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Abstract

Studies have shown that mesenchymal stem/stromal cells (MSCs) from bone marrow are
involved in the growth and metastasis of solid tumors but the mechanism remains unclear in
osteosarcoma (OS). Previous studies have raised the possibility that OS cells may receive
support from associated MSCs in the nutrient deprived core of the tumors through the
release of supportive macromolecules and growth factors either in vesicular or non-vesicular
forms. In the present study, we used stressed mesenchymal stem cells (SD-MSCs), control
MSCs and OS cells to examine the hypothesis that tumor-associated MSCs in nutrient
deprived core provide pro-proliferative, anti-apoptotic, and metastatic support to nearby
tumor cells. Assays to study of the effects of SD-MSC conditioned media revealed that OS
cells maintained proliferation when compared to OS cells grown under serum-starved condi-
tions alone. Furthermore, OS cells in MSCs and SD-MSC conditioned media were signifi-
cantly resistant to apoptosis and an increased wound healing rate was observed in cells
exposed to either conditioned media or EVs from MSCs and SD-MSCs. RT-PCR assays of
OS cells incubated with extracellular vesicles (EVs) from SD-MSCs revealed microRNAs
that could potentially target metabolism and metastasis associated genes as predicted by in
silico algorithms, including monocarboxylate transporters, bone morphogenic receptor type
2, fibroblast growth factor 7, matrix metalloproteinase-1, and focal adhesion kinase-1.
Changes in the expression levels of focal adhesion kinase, STK11 were confirmed by quan-
titative PCR assays. Together, these data indicate a tumor supportive role of MSCs in osteo-
sarcoma growth that is strongly associated with the miRNA content of the EVs released
from MSCs under conditions that mimic the nutrient deprived core of solid tumors.

PLOS ONE | DOI:10.1371/journal.pone.0166027 November 3, 2016

1/14


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0166027&domain=pdf
http://creativecommons.org/licenses/by/4.0/

@° PLOS | ONE

MSCs Support Osteosarcoma Proliferation

Introduction

Osteosarcoma (OS) is the eighth most common type of cancer found in children and adoles-
cents, accounting for approximately 20% of all primary bone cancers. The 5-year survival rate
for osteosarcoma has increased from 20% to 70% since the 1970’s. However, for patients with
metastatic disease at initial diagnosis, survival remains at 20-30% [1]. Mutations in the retino-
blastoma and p53 tumor suppressor pathways and increased expression of the proto-
oncogenes c-fos and c-myc are found in the majority of osteosarcomas. The insulin-like growth
factor, VEGF, and transforming growth factor pathways are known to be among the key signal
transduction pathways involved in OS progression. Unfortunately, despite the similar muta-
tions and signaling pathways recognized in the disease, OS tumors have shown a large amount
of heterogeneity which has made it difficult to improve the long term survival of patients with
metastasis at initial diagnosis.

The tumor microenvironment has been demonstrated to play a large role in the growth and
metastasis of osteosarcoma. For example, BMP-2 upregulates osteogenic markers through a
Wnt-signaling dependent pathway [2] and mesenchymal stem cells (MSCs) in the tumor
microenvironment produces lactate which fuels the OS cells [3, 4]. The promotion of prolifera-
tion, metastasis, and apoptosis resistance has been linked to stromal-cancer cell paracrine
interactions in numerous studies. Various studies in cell culture and in xenograft models have
demonstrated paracrine interactions between stromal and cancer cells that promote the prolif-
eration and metastasis of cancer cells [5, 6]. MSCs subjected to hypoxic, nutrient poor condi-
tions have been associated with increased secretion of tumor supportive growth factors and
cytokines, including IL-6 [7] and VEGF [8], leading to decreased apoptosis and the promotion
of angiogenesis. Furthermore, changes in tumor cell gene expression can be attributed to the
exchange of short, non-coding 22 nucleotides RNA sequences (microRNAs) that bind to the 3’
untranslated region (UTR) of mRNAs, resulting in their silencing [9, 10]. MicroRNAs have
been investigated as predictors of outcome for colorectal cancer, as promoters of breast cancer
and prognostic indicators in gastric cancer [11-13]. Additionally, microRNAs have been iden-
tified as regulators of bone homeostasis and bone metastasis, making their role in osteosarcoma
of considerable interest [14]. Previous publications from our laboratory showed that MSCs
from bone marrow act as tumor stromal cells to support tumor cells both through paracrine
and juxtacrine mechanisms [15]. Thus, the exchange of microRNAs and cytokines between
cancer cells and stromal MSCs establishes a feedback loop in which MSCs in the tumor micro-
environment are kept in an undifferentiated and autophagic state which feeds the cancer cells
with nutrients. Extracellular vesicles (EVs) are small membrane vesicles that are released by all
cell types. Specific nomenclature for EVs includes exosomes (30-100 nm diameter), microvesi-
cles (50-1000 nm), and apoptotic bodies (50-5000 nm). Over the last several years, investiga-
tions into their therapeutic and diagnostic utility has intensified. For the purposes of these
studies we used EV's that were in the size range of exosomes, which we recently characterized
as containing tumor regulatory proteins, metabolites, and microRNAs [16]. In this study, we
set out to characterize the role for MSCs in the growth and survival of osteosarcoma tumor
growth in vitro. Studies using MSCs to mimic the tumor microenvironment revealed micro-
RNAs from autophagic MSCs have the potential to alter the expression of metabolism and
growth factor associated genes in surrounding tumor cells.

