorial 
Institute (RPMI-1640) media (Thermo Fisher Scientific) 
supplemented with 20% FBS, 1% l-glutamine, and PS. All 
cell cultures were maintained in incubator at 37 °C with 5% 
CO2. The medium was changed twice per week or according 
to the experiment requirements.

Characterization and proliferation of AF- and 
CV-MSCs
Morphology
AF- and CV-MSC morphology was evaluated through fluo-
rescence microscopy (Olympus BX51 with SPOT Advanced 
software). ActinGreen (Life Technologies) and Hoechst 
(Sigma-Aldrich) were used to specifically highlight the cyto-
skeleton and nucleus, respectively. Briefly, cells were seeded at 
1.4 × 104/well in 300 µL in 8 chamber-slide (Corning BioCoat 
CultureSlides) and let adhere. Cells were then washed twice 

in PBS and fixed with 4% paraformaldehyde (PFA) in PBS 
for 15 minutes. Subsequently, cells were washed another 3 
times in PBS. Cells were then permeabilized with 0.1% Triton 
(in PBS) for 10-15 minutes and washed for a further 3 times 
wash. MSCs were subsequently blocked in 1% bovine serum 
albumin (BSA) in PBS for 30 minutes at RT. Cells were then 
incubated with ActinGreen for 20 minutes and with Hoechst 
for 5 minutes, at RT. Slides were kept in the dark until obser-
vation started.

Cell growth
AF- and CV-MSC growth was evaluated at passage 2 (P2) 
in 3 biological replicates. MSC were plated at density 104 
cells/well into 12-well tissue culture polystyrene dishes 
(EuroClone). Every 2 days, for 15 days, cells were trypsinized 
and counted by using trypan blue exclusion dye method to 
evaluate the number and percentage of viability.

Colony forming unit-fibroblast (CFU-F) assay
AF- and CV-MSCs were seeded at P2 passage at different 
densities (1.5 × 10³, 3 × 10³, 4.5 × 10³ cells/cm2) in 6-well 
plates and cultured for 2 weeks as reported. Colonies were 
subsequently fixed with 1% PFA, stained with Giemsa at 
RT, and washed. Colonies formed by 15-20 nucleated were 
counted with inverted microscope (Meiji Techno).

Expression of MSC-associated markers
AF- and CV-MSCs were analyzed at P2. For flow cytometry 
analysis, cells were trypsinized, washed in PBS, and fixed 
with 75% ethanol overnight at −20 °C. Cells were subse-
quently centrifuged at 700g for 7 minutes, washed in PBS, 
and incubated for 20 minutes in 0.5% BSA in PBS to block 
all the non-specific sites. Aliquots containing 5 × 105 cells 
each were resuspended in PBS and centrifuged at 500g for 
5 minutes at 20 °C. The supernatant was then discarded, 
and cells were stained with fluorescently labeled antibodies 
following manufacturers’ instructions. The following di-
rectly conjugated antibodies were used: phycoerythrin (PE)-
conjugated ecto-5ʹ-nucleotidase (PE-CD73; Biolegend), 
fluorescein isothiocyanate (FITC)-conjugated thymocyte dif-
ferentiation antigen 1 (FITC-CD90; Biolegend) and the gly-
coprotein CD44 (FITC-CD44; Biolegend), allophycocyanin 
(APC)-conjugated for integrin b1 (APC-CD29; Biolegend). 
Incubation was performed for 45 minutes at RT in the 
dark. Cells were washed twice with filtered PBS to remove 
antibodies in excess and for each sample was detected 10 
000 events using Guava Easycyte Millipore flow cytometer 
with GuavaSoft 2.2.3 software. For both cell lines, the con-
trol group (represented by unstained cells) was compared 
to its treated (represented by stained cells). Gene expression 
analysis was performed on AF-MSCs to determine the ex-
pression of pluripotent (Nanog and Oct-4)-, mesenchymal 
(Cd105, Cd90, Cd44, and Cd73), hematopoietic (Cd45 and 
Cd34)-associated markers. Total RNA was extracted from 
cells using TRI Reagent (Sigma–Aldrich, St. Louis, Missouri, 
United States) according to the manufacturer’s instructions. 
RNA concentration and purity were measured by Nanodrop 
Spectrophotometer (Nanodrop ND1000). cDNA was 
synthesized from 500 ng total RNA using a PrimeScript 
RT-Reagent Kit (Takara). Gene expression was evaluated 
using human-specific oligonucleotide primers (Table 1,17). 
Primers used were designed using open-source Primer-
BLAST, across an exon–exon junction to avoid genomic 
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DNA amplification and make manual corrections to make 
better amplification. Quantitative PCRs were performed 
with SYBR green method in a StepOneTM Real-Time 
PCR System, StepOne cycler software v2.3. Triplicate PCR 
reactions were carried out for each sample analyzed. Human 
glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was 
employed as a reference gene in each sample to standardize 
the results by eliminating variation in cDNA quantity.

MSC differentiative potential
To test their multipotent differentiative potential, AF- and 
CV-MSCs at P3 were seeded at a density of 1 × 103/cm2 in 
6-well tissue culture dishes. For osteogenesis, cells were cul-
tured in HG-DMEM, supplemented with 10% FBS, 100 U/mL 
penicillin, 100 μg/mL streptomycin, 0.25 μg/mL amphotericin 
B, 2 mM/L l-glutamine, 10 mM β-glycerophosphate (Sigma, 
50020), 0.1 μM dexamethasone (Sigma, D2915), and 250 
μM ascorbic acid (Sigma, A8960). For adipogenic differen-
tiation, cells were cultured in HG-DMEM, supplemented 
with 10% FBS, 100 U/mL penicillin, 100 μg/mL strepto-
mycin, 0.25 μg/mL amphotericin B, 2 mM/L l-glutamine, 
10 μg/mL insulin (Sigma I-6634), 150 μM indomethacin 
(Sigma I-7378), 1 μM dexamethasone, and 500 μM IBMX 

(3-isobutyl-methyl-xanthine, Sigma I-7018). Induced cells 
were incubated for 2 weeks at 38.5 °C with 5% CO2. Non-
induced control cells were cultured for the same time with 
standard medium (HG-DMEM supplemented with 10% FBS, 
100 U/mL penicillin, 100 μg/mL streptomycin, 0.25 μg/mL 
amphotericin B, 2 mM/L l-glutamine). The presence of cal-
cium deposits in differentiated cells was verified after 14 days 
of induction by Alizarin Red staining, whereas Oil Red O 
staining was used to identify lipid droplets in the cytoplasm. 
Expression of specific genes was performed as reported in 
Expression of MSC-associated markers section to confirm the 
occurred differentiation.

RNA sequences analysis by Next Generation 
Sequencing
RNA extraction and quality check
Total RNA was extracted from AF- and CV-MSCs at P2 using 
the total RNA Purification Plus Kit (Norgen) and processed by 
the Functional Genomic Center (University of Verona, Italy). 
RNA concentration and integrity were assessed using the 
RNA 6000 Nano Kit (Agilent Technologies). RNA samples 
showed an integrity number (RIN) > 9 [17].

Table 1. Nucleotide sequence, melting temperature, and transcript length of primers used to evaluate the expression of mesenchymal, hematopoietic, 
and pluripotent genes.

Gene Sequences (5ʹ→3ʹ) Tm (°C) Product size (bp)

Mesenchymal markers

CD44 molecule (Cd44) S: GGAGCAGCACTTCAGGAGGTTAC
A: GGAATGTGTCTTGGTCTCTGGTAGC

63 129

5ʹ-Nucleotidase, ecto (Cd73) S: GCTCTTCACCAAGGTTCAGC
A: GTGGCTCGATCAGTCCTTCC

59 203

Thy-1 cell surface antigen (Cd90) S: CTTTGGCACTGTGGGGGTGC
A: GATGCCCTCACACTTGACCAG

61 211

Endoglin (Cd105) S: CCTGGAGTTCCCAACGGGCC
A: GGCTCTTGGAAGGTGACCAGG

62 186

Hematopoietic markers

CD34 molecule (Cd34) S: GTGTCTACTGCTGGTCTTGG
A: CAGTGATGCCCAAGACAGC

58 200

CD45 molecule (Cd45) S: GACAACAGTGGAGAAAGGACG
A: GCTGTAGTCAATCCAGTGGGG

60 170

Pluripotent markers

Pou class 5 homeobox 1 (Oct-4) S: CGATCAAGCAGCGACTATGC
A: AGAGTGGTGACGGAGACAGG

60 200

Nanog homeobox (Nanog) S: GCAAGAACTCTCCAACATCC
A: GGTCTGGTTGCTCCACAT

56 178

Differentiation (osteogenesis and adipogenesis) markers

RUNX family transcription factor 2 (Runx2) S: GGTTAATCTCCGCAGGTCACT
A: CACTGTGCTGAAGAGGCTGTT

60 143

Bone gamma-carboxyglutamate protein (Bglap) S: TCACACTCCTCGCCCTATTG
A: TCGCTGCCCTCCTGCTTG

68 78

Adiponectin (Adipoq) S: CCCAAAGAGGAGAGAGGAAGCT
A: GCCAGAGCAATGAGATGCAA

60 73

Leptin (Lepr) S: CCAAAACCCTCATCAAGACAATT
A: AGTCCAAACCGGTGACTTTCTG

58 90

Reference gene

Glyceraldehyde-3-phosphatase dehydrogenase (Gapdh) S: TCCACTGGCGTCTTCACC
A: GGCAGAGATGATGACCCTTT

68 78

S = sense primer, A = antisense primer, Tm = melting temperature, bp = base pairs.
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RNA-seq library preparation
RNA-seq library preparation was performed using the TruSeq 
stranded mRNA kit (Illumina) from 1 μg of RNA per sample. 
Library size was assessed by capillary electrophoretic analysis 
with the Agilent 4200 Tape station. RNA libraries were analyzed 
on an Illumina NextSeq 500 sequencer using 75nt single reads. 
The quality of the reads was checked using software FastQC 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), 
discarding those reporting more than 50 bp with low scores. 
Subsequently, through the software Scythe (https://github.com/
vsbuffalo/scythe) adaptor contamination was removed, and the 
reads showing low-quality ends were trimmed or removed using 
the software Sickle (https://github.com/vsbuffalo/sickle). Filtered 
reads were aligned to the Human reference genome GRCh38 
using HISAT2 [15]. Gene count normalization and differential 
analysis were performed using the R bioconductor package 
DESeq2,18 contrasting AF-MSC samples (x3) with CV-MSC (x3) 
for all transcripts samples. Raw and processed data are deposited 
in the Gene Expression Omnibus (GEO) database with acces-
sion number GSE240855. Protein-coding genes and long non-
coding RNAs were selected from the differential analysis results 
for further analysis. Genes that exhibited high expression in both 
AF-MSCs and CV-MSCs. Transcripts with high expression in 
both MSC populations were identified by finding genes without 
significant differential expression (P adjusted > .05) and having 
total normalized gene counts of > 100.

Secretome analysis
A list of 1904 predicted secreted proteins was obtained from 
the human protein atlas (HPA) by querying the protein class 
for “Predicted secreted proteins.”19 Differential analysis 
results for “secretome” transcripts were selected from the 
total differential analysis.

Principle component analysis
Principle component analysis was performed on the 
normalized gene counts using R prcomp function. Results 
were plotted using ggplot2 R package.

Heatmap and volcano plot
Differentially expressed genes (DEGs), heatmap, and vol-
cano plots between AF- and CV-MSCs were created using 
ggplot2 package. The criteria of DEGs were adjusted P-value 
(Padj) < .05 and |log2 fold change| > 1.

Pathway and gene ontology
Significantly enriched pathways for DEGs between AF-MSCs 
and CV-MSCs secretome genes and genes with common high 
expressions were identified using the WebGestaltR package 
to perform gene set enrichment analysis (ORA). All HPA 
secretome genes were used as background for protein-coding 
and secretome analyses respectively. ORA analysis was ap-
plied to KEGG,20 GO biological processes21, and mSigDb 
onco hallmarks.22 Lnc-related enriched KEGG pathways for 
upregulated, downregulated, and common highly expressed 
lncs were identified using lncPath package.23

Effect of the media conditioned by AF- and 
CV-MSCs on ovarian cancer cell viability
Conditioned media preparation
Conditioned media was collected from AF- and CV-MSCs at 
passages from 1 to 4. Briefly, MSCs were cultured at the density 

of 1 × 104 cell/cm2 in standard culture medium until 70% of 
confluence. The media then was replaced with standard me-
dium containing exosomes depleted FBS and cultured for 
additional 48 hours. At the end of the culture period, CM 
was collected, centrifuged at 500g, filtered through a 0.45 μm 
pore size, and kept at −80 °C until use.

Cell viability in 2D conditions
The effect of CM obtained by AF- and CV-MSCs was 
evaluated on SKOV-3 and OVCAR-3, through RealTime-
Glo MT Cell Viability Assay (Promega). Briefly, SKOV-3 and 
OVCAR-3 cells were plated in 96-well plates at the density 
of 1 × 103 and 5 × 103 cells/well, respectively. Cells were sub-
sequently exposed to AF-CM and CV-CM for 72 hours and 
analyzed following manufacturer’s indications. Experiments 
were performed in 3 independent biological replicates and the 
results expressed in percentage (%) were compared to control 
groups represented by untreated cells.