Methods and Materials

Cell culture

The human osteosarcoma cell line KHOS was obtained from ATCC. KRSOS osteosarcoma
cells were from a patient derived biopsy from UMMC, Jackson, MS. The study was conducted
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following national and institutional ethical policies, and it was previously approved by the Uni-
versity of Mississippi Medical Center (UMMC) Ethical Committee and the written informed
consent was obtained from all participants. The tumor was mechanically dissociated with a
scalpel into 1 mm pieces, disassociated with collagenase and plated in 20 mL of DMEM (Invi-
trogen), 10% FBS (Atlanta Biologicals), 1% Penicillin-Streptomycin (Invitrogen). The plates
were maintained at 37°C in humidified 5% CO2 and 95% air, media was changed every 2-3
days and established in vitro. Donor matched mesenchymal stem cells were obtained from the
bone marrow at the same time as the KRSOS cells and designated as KRSBM. SD-MSCs were
obtained as described previously [16]. Briefly, cells were grown to 80% confluency, washed
three times with phosphate buffered saline and cultured without fetal bovine serum. The fol-
lowing are the different types of media used in the manuscript- Complete conditioned media
(CCM): DMEM with 10% FBS and 1% Penicillin- Streptomycin; Serum deprived media
(SDM): DMEM without FBS and with 1% Penicillin- Streptomycin; Conditioned media (CM):
media collected from MSCs culture plates grown in SDM.

Transwell assay

MSCs or SD-MSCs were plated in inserts of transwell permeable support 0.4 um pore size
(Corning, Lowell, MA). OS cells (10” cells per well) were plated in the lower chamber of a
12-well transwell plate and incubated under standard conditions. After 24 h, osteosarcoma
cells were switched to serum-free media and incubated with inserts containing MSCs or
SD-MSC:s for 72 h. Total OS cells DNA content was evaluated using CyQuant assay (Invitro-
gen, Carlsbad, CA) as described previously [17].

Wound healing

KHOS or KRSOS cells were plated at a density at 0.5 x10° cells/well in 12-well sterile, culture
treated plates and incubated to near confluency at 37°C, 5% CO,. The cell monolayer was
scraped in a straight line with a p200 pipet tip. Cells were washed once with 1 ml of the phos-
phate buffered saline (PBS) and then incubated with 1 ml of medium specific for the in vitro
scratch assay. For scratch assays involving EV's treatment, EVs were isolated as previously
described [16, 18], quantified by the bicinchoninic acid assay, and stored at -80°C until used.
For experiments, media contained 2% serum and 50 ug EV's per 1 x 10° cells. Cells were imaged
every 6 hr for 24 hr and the amount of wound closure measured using Image] software
analysis.

Apoptosis assay

Drug sensitivity assays were done in triplicate on 24-well plates seeded at passage 3 and a den-
sity of 10* cells/cm?. OS cells were treated with 0.1 uM doxorubicin for 24 h in the presence of
SD-MSC conditioned media or alpha-Minimum Essential Medium as control. The level of
apoptosis in living cells was analyzed via the red fluorescent caspase 3 and 7 fluorogenic sub-
strate, MR-(DEVD), of the Magic Red™ Caspase detection kit (Immunochemistry Technolo-
gies, Bloomington, MN). Fluorescence measurements were made with a Biotek Synergy 4
microplate reader.

Real-time quantitative PCR

Total RNA was isolated from cells using miRVana RNA isolation kit according to manufactur-
er’s protocol (Life Technologies, Valencia, CA). Approximately 2 ug of RNA was used in the
reverse transcription reaction using the miScript SYBR Green kit (Qiagen) with random
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hexamers (Fermentas, Vilnus, Lithuania) according to the manufacturer's instructions. Real-
time RT-PCR was performed in a Biorad mylIQ thermocycler using 96-well plates. The reac-
tions were prepared according to the standard protocol for one-step SYBR Green RT-PCR
(Applied Biosystems, Cheshire, UK). The thermal cycle conditions were 95°C for 4 min fol-
lowed by 40 cycles of 30 sec at 95°C, 30 sec at 55°C and 30 sec at 70°C. Averaged cycle of
threshold (Ct) values of GAPDH duplicates (for genes) or RNU-6B duplicates (for micro-
RNAs) were subtracted from Ct values of target genes to obtain ACt, and then relative gene
expression was determined as 27",

Statistical analysis

Statistical analysis was performed with Excel (Microsoft, Redmond, WA) and GraphPad Prism
(LaJolla, CA). Statistical significance was calculated using either two-tailed Student’s t-test or
one-way analysis of variance (ANOVA). Data is presented as the means, and error bars indi-
cate the standard deviation. A p-value of <0.05 is considered to be significant.

Results

Serum-deprived MSCs protect OS cells from nutrient deprivation
induced cell death

Osteosarcoma cells placed in serum-deprived conditions showed a significant decrease in both
cell number and DNA content after being cultured in serum-free conditions for 72 h (Fig 1A
and 1B). The cell number of KRSOS cells grown in the presence of SD-MSC inserts was more
than 3-fold higher than OS cells grown without serum, but there was only a 20% increase in
the cell number of serum-deprived OS cells grown in the presence of inserts containing MSCs
(Fig 1A). DNA content measurement followed the same pattern as that observed with cell
number. Similarly, the presence of SD-MSC inserts restored KHOS cell viability by more than
2-fold as measured by direct cell counting and more than 3-fold by DNA quantification

(Fig 1B). As observed with KRSOS cells, there was no significant increase in KHOS survival
when grown in the presence of MSCs, supporting the hypothesis that SD-MSCs release the
growth factors and microRNAs that support OS growth.

SD-MSC conditioned media protects OS cells against drug induced
apoptosis

As a second approach to test for the role of pro-survival factors present in the serum-deprived
supernatant of MSCs, osteosarcoma cells were incubated in the presence of 0.1 pM doxorubicin
and grown in the presence of conditioned media from SD-MSCs (CM). In the presence of
doxorubicin plus conditioned media and doxorubicin plus EVs, KRSOS exhibited a close to
100% and KHOS exhibited a 80% increase in cell survival compared to KRSOS and KHOS cells
in the presence of doxorubicin in complete culture media (CCM) respectively (Fig 2A and 2B).
Furthermore, caspase activation was significantly decreased in both KRSOS and KHOS cells
treated with doxorubicin (Fig 2C and 2D) in the presence of SDM. These data indicate media
from SD-MSCs have anti-apoptotic properties.

SD-MSC conditioned media and SD-MSC derived EVs increase wound
healing in OS cells
The increase in the metastatic potential of osteosarcoma and other cancers had been previously

attributed to soluble factors secreted by MSCs [19-21], yet few studies had examined them. We
determine the wound healing rate of OS cells incubated either with SD-MSC media or EV's
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Fig 1. Comparative analysis of OS survival in the presence of mesenchymal stem cells (MSCs) or
serum-deprived MSCs (SD-MSCs). (A) KRSOS cells grown with either complete culture media (CCM) or
media without serum (SDM) in the presence of transwell inserts with donor-matched MSCs or SD-MSCs. (B)
KHOS grown in either CCM or serum-free media in the presence of inserts containing either MSC or serum-
deprived MSC cells. Data presented as means + SD, Columns, mean of three independent experiments; bars,
standard deviation (SD).

doi:10.1371/journal.pone.0166027.9001

isolated from SD-MSC media. Compared to control, the rate of wound closure in KHOS cells
exposed to SD-MSC conditioned media or 110k supernatant (that is EV free) was greater at the
6, 12, and 18 h time points, respectively, congruous with previous reports (Fig 3A). Corre-
spondingly, EVs from MSCs (4days) and SD-MSCs (12days) increased the wound closure rate

PLOS ONE | DOI:10.1371/journal.pone.0166027 November 3, 2016 5/14



o @
@ ’ PLOS | ONE MSCs Support Osteosarcoma Proliferation

Dox+ EVs 0.1p.iVI Dox

A KRSOS B KHOS
120 120 -

:\; 100+ g 100

~ 80 80

<Z( - <Zt

60 60

& 5

“6 40 uoo 40

2 20 c 201 .

0- 0
Control Dox+CM Dox+EVs Control Dox+CM Dox+EVs

C Caspase Activity Caspase Activity

S KRSOS + Dox g 1 KHOS + Dox

5 g 1004

g 100, a —~ *

—_ O SO ol _

g X 0 ¥ s X 80

3 % e —— é 5 60

Y= o

o O 404 g g a0

- > S

=] i 204

o 201 [=)

o a

8 o 3

< ccm SDM c™m SDM
D
- | Cleaved £ Cleaved
5 1204 ‘caspase 3 'g caspase 3
m -
ca. 1004 e_ 100
= X 80
X 80 s
= >
Z £ g0
= 60 7
e 5
9 40- - 10
e ]
.g 20-- .E 20-
- (T
2 g o
(-3

Dox+ EVs 0.1pM Dox

Fig 2. Apoptosis analysis of OS cells incubated with conditioned media from serum-deprived MSCs.
(A and B) DNA quantification of KRSOS and KHOS osteosarcoma cells treated with 0.1 uM doxorubicin for
24 h in the presence of complete culture media (control), SD-MSC media (CM) or EVs from SD-MSCs (EVs).
(C) OS cells treated with doxorubicin in the presence of either SDM, CCM. Caspase activity measured as an
increase in the amount of fluorogenic DEVD,, a caspase 3 substrate. The data presented as the means + SD
of 3independent experiments, *P < 0.05. (D) Western blot of cleaved caspase-3 in KRSOS and KHOS
treatment with doxorubicin in the presence of SD-MSC EVs.

doi:10.1371/journal.pone.0166027.9002

of KHOS cells by more than 50% of the relative amount at those time points (Fig 3B). This data
supports previous studies backing the hypothesis that EVs transport tumor regulatory micro-
RNAs and metabolites [16, 22].

Would healing property of EVs is associated with altered expression of
microRNAs and gene targets
Some studies have shown that microRNAs play an important role in osteoblast differentiation

and bone formation [23-25]. Furthermore, microRNAs can be transferred between cells via
EVs and several microRNAs have been implicated in osteosarcoma growth [26-28]. In
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Fig 3. Effects of EVs and conditioned media from SD-MSCs on OS wound healing. (A) KHOS cell
monolayer was scratched with a p200 micropipette tip, incubated with CCM or SD-MSC conditioned media,
and imaged every 6 hrs, after replacing the media with serum free media, SD-MSC conditioned media or EV
free media. (B) Scratched KHOS cell monolayer treated with EVs from SD-MSCs for either 4 days or 12 days
and imaged every 6 hrs after replacing the media with SDM + EVs. Wound closure area was determined by
Imaged software analysis. Data presented as the means of three independent measurements. * P< 0.05, **
P<0.01, *** P< 0.005 compared to untreated controls.

doi:10.1371/journal.pone.0166027.9003

consideration of the potential contribution of microRNAs to OS growth, we investigated the
common downstream targets and the underlying molecular mechanisms of tumor growth sup-
portive miRNAs. A schematic for data analysis is shown in Fig 4A and 39 miRNA with poten-
tial role in tumor growth were short-listed for further analysis. To further narrow down the
target genes we used in silico algorithms (TargetScan, PicTar, miRanda) to predict common
target genes of the short listed 39 miRNA. A number of genes were targeted by these micro-
RNAs from which 21 genes were selected for further study. We then used quantitative RT-PCR
analysis to validate genes identified as possible targets of the microRNAs (Fig 4B), focusing on
genes associated with metastasis and cellular response to nutrients. Quantitative RT-PCR assay
to confirm the expression of 29 of the 39 short listed miRNA following bioinformatics assays is
shown in Fig 4C. The microRNA with one of the higher differential expression, hsa-miR-148a,
has been identified as a prognostic biomarker in osteosarcoma patients, with high expression
levels correlating with decreased overall survival [29].

Next as a proof of concept we have tested expression of a cluster of four miRNAs with
potential binding sites that regulate the pathway of focal adhesion point kinasel or PTK2
(Fig 5A). One gene that is ontologically connected to metabolism (PTK2) and 4 microRNAs
that have putative targets in LKB1 /PTK1 and STK11/FAKI pathway. Liver kinase 1 (LKB1,
also known as STK11) is a serine/threonine kinase that has multiple cellular functions
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including the regulation of cell polarity and motility. It is shown that LKB1 represses FAK sig-
naling via a FAK-LKB1 complex to regulate FAK site maturation. Experimental validation of
predicted miRNA targets revealed an increase in the expression of focal adhesion kinase
(PTK2) genes (Fig 5B), implicating EV-mediated miRNA transfer in high grade, aggressive
osteosarcomas, in agreement with previous observations [30, 31].