Cell viability in 3D conditions
The cytotoxic effect of the CM obtained from AF- and 
CV-MSCs on cancer cells was also evaluated using 3D cul-
ture system, through the CellTiter-Glo 3D Cell Viability 
Assay (Promega, Madison). Spheroids were generated from 
both ovarian cancer cell lines plated at 5 × 103 cells/well in 
spheroid microplate 96-well plates (Corning Incorporated) 
over a 24-hour period. Cells were then treated with AF- and 
CV-CM for 72 hours and analyzed following manufacturer’s 
indications. Experiments were performed in 3 independent bi-
ological replicates and the results expressed in percentage were 
compared to control groups represented by untreated cells.

Effect of AF- and CV-MSC CM on ovarian cancer 
spheroid formation
AF- and CV-CM effects on cancer cells (OVCAR-3 and SKOV-3) 
spheroids formation and maintenance were evaluated following 
3 methods of exposure: Method 1. Cancer cells exposure to CM 
before spheroid formation. Method 2. Cancer cells exposed to 
CM after spheroid formation (conventional method). Method 3. 
Cancer cells exposed to CM during spheroid formation. Briefly, 
Method 1: OVCAR-3 and SKOV-3 were plated 1 × 103 and 
5 × 103 cells/cm2, respectively, in 24-well plates and let adhere. 
After 24 hours, spheroids were treated with CM for 72 hours. At 
the end of the treatment period cells were trypsinized and plated 
in spheroid microplate 96-well plates (Corning Incorporated) 
for 24 hours. Method 2: Cells were plated at 5 × 103 cells/well 
in spheroid microplate 96-well plates. After 24 hours spheroids 
were treated with AF- and CV-CM for 72 hours. Method 3: 
Cancer cells were plated at 5 × 103 cells/well spheroid microplate 
96-well plates and incubated with CM for 72 hours. Spheroids 
obtained from each experimental condition were imaged. At 
least 3 different independent spheroids were captured by using 
light microscopy (Zeiss Primo Vert). The images were captured 
at 4× magnification, and their morphological parameters were 
analyzed using free-source AnaSP software after making binary 
masks of spheroids images through MATLAB software.

Isolation and characterization of exosomes from 
AF- and CV-MSCs
Exosomes isolation
Exosomes were isolated from AF-CM (AF-EXO) and CV-CM 
(CV-EXO) using the ExoQuick-TC (System Biosciences) 
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according to manufacturer instructions. Briefly, CM was col-
lected and subjected to serial centrifugations at 3000g for 
15 minutes to remove cells and debris. The supernatant was 
recovered and used for the extraction. ExoQuick-TC reagent 
was added to the media and mixed by inverting the tubes 
several times. The mixture was incubated overnight at 4 °C 
and centrifuged at 3000g at 4 °C. Isolated exosomes were 
resuspended in 0.2 µm-filtered PBS buffer and kept at −80 °C 
until further experiments.

Nanoparticle tracking analysis (NTA)
Exosome (EXO) concentration and size were analyzed 
in scatter mode by Nanoparticle Tracking Analysis 
(ParticleMetrix) with ZetaView software. Briefly, EXO sus-
pension obtained from AF- and CV-MSCs was diluted 1/10 in 
PBS. To detect EXO in the recommended margin (50-200 nm 
particles) the setting instrument had 50 and 70 for sensitivity 
and shutter, respectively. In addition, the specifical features 
used to collect data (size distribution and concentration) were 
30 frames/seconds for 11 positions.

Scanning electron microscopy
In the process of analyzing EXO using a scanning electron 
microscope (SEM), 5 μL of the sample at a concentration 
of 1 × 109 particles per milliliter was deposited onto silicon 
wafer chips (Ted Pella Inc., United States). These chips were 
pre-functionalized for 2 hours with 1% (3-aminopropyl) 
triethoxysilane (Sigma–Aldrich, United States) in ethanol, with 
the addition of 1% distilled water for catalysis. Subsequently, 
the chips loaded with samples underwent 3 cycles of 10 μL 
ethanol deposition and a final deposition of 50% butanol. 
Each deposition was carefully absorbed using wipes (Kimtech 
Science, United States), and all fluids were thoroughly dried 
by blowing air. A 2 × 2 cm Petri dish piece was mounted with 
double-side carbon tape (Ted Pella Inc., United States) on an 
aluminum SEM stub (Ted Pella Inc., United States). A Nava 
Nano SEM 230 (Thermal Fisher, United States) was used to 
image samples. All SEM experiments were performed at RT 
(22 °C) and under a high vacuum range (5 × 106 to 2 × 106 
Torr). The accelerator voltage was set at 5-7 kV for imaging. 
The electron beam spot-size was set at 3 nm and the working 
distance was 5 mm.

Effect of AF- and CV-EXO on ovarian cancer cells
Exosome internalization by cancer cells
To track them upon internalization AF- and CV-EXO were 
stained with Vibrant DiD cell labeling solution (Thermo Fisher 
Scientific) following manufacturer’s instructions. Briefly, 100 
µL of exosome suspension was stained with 0.5 µL of Vibrant 
DiD (1:200 dilution) and incubated for 20 minutes at 37 °C 
in the dark. Fluorescently labeled-EXO was administered to 
SKOV-3 and OVCAR-3 cells 105 exosomes. Internalization 
was confirmed by confocal microscopy LSM-710 microscope 
(Carl Zeiss) after 24 hours of exposure.

Cytotoxic effect of exosomes on ovarian cancer cells
The effect of AF- and CV-EXO on SKOV-3 and OVCAR-3 
cells was evaluated by RealTime-Glo Annexin V Apoptosis 
and Necrosis Assay (Promega). Briefly, cancer cells were 
seeded in 96 well/plate at the concentration of 1 × 103/well 
and 5 × 103/well, respectively, and let adhere. Subsequently, 
they were treated with 106 AF- or CV-EXOs for 72 hours. 

Annexin V and necrosis detection components were then pre-
pared following the manufacturer’s indications to evaluate 
any apoptotic effect induced by the exosomes. Emitted lumi-
nescence signal of the annexin V binding and molecular factor 
related to necrosis was detected with a plate-based multimode 
reader. As positive control, Staurosporine (Sigma–Aldrich) at 
2 nM concentration was used. The apoptotic processes were 
monitored and recorded every 24 hours by Spectrophotometer 
(SPECTROstar Omega) using MARS data analysis software. 
Early (luminescent signal) and late (fluorescent signal) ap-
optotic cells were expressed in percentage compared to un-
treated cancer cells (CTRL).

Statistical analysis
Statistical analysis was performed using GraphPad Instat 
3.00 for Windows (GraphPad Software). Three biological 
replicates for each experiment (viability, differentiative poten-
tial, apoptosis, spheroid analyses, and NTA) were performed 
and the results are reported as average ±  SD. One-way anal-
ysis of variance for multiple comparisons by the Student–
Newman–Keuls multiple comparison test was used to assess 
differences between groups. Differences were considered sta-
tistically significant for P values < .05.