Another significant observation was the slight decrease in the gene expressions of NFE2L.2
(Nrf2, an important mediator in the ability of cells to adapt to oxidative stress. Additionally,
increased SLC16A1 (MCT1) expression and increased GRSFI expression have been previously
shown to decrease doxorubicin sensitivity and attenuate oxidative phosphorylation, respec-
tively [32] [33] (Fig 6B). The decreased expression of NFE2L2 is characteristic of the paradoxi-
cal role of NFE2L2 in cancer progression. Decreased levels would be expected to increase
tumor cell susceptibility to apoptosis, yet NFE2L2 deficiency may increase the risk of pulmo-
nary metastasis [34] although the significance of decreased expression of the gene in osteosar-
coma is not well understood. However, reactive oxygen species are known mediators of PTK2
activation. In fact, the regulation of NFE2L2, and PTK2 expression are linked indirectly
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Fig 6. (A) A simplified interaction schema between EV-derived miRNAs and changes in gene expression in
osteosarcoma cells (B) Metabolic pathways involved in osteosarcoma metastasis highlighting the lactate
importer MCT1 (SLC16A1) and oxidative phosphorylation pathways (ATP5B). (C) Cell migration pathway in
osteosarcoma associated with exposure to EV miRNAs emphasizing the interaction between the focal
adhesion (PTK2) and oxidative stress pathways (NFE2L2).

doi:10.1371/journal.pone.0166027.9006
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through FGF7, a member of the fibroblast growth factor family involved in wound repair and
tumor development [35] [36] (Fig 5C).

Discussion

The ability of SD-MSC conditioned media and EV's to increase survival and reduce apoptosis
correlates with previously published results demonstrating that EVs from MSCs can supply
proteins, metabolites and microRNAs to support tumor growth [16]. Several studies have
shown that tumors have the ability to manipulate their stromal environment via the transport
of microvesicular contents, including interleukins, monocyte chemotactic protein-1 (MCP-1),
macrophage inflammatory protein- 1 beta (MIP-1p), and chemokines [37]. These microenvi-
ronmental changes can influence tumor progression as well as the effectiveness of chemother-
apy. Such changes may even inhibit the growth of normal cells, promote the growth, and clonal
expansion of neoplastic progenitor cells. Once established, tumor cells can inhibit the differen-
tiation of mesenchymal stem cells in the surrounding stroma and induce them to produce cyto-
kines and other factors that support tumor growth [15]. While the release of metabolites and
cytokines all undoubtedly play a role in tumor stroma interaction, our current understanding
of tumor-stroma co-evolution is far from complete due to the number of different metabolites,
cytokines and microRNAs in the tumor microenvironment.

In the present study, comparison of the effects of MSC media and derived EVs revealed sim-
ilar effects of the two treatments on OS survival. Our results revealed significant downregula-
tion of hsa-miR-195 and hsa-miR-124 in parallel with an upregulation of hsa-miR-148a.
Consistent with these results, Cai et al. have previously reported hsa-miR-195 levels in sera
from osteosarcoma patients were significantly lower than those in healthy controls [38], and
hsa-miR-124 overexpression has been shown to inhibit migration in MG-63 and U20S cells
[39]. Additionally, the increased expression of hsa-miR-148a is significantly associated with
tumor size and distant metastases [29]. RT-PCR validation of predicted miRNA targets
revealed an increase in the expression of matrix metalloproteinase (MMP1) and focal adhesion
kinase (PTK2), implicating EV-mediated miRNA transfer in high grade, aggressive osteosarco-
mas, in agreement with previous observations [30, 31]. The association between PTK2 gene
expression and EV treatment in these experiments correlates with the known role of PTK2 in
cell migration and supports previous studies pinpointing the importance of PTK2 expression
on patient survival [40]. The increase in cyclin D1 expression in parallel with PTK2 and
MMP1 expression strongly suggests a specific connection between decreased hsa-miR-195 lev-
els and OS aggressiveness. More generally, comparison of the differentially regulated genes
with a database of known and predicted protein interactions confirmed metastasis, oxidative
stress, and metabolic signaling pathways were involved (Fig 6B and 6C). Increase in the expres-
sion of the monocarboxylate transporter, SLC16A1 adds to the hypothesis. These data reveal
OS cells exposed to SD-MSCs increase their ability to uptake lactate, which has been associated
with poorer clinical outcomes [41]. The migratory response of cancer cells has also been corre-
lated with increased SLC16A1 (MCT-1) expression [42]. The convergence of the oxidative
stress and focal adhesion pathways as shown in Fig 6 are consistent with previous observations
associating cell motility and tumor aggressiveness with reactive oxygen species intermediates
[43] and are emblematic of the delicate balance between redox signaling, healthy cells, and
pathology.

Our results have shown that cell-to-cell communication via EVs from SD-MSCs can signifi-
cantly affect the metastatic potential of OS cells. Although several studies have identified
microRNAs and target genes that can be associated with osteosarcoma metastasis, few have
studied the implications of tumor-associated mesenchymal stem cells on the metastasis and
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prognosis of OS. Our data has correlated specific microRNA with downregulation of predicted
gene targets and is consistent with previous studies which have shown that EVs, <100nm vesi-
cles secreted by cells, can significantly affect the growth characteristics of cells in close proxim-
ity to the secreting cell. However, there are numerous examples of miRNAs repressing
translation of endogenous mRNAs without appreciably affecting the mRNA level [44, 45],
which may confound RT-PCR analysis in which miRNA expression does not correlate with
gene expression. Additionally, comparison of only two cell lines that do not allow us to general-

ize the contribution of the tumor stroma to the progression of OS as there are examples of
MSCs inhibiting growth in other tumor types [46-48]. Further studies will be required to deter-
mine if miRNAs can be transferred in physiologically relevant amounts to account for these
results or if they can be attributed to other components secreted within EVs.

Author Contributions

Conceptualization: JW KCV RP.

Data curation: KCV RP.

Formal analysis: JW KCV.

Funding acquisition: A. Atfi RP.

Investigation: JW KCV RP.

Methodology:JW KCV MYH A. Abraham.

Project administration: A. Atfi YYM RP.

Resources: YYM A. Atfi RP.

Software: JW KCV.

Supervision: A. Atfi YYM RP.

Validation: KCV A. Abraham MYH.

Visualization: KCV RP.

Writing - original draft: JW RP.

Writing - review & editing: KCV RP.

References

1.

Sung L, Anderson JR, Donaldson SS, Spunt SL, Crist WM, Pappo AS, et al. Late events occurring five
years or more after successful therapy for childhood rhabdomyosarcoma: a report from the Soft Tissue
Sarcoma Committee of the Children’s Oncology Group. Eur J Cancer. 2004; 40(12):1878-85. doi: 10.
1016/j.ejca.2004.04.005 PMID: 15288290.

Rubio R, Abarrategi A, Garcia-Castro J, Martinez-Cruzado L, Suarez C, Tornin J, et al. Bone environ-
ment is essential for osteosarcoma development from transformed mesenchymal stem cells. Stem
Cells. 2014; 32(5):1136-48. doi: 10.1002/stem.1647 PMID: 24446210.

Pavlides S, Tsirigos A, Migneco G, Whitaker-Menezes D, Chiavarina B, Flomenberg N, et al. The
autophagic tumor stroma model of cancer: Role of oxidative stress and ketone production in fueling
tumor cell metabolism. Cell Cycle. 2010; 9(17):3485-505. doi: 10.4161/cc.9.17.12721 PMID:
20861672; PubMed Central PMCID: PMC3047615.

Bonuccelli G, Avnet S, Grisendi G, Salerno M, Granchi D, Dominici M, et al. Role of mesenchymal
stem cells in osteosarcoma and metabolic reprogramming of tumor cells. Oncotarget. 2014; 5(17):
7575-88. PMID: 25277190; PubMed Central PMCID: PMC4202145. doi: 10.18632/oncotarget.2243

Tlsty TD, Coussens LM. Tumor stroma and regulation of cancer development. Annu Rev Pathol. 2006;
1:119-50. Epub 2007/11/28. doi: 10.1146/annurev.pathol.1.110304.100224 PMID: 18039110.

PLOS ONE | DOI:10.1371/journal.pone.0166027 November 3, 2016

11/14


http://dx.doi.org/10.1016/j.ejca.2004.04.005
http://dx.doi.org/10.1016/j.ejca.2004.04.005
http://www.ncbi.nlm.nih.gov/pubmed/15288290
http://dx.doi.org/10.1002/stem.1647
http://www.ncbi.nlm.nih.gov/pubmed/24446210
http://dx.doi.org/10.4161/cc.9.17.12721
http://www.ncbi.nlm.nih.gov/pubmed/20861672
http://www.ncbi.nlm.nih.gov/pubmed/25277190
http://dx.doi.org/10.18632/oncotarget.2243
http://dx.doi.org/10.1146/annurev.pathol.1.110304.100224
http://www.ncbi.nlm.nih.gov/pubmed/18039110

@° PLOS | ONE

MSCs Support Osteosarcoma Proliferation

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Bhowmick NA, Neilson EG, Moses HL. Stromal fibroblasts in cancer initiation and progression. Nature.
2004; 432(7015):332—7. Epub 2004/11/19. nature03096 [pii] doi: 10.1038/nature03096 PMID:
15549095; PubMed Central PMCID: PMC3050735.

TuB, Dul, FanQM, Tang Z, Tang TT. STAT3 activation by IL-6 from mesenchymal stem cells pro-
motes the proliferation and metastasis of osteosarcoma. Cancer Lett. 2012; 325(1):80-8. doi: 10.
1016/j.canlet.2012.06.006 PMID: 22743617.

Beckermann BM, Kallifatidis G, Groth A, Frommhold D, Apel A, Mattern J, et al. VEGF expression by
mesenchymal stem cells contributes to angiogenesis in pancreatic carcinoma. Br J Cancer. 2008;
99(4):622-31. doi: 10.1038/sj.bjc.6604508 PMID: 18665180; PubMed Central PMCID: PMC2527820.

Ambros V. The functions of animal microRNAs. Nature. 2004; 431(7006):350-5. doi: 10.1038/
nature02871 PMID: 15372042.

Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell. 2009; 136(2):215-33. doi: 10.
1016/j.cell.2009.01.002 PMID: 19167326; PubMed Central PMCID: PMC3794896.

Boisen MK, Dehlendorff C, Linnemann D, Nielsen BS, Larsen JS, Osterlind K, et al. Tissue MicroRNAs
as Predictors of Outcome in Patients with Metastatic Colorectal Cancer Treated with First Line Capeci-
tabine and Oxaliplatin with or without Bevacizumab. PLoS One. 2014; 9(10):e109430. doi: 10.1371/
journal.pone.0109430 PMID: 25329796; PubMed Central PMCID: PMC4198118.

Gong C, Nie Y, Qu S, Liao JY, Cui X, Yao H, et al. miR-21 induces myofibroblast differentiation and
promotes the malignant progression of breast phyllodes tumors. Cancer Res. 2014; 74(16):4341-52.
doi: 10.1158/0008-5472.CAN-14-0125 PMID: 24980553.

Naito Y, Yasuno K, Tagawa H, Sakamoto N, Oue N, Yashiro M, et al. MicroRNA-145 is a potential
prognostic factor of scirrhous type gastric cancer. Oncol Rep. 2014; 32(4):1720-6. doi: 10.3892/or.
2014.3333 PMID: 25051317.

Ell B, Kang Y. MicroRNAs as regulators of bone homeostasis and bone metastasis. Bonekey Rep.
2014; 3:549. doi: 10.1038/bonekey.2014.44 PMID: 25120906; PubMed Central PMCID:
PMC4119205.