Results
Isolated AF- and CV-MSCs display typical MSC 
features
Upon isolation, comprehensive characterization of AF- and 
CV-MSCs was performed in terms of morphology, prolif-
eration, and expression of specific mesenchymal markers. 
MSCs from different sources display distinctive shapes, with 
cobblestone-like morphology for AF-MSC and fibroblast-like 
one for CV-MSCs (Figure 1A). Growth curves show AF- and 
CV-MSCs display similar lag phase (3 days). During the ex-
ponential growth phase (log phase 3-13 days) both cell lines 
exhibited variable proliferative trends (Figure 1B). CV-MSCs 
showed statistically significantly increased proliferation 
compared to AF-MSCs from days 3 to 9 (P < .05). At day 12 
AF-MSC growth becomes more robust, reaching an almost 
3-fold increase compared to their CV counterparts (P < 0.01). 
Both cell lines demonstrate clonogenicity (Table 2), as shown 
by directly correlation between the increase in CFU frequency 
and the increase in cell seeding density. Flow cytometry, in 
both cell lines, revealed a high positivity for MSC-associated 
markers, including CD29, CD73, CD90, and CD44 (97% ± 
2 on average, Figure 1C). Molecular analysis confirmed typ-
ical mesenchymal phenotype, with expression of pluripo-
tent (Nanog, Oct-4)- and adult MSC (Cd73, Cd90, Cd44, 
Cd105)-markers. No blood cell contamination was detected, 
as demonstrated by the lack of expression of the hematopoi-
etic markers (Cd34 and Cd45) (Figure 1D).

AF and CV-MSCs show differentiative potential
Before proceeding with transcriptomic analyses, AF and 
CV-MSC samples were also tested for differentiative potential 
(Figure 1E). Over 2 weeks of culture in osteogenic induction 
medium, both cell lines distinctly changed their morphology 
and were surrounded by calcium deposits positive to von 
Kossa staining. Expression of osteogenesis-associated genes 
confirmed the occurred differentiation in both cell types 
(Figure 1E, a) with CV-MSCs showing a more marked spec-
ification process. Expression of the transcription factor 
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Figure 1. AF- and CV-MSC characterization. (A) Representative fluorescent microscopy images showing CV- and AF-MSC morphology. F-actin 
structures highlighted by ActinGreen staining and nuclei by Hoechst. 20× magnification, scale bar = 10 μm. (B) Growth curves obtained from AF- and 
CV-MSCs over a 15-day period. Results are reported as average of 3 biological replicates ± SD. (C) Percentage of cells positive for the MSC-associated 
markers studied (CD29, CD73, CD90, and CD44) in AF- and CV-MSCs as revealed by flow cytometric analysis. Results are presented as average of 3 
biological replicates ± SD. (D) Heatmap showing the results obtained from quantitative PCR analysis performed to evaluate pluripotent (Nanog, Oct4), 
mesenchymal (Cd73, Cd90, Cd44, and Cd105), and hematopoietic markers in AF- and CV-MSCs at passage P2. Expression levels normalized to the 
internal control, Gapdh (n = 3). (E). AF- and CV-MSC osteogenic (a) and adipogenic (b) differentiation after 14 days of induction. Osteogenesis was 
confirmed by Alizarin Red staining to highlight mineral deposition and adipogenesis by Oil-red-O positive cytoplasmic neutral lipids. Expression levels 
of osteogenic markers, (Runx-2 and Bglap) and (Lepr and Adipq) were determined by quantitative qRT-PCR. Data were normalized to the reference 
gene (Gapdh) and represented as fold-change compared with the expression untreated AF- or CV-MSCs. Values are mean ± SD (n = 3). Asterisks depict 
significance (*P < 0.01).
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Runx-2 was assessed around 2.16 ± 0.33 and 7.08 ± 1.23 for 
AF- and CV-MSCs, while the expression of the osteogenic 
marker Bglap showed values assessed around 5.09 ± 1.8 and 
9.93 ± 1.32, respectively. In controls, the same changes were 
not observed. Both cell lines were found to differentiate into 
adipocytes (Figure 1E), as shown by the presence of lipid 
vacuoles. Gene expression confirmed occurred differentiation 
and significant extents between the 2 cell lines. Expression 
of the transcription factor Adipq was found to be signifi-
cantly increased compared to control, with values assessed at 
6.32 ± 1.62 and 11.54 ± 2.47 for AF and CV-MSCs, respec-
tively, while the expression of the adipogenesis-associated 
marker Leptin was found to be 3.55 ± 1.00 and 4.52 ± 1.034 
for the same samples.

Transcriptomic analysis
RNA extraction and quality check
RNA samples extracted from AF and CV-MSCs showed an 
integrity number (RIN) > 9, with no significant difference 
in raw and aligned reads obtained across the 3 biological 
replicates, confirmed by ANOVA (>0.99). As reported in 
Table 3, ~31 million reads were considered for each sample 
with filtered reads mapped to ~99% of the Human reference 
genome used (GRCh38).17

Protein-coding differential gene expression analysis
PCA analysis of normalized gene expression, for protein-
coding genes, shows a clear separation of AF-MSC and 
CV-MSC samples (Figure 2A). Differential analysis of RNA-
seq data comparing AF-MSCs with CV-MSCs reveals 2505 sig-
nificantly upregulated and 1901 significantly downregulated 
protein-coding genes (P adjusted < .05) (Figure 2B). In ad-
dition, we found 5226 genes that have high expression in 
both AF- and CV-MSC samples. The top 30 up and down-
regulated protein-coding genes, from AF- and CV-MSCs, are 
shown in Figure 2C. Performing pathway analysis for sig-
nificantly dysregulated genes did not reveal any significantly 
enriched pathways.

Differential analysis of secreted protein-coding genes
To understand the effect which these cell types may have on 
surrounding cells and tissue, we isolated proteins in the dif-
ferential expression results which are known to be secreted 
by cells, (ie, the secretome) from our protein-coding gene 
selection. PCA analysis of normalized gene expression for 
secretome genes still showed a clear separation between 
AF- and CV-MSCs (Figure 3A). We found that 245 and 174 
genes encoding secreted proteins are significantly up and 
downregulated respectively, as shown in Figure 3B. A further 

269 have high expression levels in both cell types. The top 
30 up and downregulated genes are shown in Figure 3C. 
For genes that exhibit high expression in both MSC types, 
we found pathways enriched related to angiogenesis, reg-
ulation of inflammatory response, regulation of endothe-
lial cell proliferation pathways, and TGF pathways (Figure 
4A). Interestingly, significant enrichment of Wnt signaling 
was observed. Specifically, pathway analysis of dysregulated 
and commonly expressed genes revealed enrichment of cell 
growth and TGF pathways, in the upregulated AF secreted 
proteins. Negative regulation of pathways linked to cellular 
component movement, negative regulation of transmem-
brane receptor protein serine/threonine kinase signaling 
pathway, and positive regulation of angiogenesis pathways, 
were enriched in the upregulated CV-secreted proteins 
(Figure 4A).