TuB, Peng ZX, Fan QM, Du L, Yan W, Tang TT. Osteosarcoma cells promote the production of pro-
tumor cytokines in mesenchymal stem cells by inhibiting their osteogenic differentiation through the

TGF-beta/Smad2/3 pathway. Exp Cell Res. 2014; 320(1):164—73. doi: 10.1016/j.yexcr.2013.10.013
PMID: 24183998.

Vallabhaneni KC, Penfornis P, Dhule S, Guillonneau F, Adams KV, Mo YY, et al. Extracellular vesicles
from bone marrow mesenchymal stem/stromal cells transport tumor regulatory microRNA, proteins,
and metabolites. Oncotarget. 2015; 6(7):4953-67. PMID: 25669974; PubMed Central PMCID:
PMC4467126. doi: 10.18632/oncotarget.3211

Pochampally RR, Smith JR, Ylostalo J, Prockop DJ. Serum deprivation of human marrow stromal cells
(hMSCs) selects for a subpopulation of early progenitor cells with enhanced expression of OCT-4 and
other embryonic genes. Blood. 2004; 103(5):1647-52. doi: 10.1182/blood-2003-06-1967 PMID:
14630823.

Thery C, Amigorena S, Raposo G, Clayton A. Isolation and characterization of exosomes from cell cul-
ture supernatants and biological fluids. Current protocols in cell biology / editorial board, Juan S Bonifa-
cino [et al]. 2006; Chapter 3:Unit 3 22. doi: 10.1002/0471143030.cb0322s30 PMID: 18228490.

Karnoub AE, Dash AB, Vo AP, Sullivan A, Brooks MW, Bell GW, et al. Mesenchymal stem cells within
tumour stroma promote breast cancer metastasis. Nature. 2007; 449(7162):557—63. doi: 10.1038/
nature06188 PMID: 17914389.

Shinagawa K, Kitadai Y, Tanaka M, Sumida T, Kodama M, Higashi Y, et al. Mesenchymal stem cells
enhance growth and metastasis of colon cancer. Int J Cancer. 2010; 127(10):2323-33. doi: 10.1002/
ijc.25440 PMID: 20473928.

XuWT, Bian ZY, Fan QM, Li G, Tang TT. Human mesenchymal stem cells (hnMSCs) target osteosar-
coma and promote its growth and pulmonary metastasis. Cancer Lett. 2009; 281(1):32—41. doi: 10.
1016/j.canlet.2009.02.022 PMID: 19342158.

Oskowitz AZ, Lu J, Penfornis P, Ylostalo J, McBride J, Flemington EK, et al. Human multipotent stro-
mal cells from bone marrow and microRNA: regulation of differentiation and leukemia inhibitory factor
expression. Proceedings of the National Academy of Sciences of the United States of America. 2008;
105(47):18372-7. doi: 10.1073/pnas.0809807105 PMID: 19011087; PubMed Central PMCID:
PMC2587615.

Li Z, Hassan MQ, Volinia S, van Wijnen AJ, Stein JL, Croce CM, et al. A microRNA signature for a
BMP2-induced osteoblast lineage commitment program. Proceedings of the National Academy of Sci-
ences of the United States of America. 2008; 105(37):13906—11. doi: 10.1073/pnas.0804438105
PMID: 18784367; PubMed Central PMCID: PMC2544552.

PLOS ONE | DOI:10.1371/journal.pone.0166027 November 3, 2016 12/14


http://dx.doi.org/10.1038/nature03096
http://www.ncbi.nlm.nih.gov/pubmed/15549095
http://dx.doi.org/10.1016/j.canlet.2012.06.006
http://dx.doi.org/10.1016/j.canlet.2012.06.006
http://www.ncbi.nlm.nih.gov/pubmed/22743617
http://dx.doi.org/10.1038/sj.bjc.6604508
http://www.ncbi.nlm.nih.gov/pubmed/18665180
http://dx.doi.org/10.1038/nature02871
http://dx.doi.org/10.1038/nature02871
http://www.ncbi.nlm.nih.gov/pubmed/15372042
http://dx.doi.org/10.1016/j.cell.2009.01.002
http://dx.doi.org/10.1016/j.cell.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19167326
http://dx.doi.org/10.1371/journal.pone.0109430
http://dx.doi.org/10.1371/journal.pone.0109430
http://www.ncbi.nlm.nih.gov/pubmed/25329796
http://dx.doi.org/10.1158/0008-5472.CAN-14-0125
http://www.ncbi.nlm.nih.gov/pubmed/24980553
http://dx.doi.org/10.3892/or.2014.3333
http://dx.doi.org/10.3892/or.2014.3333
http://www.ncbi.nlm.nih.gov/pubmed/25051317
http://dx.doi.org/10.1038/bonekey.2014.44
http://www.ncbi.nlm.nih.gov/pubmed/25120906
http://dx.doi.org/10.1016/j.yexcr.2013.10.013
http://www.ncbi.nlm.nih.gov/pubmed/24183998
http://www.ncbi.nlm.nih.gov/pubmed/25669974
http://dx.doi.org/10.18632/oncotarget.3211
http://dx.doi.org/10.1182/blood-2003-06-1967
http://www.ncbi.nlm.nih.gov/pubmed/14630823
http://dx.doi.org/10.1002/0471143030.cb0322s30
http://www.ncbi.nlm.nih.gov/pubmed/18228490
http://dx.doi.org/10.1038/nature06188
http://dx.doi.org/10.1038/nature06188
http://www.ncbi.nlm.nih.gov/pubmed/17914389
http://dx.doi.org/10.1002/ijc.25440
http://dx.doi.org/10.1002/ijc.25440
http://www.ncbi.nlm.nih.gov/pubmed/20473928
http://dx.doi.org/10.1016/j.canlet.2009.02.022
http://dx.doi.org/10.1016/j.canlet.2009.02.022
http://www.ncbi.nlm.nih.gov/pubmed/19342158
http://dx.doi.org/10.1073/pnas.0809807105
http://www.ncbi.nlm.nih.gov/pubmed/19011087
http://dx.doi.org/10.1073/pnas.0804438105
http://www.ncbi.nlm.nih.gov/pubmed/18784367

@° PLOS | ONE

MSCs Support Osteosarcoma Proliferation

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Mizuno Y, Tokuzawa Y, Ninomiya Y, Yagi K, Yatsuka-Kanesaki Y, Suda T, et al. miR-210 promotes
osteoblastic differentiation through inhibition of AcvR1b. FEBS letters. 2009; 583(13):2263-8. doi: 10.
1016/j.febslet.2009.06.006 PMID: 19520079.