Long non-coding (lnc) RNAs
The dysregulated lncRNAs found were mapped between 
AF-MSCs and CV-MSCs, showing high expression in 
both cell types. Subsequent KEGG pathway analysis was 
performed, to understand how lncRNAs secreted by these 
cells may regulate the function of neighboring cells and 
tissues (Figure 4B). Cell cycle, apoptosis, and TGF pathways 
were again enriched for, in lncRNAs highly expressed in 
both cell types. Interestingly, we found an enrichment of sev-
eral cancer-related pathways in lncRNAs upregulated in the 
AF-MSC samples, as well as gap junction proteins. While 
chemokine signaling and B-cell receptor pathways were 
enriched in upregulated CV-MSC lncRNAs (Supplementary 
Table S1).

PCA analysis of lncRNAs in both cell types shows a clear 
separation between AF- and CV-MSCs (Figure 5A). Further, 
1156 non-coding RNAs show a high expression in both cell 
types with 914 and 842 antisense and lncRNA respectively 
(Supplementary Table S2). We find that 258 and 180 lncRNAs 
are significantly up and downregulated respectively, as shown 
in Figure 5B. The top 30 up and downregulated lncRNAs are 
shown in Figure 5C.

AF- and CV-CM impair ovarian cancer cell viability 
in 2D and 3D culture systems
Treatment with CM derived from AF- and CV-MSCs had an 
impact on SKOV-3 and OVCAR-3 cell lines, reducing their 

Table 2. Clonogenicity potential of AF- and CV-MSCs as revealed by the 
colony forming unit-fibroblast like (CFU-F) assay.

Cell type Cell density/cm2

(×103)
Total cells
(×103)

CFU-F 1 CFU each
(×103)

AF-MSCs 1.5
3.0
4.5

12.3
28.5
42.7

2.5 ± 0.7
4.0 ± 0.4
10.5 ± 0.7

7.1
5.7
4.2

CV-MSCs 1.5
3.0
4.5

14.7
55.0
85.0

4.0 ± 1.4
7.5 ± 0.4
12.5 ± 0.7

15.8
11.8
12.6

Table 3. Gene reads obtained during the NGS analysis of amniotic fluid 
(AF-MSCs) and chorionic villi (CV-MSCs) isolated from women.

Cell type Total
reads

Mapped
reads
(%)

Unique
mapping
(%)

Multimapping
reads (%)

AF-MSCs 31,636,889
32,260,591
32,892,229

98.99
99.01
99.01

90.72
90.68
90.76

8.27
8.32
8.25

CV-MSCs 32,119,080
29,440,066
330875473

99.04
99.02
99.03

91.24
90.16
90.76

7.81
8.86
8.27

Raw and aligned reads indicate the reads before and after the 
bioinformatics processes, respectively. 3 biological replicates were 
considered in the analysis.
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viability. As shown in Figure 6A, a significant decline was 
observed in both cell lines following 72-hour exposure to 
AF- and CV-CM, with 98% ± 1.5 and 85.5% ±3 reductions 
for SKOV-3 cells, respectively (P < .05). A similar trend was 
observed in OVCAR-3 with a reduction of 88% ± 1.7 and 
88% ± 6.4 (P < 0.01) and for AF- and CV-CM, compared 
to untreated cells (CTRL). Stem cell standard culture me-
dium (media only group) also affected cancer cell viability, 
with a reduction of 57% ± 2 for SKOV-3 and 63% ± 1.8 for 
OVCAR-3. When the effect of AF- and CV-CM was evaluated 
in 3D, a similar trend was displayed (Figure 6B). In SKOV-3 
a significant (P < .01) reduction was revealed after exposure 
to AF-CM, assessed around 56% ± 8.2 compared to CTRL 
which was not evident in CV-CM. On the other hand, the 
reduction of cell viability in OVCAR-3 cells was 42.4% 
± 9. 27% ± 3.7, and 16% ± 13 for AF-CM and CV-CM 
compared to CTRL. Spheroids exposed to only media did 
not show a significant reduction in viability compared to 
the controls.

AF- and CV-CM affects spheroid formation, length, 
and sphericity
The analysis of the effect of AF- and CV-CM on SKOV-3 
and OVCAR-3 spheroids revealed significant changes in the 
area, length, and sphericity. In SKOV-3 significant (P < .05) 
and highly significant (P < .01) decrease of spheroid area 
following the treatment with AF-CM was noted, with 
3400.83 ± 63.41 μm2 and 6360 ± 1532.9 μm2 for Method 
1 and Method 2, respectively, compared to untreated cells 
(CTRL) (Figure 6C). No significant differences were observed 
in spheroid area following the treatment with CV-CM except 
for a slight increase with Method 1. In OVCAR-3 cells, a sig-
nificant (P < 0.01) reduction in spheroid area and length has 
been observed following Method 1 and Method 2 with both, 
CV- and AF-CM treatment. In particular, the spheroid area 
decreases to approximately 1.7e4 ± 1919.3 and 1.8e4 ± 971.9 
μm2 for CV- and AF-CM, respectively, with Method 1, and 
1.1e4 ± 4392.4 and 1.2e4 ± 1646.1 μm2 for CV- and AF-CM, 
with Method 2. A similar trend is observed in terms of 

Figure 2. Transcriptome analysis reveals DEG between AF- and CV-MSCs. (A) PCA plot shows the separation between AF-MSC and CV-MSC samples 
and the similarity among the replicates. (B) Volcano plot displaying the log fold change and P-value of genes in AF samples against CV samples. 
Significantly upregulated downregulated genes are reported (Padj < .05). Genes where Padj > .05 are also shown. (C) Hierarchical clustering heatmap 
showing top 30 up and top 30 downregulated genes from all differentially expressed genes (P adjusted < .05) for AF- and CV-MSCs. Dendrograms show 
hierarchical clustering results.
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spheroid length (Supplementary Figure S1A). A significant re-
duction (P < .01 and P < .01) was observed after treatment 
with CV- and AF-CM following Method 1 (47.64 ± 10.7 and 
52.39 ± 3.2, respectively) while Method 2 recorded a decrease 
of 36.9 ± 9.2 and 35.6 ± 8.02 for CV- and AF-CM, respec-
tively (Supplementary Figure S1B). Both cell lines did not 
form spheroids following the exposure to AF- and CV-CM 
through Method 3, as demonstrated by the fragmented ap-
pearance of the spheroids shown in Figure 6D.