Suomi S, Taipaleenmaki H, Seppanen A, Ripatti T, Vaananen K, Hentunen T, et al. MicroRNAs regu-
late osteogenesis and chondrogenesis of mouse bone marrow stromal cells. Gene regulation and sys-
tems biology. 2008; 2:177-91. PMID: 19787082; PubMed Central PMCID: PMC2733092.

Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-mediated transfer of
mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nature cell biology.
2007; 9(6):654—9. doi: 10.1038/ncb1596 PMID: 17486113.

Xu H, Liu X, Zhao J. Down-regulation of miR-3928 promoted osteosarcoma growth. Cellular physiol-
ogy and biochemistry: international journal of experimental cellular physiology, biochemistry, and phar-
macology. 2014; 33(5):1547-56. doi: 10.1159/000358718 PMID: 24854843.

JiF, ZhangH, Wang Y, LiM, Xu W, Kang Y, et al. MicroRNA-133a, downregulated in osteosarcoma,
suppresses proliferation and promotes apoptosis by targeting Bcl-xL and Mcl-1. Bone. 2013; 56(1):
220-6. doi: 10.1016/j.bone.2013.05.020 PMID: 23756231.

Ma W, Zhang X, Chai J, Chen P, Ren P, Gong M. Circulating miR-148a is a significant diagnostic and
prognostic biomarker for patients with osteosarcoma. Tumour biology: the journal of the International
Society for Oncodevelopmental Biology and Medicine. 2014; 35(12):12467-72. doi: 10.1007/s13277-
014-2565-x PMID: 25185654.

Husmann K, Arlt MJ, Muff R, Langsam B, Bertz J, Born W, et al. Matrix Metalloproteinase 1 promotes
tumor formation and lung metastasis in an intratibial injection osteosarcoma mouse model. Biochimica
et biophysica acta. 2013; 1832(2):347-54. doi: 10.1016/j.bbadis.2012.11.006 PMID: 23195950.

Yui Y, Itoh K, Yoshioka K, Naka N, Watanabe M, Hiraumi Y, et al. Mesenchymal mode of migration par-
ticipates in pulmonary metastasis of mouse osteosarcoma LM8. Clinical & experimental metastasis.
2010; 27(8):619-30. doi: 10.1007/s10585-010-9352-x PMID: 20872237.

Zhao Z, Wu MS, Zou C, Tang Q, Lu J, Liu D, et al. Downregulation of MCT1 inhibits tumor growth,
metastasis and enhances chemotherapeutic efficacy in osteosarcoma through regulation of the NF-
kappaB pathway. Cancer letters. 2014; 342(1):150-8. doi: 10.1016/j.canlet.2013.08.042 PMID:
24012639.

Tu YT, Barrientos A. The Human Mitochondrial DEAD-Box Protein DDX28 Resides in RNA Granules
and Functions in Mitoribosome Assembly. Cell reports. 2015. doi: 10.1016/j.celrep.2015.01.033 PMID:
25683708; PubMed Central PMCID: PMC4534351.

Satoh H, Moriguchi T, Taguchi K, Takai J, Maher JM, Suzuki T, et al. Nrf2-deficiency creates a respon-
sive microenvironment for metastasis to the lung. Carcinogenesis. 2010; 31(10):1833-43. doi: 10.
1093/carcin/bgq105 PMID: 20513672.

Werner S, Smola H, Liao X, Longaker MT, Krieg T, Hofschneider PH, et al. The function of KGF in mor-
phogenesis of epithelium and reepithelialization of wounds. Science. 1994; 266(5186):819-22. PMID:
7973639.

Yan G, Fukabori Y, McBride G, Nikolaropolous S, McKeehan WL. Exon switching and activation of
stromal and embryonic fibroblast growth factor (FGF)-FGF receptor genes in prostate epithelial cells
accompany stromal independence and malignancy. Molecular and cellular biology. 1993; 13(8):
4513-22. PMID: 7687739; PubMed Central PMCID: PMC360063.

Yoo KH, Jang IK, Lee MW, Kim HE, Yang MS, Eom Y, et al. Comparison of immunomodulatory proper-
ties of mesenchymal stem cells derived from adult human tissues. Cell Immunol. 2009; 259(2):150-6.
doi: 10.1016/j.cellimm.2009.06.010 PMID: 19608159.

CaiH, Zhao H, Tang J, Wu H. Serum miR-195 is a diagnostic and prognostic marker for osteosarcoma.
J Surg Res. 2015; 194(2):505-10. doi: 10.1016/j.jss.2014.11.025 PMID: 25498513.

Geng S, Zhang X, Chen J, Liu X, Zhang H, Xu X, et al. The tumor suppressor role of miR-124 in osteo-
sarcoma. PloS one. 2014; 9(6):€91566. doi: 10.1371/journal.pone.0091566 PMID: 24971902;
PubMed Central PMCID: PMC4074038.

RenK, LuX, YaoN, ChenY, Yang A, Chen H, et al. Focal adhesion kinase overexpression and its
impact on human osteosarcoma. Oncotarget. 2015. PMID: 26393679. doi: 10.18632/oncotarget.5044

Boidot R, Vegran F, Meulle A, Le Breton A, Dessy C, Sonveaux P, et al. Regulation of monocarboxy-
late transporter MCT1 expression by p53 mediates inward and outward lactate fluxes in tumors. Can-
cer research. 2012; 72(4):939-48. doi: 10.1158/0008-5472.CAN-11-2474 PMID: 22184616.