Exosomes derived from AF- and CV-MSCs 
differentially affect ovarian cancer cell viability and 
apoptosis
Exosomes derived from AF- (AF-EXO) and CV-MSC 
(CV-EXO) were characterized by NTA to determine con-
centration and size (Figure 7). No differences between AF- 
and CV-EXO were found in terms of size (Figure 7A), with 
values (expressed in nm) assessed around 117.42 ± 21 and 
125 ± 32 for AF- and CV-EXO, respectively. Through SEM 
analysis, 3-dimensional morphological images of EXOs from 

both cell types were generated showing a spheroidal shape 
(Figure 7B). A significant difference (P < .01) was observed 
in the number of exosomes released by the 2 cell lines, with 
2.17 × 1010 ± 1.10 × 109 in AF and 3.25 × 1010 ± 1.75 × 109 
for CV-MSCs (Figure 7C). Viability assays were repeated 
testing AF- and CV-EXOs on SKOV-3 and OVCAR-3 cells in 
2D and 3D culture systems. A significant reduction (P < .05) 
was induced in both cell lines by the exposure to AF-EXO, 
with values assessed around 27% ± 19.8 and 44.4% ± 1.6 
for SKOV-3 and OVCAR-3, respectively (Figure 7E). Seventy-
two hours of exposure to CV-EXO did not induce a signifi-
cant decrease in cell viability, for none of the ovarian cancer 
cell lines tested. A slight reduction in SKOV-3 cell viability 
was noticed in the 3D system tested following exposure to 
AF-EXO (24% ± 5.6) and CV-EXO (20% ± 12), compared 
to untreated cells (CTRL) (Figure 7F). An opposite response 
was found in OVCAR-3 cells, where an increase in cell via-
bility was evidenced after exposure to both, AF-EXO (20% 
± 8.7) and CV-EXO (5% ± 14) compared to CTRL. We next 
evaluated the effect of AF- and CV-EXO to induce apoptosis 
in ovarian cancer cells. Most SKOV-3 cells were found in late 

Figure 3. Differentially expressed secreted protein-coding genes. (A) PCA plot analysis of normalized gene expression for secretome genes shows a 
clear separation between AF- and CV-MSCs. (B) Volcano plot displaying the log fold change and P-value of expressed secreted protein in AF samples 
against CV samples. Significantly upregulated and downregulated genes are reported (Padj < 0.05). Genes where Padj > 0.05 are also shown. (C) 
Hierarchical clustering heatmap showing top 30 up and top 30 downregulated differentially expressed secreted protein-coding genes (P adjusted < .05) 
for AF- and CV-MSCs. Dendrograms show hierarchical clustering results.
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apoptosis following the treatment with exosomes, with an 
increase of 54% ± 11.8 and 53% ± 15.6 after exposure to 
AF-EXO and CV-EXO respectively, compared to CTRL (un-
treated cells) (Figure 7G). Only a small percentage of SKOV-3 
cells was revealed to be in early apoptosis upon exposure to 
AF-EXO, with an increase of 44% ± 30 in the luminescence 
signal (Figure 7H). Contrarily, OVCAR-3 cells showed an 
increase of 22% ± 21 and 20% ± 4.5 in the luminescence 
after treatment with CV- and AF-EXO, respectively.

Discussion
As a plastic cell population prone to altering or modulating the 
growth properties depending on the environment (ie, extra-
cellular matrix, surrounding cells) they are exposed to, MSCs 
contribute to tissue homeostasis, repair by supporting angio-
genesis, exerting an anti-apoptotic effect as well as modulating 
immune cell phenotypes.24 The important MSC role in cancer 
biology, however, is currently disputed, due to their ability to 
both suppress and/or promote cancer properties.25 MSCs iso-
lated from adult (bone marrow and adipose tissue) and pla-
cental (umbilical cord and amniotic fluid) tissues have been 
the focus of recent studies supporting their anti-tumor poten-
tial, with particular emphasis on ovarian cancer.24,26,27 In this 

work, we investigated the master regulators of the anti-tumor 
potential ascribed to MSCs in cells isolated from 2 therapeu-
tically relevant gestational tissues, AF and CV. Our data dem-
onstrate that the media conditioned by both cell lines contains 
not only pro-regenerative molecules (as widely established by 
the scientific community28) but also anti-tumor signatures.29 
Patient-derived MSCs underwent standard characterization 
in terms of morphology, proliferation, expression of estab-
lished MSC markers, and differential potential,30 which was 
followed by comparative transcriptomic analysis to evaluate 
their potential role in cancer regulation. Once confirmed AF- 
and CV-MSCs are good candidates against cancer initiation 
and progression, we tested their paracrine stimuli released as 
tools exert a cytotoxic effect on ovarian cancer cells. NGS 
analysis data showed a clear separation between the 2 cell 
lines analyzed, finding numerous genes highly expressed in 
both samples. DEGs analysis confirmed specific molecular 
traits for AF- and CV-MSCs, which align with the tissues and 
the time of gestation (between 15-20 and 10-13 weeks, respec-
tively) they are harvested from31 and depend on the role each 
of them play in supporting pregnancy.32 However, no signifi-
cant difference between the 2 cell lines was revealed by enrich-
ment pathways analysis performed on those DEGs, aiming 
to define evidence to support their differential anticancer 

Figure 4. Pathway analysis of differentially regulated secreted proteins and lncRNA. (A) The enriched pathways in secretome show several functions 
of regulation in the cells, also it reports crucial signaling pathways (WNT, TNF, and TGF-β) involved in AF- and/or CV-MSCs. (B) The enrichment of 
upregulated pathways for lncRNA shows several cancer-related pathways in AF- and/or CV-MSCs.
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potential. Our initial focus for the analysis was the genes 
encoding for secreted proteins, hypothesized to have a po-
tential effect on surrounding cells and tissues. Following this 
approach, KEGG pathways analysis highlighted in AF- and 
CV-MSCs 3 pathways, typically associated with MSCs, which 
are known as controllers of the inflammatory processes. They 
include Wingless/Integrated (WNT), Tumor Growth Factor-
beta (TFG-β), and Tumor Necrosis Factor (TNF) signaling 
pathways. The WNT family (with the specific involvement 
of the Wnt5a, Wnt10a, and Wnt2a genes) is known to con-
trol stem cell self-renewal and differentiation processes.33 
The TGF-β and TNF signaling pathways are well-known 
as immunosuppressive molecules able to activate epigenetic 
processes with the chromatin remodeling or the promotion of 
the DNA methylation.34 These pathways confirm the litera-
ture reporting MSCs as strong inhibitors of pro-inflammatory 
immune cell populations.35 On the other hand, these genes 
have been reported to play a role in numerous cancer 
types, including breast cancer,36 hepatoma,37 glioma,38 and 
ovarian cancer,39 where they exert a growth inhibitory effect 
through MSC-secreted prostaglandin E2 (PGE2), interleukin 

(IL)-6, indoleamine2,3-dioxygenase (IDO), TGF-β1, and ni-
tric oxide.38 The presence of these molecules has been con-
firmed by the enrichment GO BIO process we performed 
and according to literature produced by us and other groups, 
where they are considered as MSC-associated moieties in-
volved in regulation of the inflammatory response.40,41 In 
addition to this important function, the GO BIO process anal-
ysis also revealed pathways associated with angiogenesis reg-
ulation and endothelial cell proliferation, confirming MSCs 
role in gestational tissues to support embryo morphology and 
fetal development.42 Molecules involved in angiogenesis are 
also known to regulate cancer and in some cases their activa-
tion is dual16: they exhibit tumor suppressive effects at early 
stages (by inhibiting cell cycle progression and promoting 
apoptosis) and represent carcinoma progressive elements (by 
increasing tumor invasiveness and the metastasis).43,44 This is 
particularly true in the case of TGF-beta since it can act as a 
tumor suppressor or promoter.45

With the secretome analysis suggesting a potential anti-
cancer effect for AF- and CV-MSCs, the role of paracrine 
signals released by them was experimentally validated on 

Figure 5. Secretome analysis differentially expressed lncRNA. (A) PCA plot shows the similarity between samples. (B) Volcano plot displaying the log 
fold change and P-value of lncRNA in AF samples against CV samples. Significantly upregulated and downregulated genes are reported (Padj < 0.05). 
Genes where Padj > 0.05 are also shown. (C) Hierarchical clustering heatmap showing top 30 up and top 30 downregulated lncRNA (P adjusted < .05) 
for AF- and CV-MSCs. Dendrograms show hierarchical clustering results.
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Figure 6. Effect of the media conditioned by AF- and CV-MSC on ovarian cancer cell viability and spheroid formation. Cell viability for SKOV-3 and 
OVCAR-3 after 72-hour exposure to CM obtained from AF- and CV-MSCs (depicted as AF-CM and CV-CM, respectively) in 2D (A) and 3D (B) culture. 
Untreated cancer cells (CTRL) and cells exposed to standard stem cell media (media) were included for comparison. Data are shown as average 
of 3 independent biological replicates ± SD. (C) Area (in μm2) of spheroids produced by SKOV-3 and OVCAR-3 before (Method 1), after (Method 2), 
and during (Method 3) spheroid formation. Results are presented as average of 3 independent biological replicates ± SD. (*Significant and **highly 
significant differences with P < .05 and P < .01, respectively). (D) Representative brightfield images of fragmented spheroids produced by each cell line 
(SKOV-3 and OVCAR-3) upon exposure to AF- and CV-CM following Method 3.
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Figure 7. Effect of the exosomes produced by AF- and CV-MSCs on ovarian cancer cells. Size (in nm, A), morphology (B, from SEM imaging), and 
concentration (expressed as particles/mL, (C) of exosomes released by AF- and CV-MSCs (AF-EXO and CV-EXO, respectively). Size and concentration 
data obtained by NTA analysis. Data are presented as average of 3 biological replicates ± standard deviation. (D) Representative images showing the 
internalization into SKOV-3 and OVCAR-3 of fluorescently labeled AF-EXO. DAPI (nuclei), and DiD (exosomes, red). 10× and 20× Magnification, scale 
bar: 10 µm. SKOV-3 and OVCAR-3 cell viability (in percentage) after 72-hour exposure to AF-EXO and CV-EXO in 2D (D) and 3D (E) culture systems. The 
presence of cells in early apoptosis (F) was detected by a luminescent signal, whereas those in late apoptosis were identified by a fluorescent signal 
(G). Untreated cells and cells exposed to staurosporine were included as negative (CTRL) and positive controls, respectively. Data were expressed 
in percentage are represented as mean ± SD of 3 independent biological replicates compared to CTRL. Data is reported as average of 3 biological 
replicates ± SD (*P < .05, **P < .01).
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epithelial ovarian cancer cell lines (SKOV-3 and OVCAR-3) 
in 2D conditions. According to previously reported evidence 
on the cytotoxic effect of MSCs from other sources,39,46,47 
we observed a marked reduction in cell viability. This data 
could be correlated with an altered oxidative stress and a 
decreased mitochondrial membrane potential induced by 
MSCs in target cells,28 or to the presence of immunosuppres-
sive molecules (ie, interferon-gamma), which in turn pro-
mote cell apoptosis.45 When SKOV-3 and OVCAR-3 cells 
were exposed to the CM by AF- and CV-MSCs in 3D culture 
system, strong cytotoxic action was found in AF-CM while 
only a slight (yet significant, P < .5) reduction in the viability 
of OVCAR-3 cells was also observed following the treatment 
with CV-CM. Discrepancies from 2D and 3D conditions can 
be explained by the spheroid-associated 3-dimensional re-
arrangement which partially recreates, in vitro, the in vivo 
tumor microenvironment.48,49 Literature reports that during 
spheroid formation cancer cells acquire peculiar biological 
characteristics (such as hypoxia) that enable them to escape 
from applied therapeutic strategies.50,51 To clarify this point, 
we decided to test the cytotoxic effect of AF- and CV-CM 
on ovarian cancer cells at different stages of spheroid forma-
tion, namely, before (Method 1), after (Method 2) and during 
(Method 3) tridimensional arrangement. When cancer cells 
were treated with AF- and CV-CM during spheroid formation 
(Method 3), we observed that 3D structure failed to form, 
suggesting that the presence of paracrine signals (ie, soluble 
factors and/or extracellular vesicles) within the CM may in-
terfere with this process by impairing cellular cytoskeletal 
elements (ie, tubulins, vimentin, and dynamins).52 During the 
formation of loose aggregates Tofani et al found low expres-
sion of 2 fundamental proteins in SKOV-3 and OVCAR-3, 
Fibronectin (FN) and β1-integrins which orchestrate initial 
cell aggregation and confer compact spheroid structure.53 In 
line with our results, loose aggregates were formed as typical 
SKOV-3-based spheroids with mass-type morphology while 
OVCAR-3 cells formed grape-like spheroids.54 The cohesion 
force between cells during spheroid formation is a determi-
nant for chemoresistance in vivo by decreasing drug penetra-
tion. While OVCAR-3 cells are considered more aggressive 
than SKOV-3 because of the compactness of the spheroids 
they form, our results are in line with other studies showing a 
greater susceptibility compared to SKOV-3 in 3D treatments.55 
We speculate that the observed different behavior between 
the 2 ovarian cancer cell lines could depend on the properties 
like as changes in lipid metabolism or cytoskeletal remodeling 
targeting the cell surface that the cells adopt during hypoxia 
or shear stress.52 Remarkably, we observed an increase in area 
and length of the spheroids formed by SKOV-3 cells, which 
is in agreement with existing literature showing when the 
oxygen concentration decreases, structural rearrangements 
occur in response to the microenvironment.52

To obtain a more comprehensive understanding of the 
action AF- and CV-MSCs exert against ovarian cancer, we 
analyzed lncRNAs as emerging tools able to regulate the ini-
tiation and the progression of several physiologic and patho-
logical processes, including cancer.56 We focused the attention 
on lncRNA as a class of non-coding RNAs able to regulate 
cellular functions, including gene transcription, enzymatic ac-
tivity, and cell state maintenance and have a crucial role in de-
velopmental processes and disease.49,57 LncRNAs identified in 
both cell lines (AF- and CV-MSCs) potentially target proteins 
involved in the cell cycle and apoptosis signaling pathways. 