De Saedeleer CJ, Porporato PE, Copetti T, Perez-Escuredo J, Payen VL, Brisson L, et al. Glucose
deprivation increases monocarboxylate transporter 1 (MCT1) expression and MCT1-dependent tumor
cell migration. Oncogene. 2014; 33(31):4060-8. doi: 10.1038/onc.2013.454 PMID: 24166504.

PLOS ONE | DOI:10.1371/journal.pone.0166027 November 3, 2016 13/14


http://dx.doi.org/10.1016/j.febslet.2009.06.006
http://dx.doi.org/10.1016/j.febslet.2009.06.006
http://www.ncbi.nlm.nih.gov/pubmed/19520079
http://www.ncbi.nlm.nih.gov/pubmed/19787082
http://dx.doi.org/10.1038/ncb1596
http://www.ncbi.nlm.nih.gov/pubmed/17486113
http://dx.doi.org/10.1159/000358718
http://www.ncbi.nlm.nih.gov/pubmed/24854843
http://dx.doi.org/10.1016/j.bone.2013.05.020
http://www.ncbi.nlm.nih.gov/pubmed/23756231
http://dx.doi.org/10.1007/s13277-014-2565-x
http://dx.doi.org/10.1007/s13277-014-2565-x
http://www.ncbi.nlm.nih.gov/pubmed/25185654
http://dx.doi.org/10.1016/j.bbadis.2012.11.006
http://www.ncbi.nlm.nih.gov/pubmed/23195950
http://dx.doi.org/10.1007/s10585-010-9352-x
http://www.ncbi.nlm.nih.gov/pubmed/20872237
http://dx.doi.org/10.1016/j.canlet.2013.08.042
http://www.ncbi.nlm.nih.gov/pubmed/24012639
http://dx.doi.org/10.1016/j.celrep.2015.01.033
http://www.ncbi.nlm.nih.gov/pubmed/25683708
http://dx.doi.org/10.1093/carcin/bgq105
http://dx.doi.org/10.1093/carcin/bgq105
http://www.ncbi.nlm.nih.gov/pubmed/20513672
http://www.ncbi.nlm.nih.gov/pubmed/7973639
http://www.ncbi.nlm.nih.gov/pubmed/7687739
http://dx.doi.org/10.1016/j.cellimm.2009.06.010
http://www.ncbi.nlm.nih.gov/pubmed/19608159
http://dx.doi.org/10.1016/j.jss.2014.11.025
http://www.ncbi.nlm.nih.gov/pubmed/25498513
http://dx.doi.org/10.1371/journal.pone.0091566
http://www.ncbi.nlm.nih.gov/pubmed/24971902
http://www.ncbi.nlm.nih.gov/pubmed/26393679
http://dx.doi.org/10.18632/oncotarget.5044
http://dx.doi.org/10.1158/0008-5472.CAN-11-2474
http://www.ncbi.nlm.nih.gov/pubmed/22184616
http://dx.doi.org/10.1038/onc.2013.454
http://www.ncbi.nlm.nih.gov/pubmed/24166504

@° PLOS | ONE

MSCs Support Osteosarcoma Proliferation

43.

44,

45.

46.

47.

48.

Alexandrova AY, Kopnin PB, Vasiliev JM, Kopnin BP. ROS up-regulation mediates Ras-induced
changes of cell morphology and motility. Experimental cell research. 2006; 312(11):2066—73. doi: 10.
1016/j.yexcr.2006.03.004 PMID: 16624288.

Pillai RS, Bhattacharyya SN, Artus CG, Zoller T, Cougot N, Basyuk E, et al. Inhibition of translational
initiation by Let-7 MicroRNA in human cells. Science. 2005; 309(5740):1573-6. doi: 10.1126/science.
1115079 PMID: 16081698.

Bazzini AA, Lee MT, Giraldez AJ. Ribosome profiling shows that miR-430 reduces translation before
causing mRNA decay in zebrafish. Science. 2012; 336(6078):233—7. doi: 10.1126/science.1215704
PMID: 22422859; PubMed Central PMCID: PMC3547538.

Ramasamy R, Lam EW, Soeiro |, Tisato V, Bonnet D, Dazzi F. Mesenchymal stem cells inhibit prolifer-
ation and apoptosis of tumor cells: impact on in vivo tumor growth. Leukemia. 2007; 21(2):304-10. doi:
10.1038/sj.leu.2404489 PMID: 17170725.

ZhuY, Sun Z, Han Q, Liao L, Wang J, Bian C, et al. Human mesenchymal stem cells inhibit cancer cell
proliferation by secreting DKK-1. Leukemia. 2009; 23(5):925-33. doi: 10.1038/leu.2008.384 PMID:
19148141.

Qiao L, Xu Z, Zhao T, Zhao Z, Shi M, Zhao RC, et al. Suppression of tumorigenesis by human mesen-
chymal stem cells in a hepatoma model. Cell research. 2008; 18(4):500—7. doi: 10.1038/cr.2008.40
PMID: 18364678.

PLOS ONE | DOI:10.1371/journal.pone.0166027 November 3, 2016 14/14


http://dx.doi.org/10.1016/j.yexcr.2006.03.004
http://dx.doi.org/10.1016/j.yexcr.2006.03.004
http://www.ncbi.nlm.nih.gov/pubmed/16624288
http://dx.doi.org/10.1126/science.1115079
http://dx.doi.org/10.1126/science.1115079
http://www.ncbi.nlm.nih.gov/pubmed/16081698
http://dx.doi.org/10.1126/science.1215704
http://www.ncbi.nlm.nih.gov/pubmed/22422859
http://dx.doi.org/10.1038/sj.leu.2404489
http://www.ncbi.nlm.nih.gov/pubmed/17170725
http://dx.doi.org/10.1038/leu.2008.384
http://www.ncbi.nlm.nih.gov/pubmed/19148141
http://dx.doi.org/10.1038/cr.2008.40
http://www.ncbi.nlm.nih.gov/pubmed/18364678