The information provided by KEGG secretome enrichment 
analysis included TGF-β and TNF 2 cytokines considered 
proapoptotic agents. The 2 cytokines released by MSCs 
increase the expression of P53 and P21 genes which are in-
volved in the apoptosis mechanisms through the interaction 
with the cyclin D1, blocking the cell cycle progression.39 In 
AF-MSCs we found numerous cancer pathways, associated 
with the HOXA cluster genes (Hoxa10-As, Hoxas2, Hoxas3, 
Hoxa11-As, Hotairm1, and Hottip), a master regulator of 
the embryonic development and homeostasis maintenance 
mediated by MSCs but also implicated in the regulation of 
proliferation, apoptosis, migration, and invasion of cancer 
cells.58 Based on the results obtained from lncRNA enrich-
ment, we focused the attention on investigating whether this 
effect could be mediated by the extracellular vesicles they re-
lease. We subsequently investigated the role of exosomes since 
they are known to be important carriers of coding and non-
coding RNA (ie, miRNA or lncRNA).59 Due to the wide range 
of information they deliver to target cells (which depends on 
the properties of their parental cells), exosomes play a crucial 
role in all major biological processes, from homeostasis to 
apoptosis, from immunosuppression to immunomodulation, 
from metastasis to tumor inhibition cells.60 Exosomes from 
AF- and CV-MSCs underwent standard characterization61 and 
were administered to SKOV-3 and OVCAR-3 cells in both, 2D 
and 3D models. A marked reduction in viability was observed 
following AF-EXO exposure in 2D, supporting our hypoth-
esis and further validating previously reported observations 
on the role AF-MSCs could play as promising source of 
therapeutics for cancer treatment.39 To the slight reduction 
in viability was noticed following CV-EXO administration 
corresponds to an increase in the percentage of apoptotic 
cells, confirming the potential role of the lncRNAs identified 
by NGS analysis. A different trend was also found in 3D, 
whereby an increase in viability was observed for OVCAR-3 
cells upon exposure to AF- and CV-EXOs. Once again, this 
observation can be explained considering the changes in the 
microenvironment induced by the interaction of numerous 
key elements of a multistep process of tumor development,62 
and the capability of OVCAR-3 cells to easily adapt to it by 
enhancing the resistance to anti-cancer drugs compared to 
monolayers (2D model).63 Furthermore, spheroids produced 
by OVCAR-3 have been reported to display cancer stem cell 
characteristics, such as self-renewal, the ability to produce 
differentiated progeny, and gene expression. According to vi-
ability 3D model results, we observed a prevalence of late ap-
optosis in SKOV-3 cells and a slight OVCAR-3 population in 
early apoptosis upon CV- and AF-EXO treatment.

Limitations of the study
Taken together, data obtained from this study supports our 
hypothesis that MSCs from gestational tissues, particularly 
those derived from the amniotic fluid and chorionic villi, 
retain anti-cancer effects that are mediated by regulatory 
moieties they release. Despite the substantial work conducted, 
both experimentally and in silico, we feel obliged to point 
out some limitations. First, while the datasets generated here 
are promising they call for a subsequent investigation based 
on a larger number of patient-derived samples to provide 
stronger evidence and draw a definitive conclusion. While we 
acknowledge interpatient variability, the set-up of the experi-
mental design was based on the Good Laboratory Standards 
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for Clinical Next-Generation Sequencing testing64,65 which 
recommends at least 3 samples to establish precision ade-
quately, as well as on sample availability at the time the study 
was conducted. This number is also deemed sufficient in pre-
viously reported studies performing transcriptomic profiling 
of stem cells from several sources (neural, amniotic fluid, hair 
follicles, etc.). Second, transcriptomic data were validated in 
vitro through 2D and 3D conditions. While 3D culture sys-
tems are gaining momentum in the development of cancer 
therapeutics66 preclinical studies would provide evidence of 
the anti-cancer potential of AF- and CV-MSCs (and their 
secretome) in a system that more closely recapitulates the 
complexity of the tumor microenvironment. We anticipate, 
however, that building on this work, future studies evaluating 
the anti-cancer potential of the secretome of AF- and 
CV-MSCs will be performed in mouse models of syngeneic 
ovarian cancer optimized in the lab67 to provide additional 
insights on the biological effect in complex systems. Finally, 
moving forward, we are committed to providing a compre-
hensive characterization (in terms of proteomic, lipidomic, 
and transcriptomic profile) of the exosomes released by AF- 
and CV-MSCs, to identify specific targeting moieties as well 
as master regulators of the cytotoxic and inhibitory effect 
observed.

With the opportunity to identify exosome inherent 
targeting specificity and mechanisms of action, this ap-
proach offers the advantage of developing ad hoc tailored 
biomimetic therapeutics for cancer and other degenerative 
disorders, with the potential to overcome the current limi-
tations in exosome manufacturing, including the yield and 
molecular complexity. The translation of these findings into 
clinical applications demands careful consideration of regula-
tory aspects, long-term safety assessments, and optimization 
of delivery methods.

Conclusion
Transcriptomic data presented in this work confirm the 
hypothesized role of the paracrine signals (including extra-
cellular vesicles) as powerful tools used by AF- and CV-MSCs 
to achieve the important mission of communication with sur-
rounding cells, and to maintaining tissue homeostasis, which 
is particularly crucial during embryo development. Our 
finding suggests AF-MSCs (and secretome) display a more 
marked anti-cancer effect than their chorionic villi-derived 
counterparts. This difference likely depends on the role AF 
and CV play in supporting embryo development and is the 
natural consequence of signature genes found upregulated 
in AF-MSCs that play a dual role, as they are critical in 
regulating embryonic growth as well as several cancer 
pathways (ie, the HOXA gene cluster). Indeed, similarities 
between early embryo development and tumorigenesis exist, 
with respect to cell invasive behavior and genetic/epigenetic 
regulation68,69 which provide the opportunity to exploit devel-
opmental biology to identify potential targets against tumor 
initiation and progression.1 This work not only highlights the 
anti-tumor potential of MSCs from gestational tissues. It also 
sheds light on the different responses SKOV-3 and OVCAR-3 
activate as coping molecular mechanisms against the MSCs 
derivatives. Based on this framework, further studies will 
be required to dissect the molecular moieties contained in 
exosomes (not limited to the RNA cargo) that are directly 

involved in the anti-apoptotic and inhibitory effect observed 
in this context.
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