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Abstract

The role of mesenchymal stem cells (MSC) in osteosarcoma (OS), the most common primary
tumor of bone, has not been extensively elucidated. We have recently shown that OS is
characterized by interstitial acidosis, a microenvironmental condition that is similar to a wound
setting, in which mesenchymal reactive cells are activated to release mitogenic and chemotactic
factors. We therefore intended to test the hypothesis that, in OS, acid-activated MSC influence
tumor cell behavior. Conditioned media or co-culture with normal MSC previously incubated with
short-term acidosis (pH 6.8 for 10 hours, H*-MSC) enhanced OS clonogenicity and invasion. This
effect was mediated by NF-xB pathway activation. In fact, deep-sequencing analysis, confirmed
by Real-Time PCR and ELISA, demonstrated that H*-MSC differentially induced a tissue
remodeling phenotype with increased expression of RelA, RelB, and NF-xB1, and downstream, of
CSF2/GM-CSF, CSF3/G-CSF, and BMP2 colony-promoting factors, and of chemokines (CCLS5,
CXCL5, and CXCL1), and cytokines (IL6 and IL8), with an increased expression of CXCR4. An
increased expression of IL6 and IL8 were found only in normal stromal cells, but not in OS cells,
and this was confirmed in tumor-associated stromal cells isolated from OS tissue. Finally, H*-
MSC conditioned medium differentially promoted OS stemness (sarcosphere number, stem-
associated gene expression), and chemoresistance also via IL6 secretion. Our data support the
hypothesis that the acidic OS microenvironment is a key factor for MSC activation, in turn
promoting the secretion of paracrine factors that influence tumor behavior, a mechanism that holds
the potential for future therapeutic interventions aimed to target OS.
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Introduction

Tumors are complex structures in which cancer cells are intermingled with different reactive
cell types, the so-called tumor stromal interactions between cancer cells and tumor stroma
and that involve soluble mediators, intercellular contacts, and changes in physical, chemical,
and biochemical parameters, such as pH, oxygen levels, and substrates such as glucose and
amino acids. These interactions are drawing an increasing interest as it is now recognized
that they play a key role in tumor growth, progression, invasiveness, immune escape, and
drug resistance.? 3 The importance of tumor stroma has also been recently suggested in
osteosarcoma (OS)*-6 ; the most common primary malignant bone tumor. OS treatment
includes surgical removal of the primary plus multiagent chemotherapy to prevent or inhibit
the development of metastases. Resistance to cytotoxic agents occurs frequently and
negatively affects the outcome of OS,” and targeting molecular pathways has not produced
significant improvements. Indeed, the prognosis for OS has not significantly changed in 40
years.8 despite numerous promising therapeutic avenues in vitro. The discrepancy between
successful preclinical results and actual clinical outcomes may be explained by the
difference between the optimal /7 vitro conditions (homotypic cultures of cancer cells under
standard environmental settings), and the complexity of tumors, including the interactions
among different cell types under different environmental conditions that, in tumor
microenvironment (TME) of OS, give rise to a complex, still largely unpredictable behavior.

In sarcomas, endothelial and immune cells are commonly considered the major components
of the tumor supporting stroma.® However, as for other solid cancers, stromal cells of
mesenchymal origin, like tumor-associated fibroblasts (TAF) and MSC, are also recruited at
the site of OS growth.19 In a mesenchymal cancer like OS, mesenchymal reactive stromal
cells have been largely neglected and poorly investigated. When isolated from tissue
samples, they are not easily distinguished from tumor cells, both sharing the same
immunophenotypic features. However, OS arises and develops within the bone marrow, that
is very rich in MSC, and it has been observed that OS are able to actively recruit circulating
Msc_ll—l3

The role of reactive stroma on tumor progression is debatable.1! Two populations of stromal
mesenchymal cells appear to co-exist in the TME of OS: a naive MSC component from
normal tissues (naive-MSC) and, in addition, tumor tissue-derived MSC (tumor tissue
educated MSC, T-MSC). Naive-MSC have been described as both promoting and inhibiting
tumor progression, while T-MSC is thought to promote tumor progression as a result of their
reprogramming by the tumor.1! The existence of naive MSC in OS is supported by the high
number of circulating MSC.12 When injected in OS xenografts, MSC migrate toward the
tumor site,13 as in general they migrate toward sites of inflammation.1# Indeed, OS, like
other malignancies, acts as a” wound that does not heal”.1%: 16 At the tumor site, MSCs
recognize exogenous and endogenous inflammatory signals, activate, and acquire a
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myofibroblast-like phenotype. In the TME, extracellular acidosis is a strong exogenous
signal emanating from the growing tumors, that can induce reprogramming of naive MSC
into T-MSC. Indeed, we have previously demonstrated that MSC cooperate with OS cells by
fueling their metabolism,® and that sarcoma cells strongly acidify TME.1": 18 Cancer-
associated extracellular acidosis is a general feature of cancer that mainly derives from the
metabolic switch to persistent aerobic glycolysis even under adequate oxygen conditions, the
so-called “Warburg effect”.19 Acidosis plays a critical role in the progression of many
cancers as it is able to foster chemo/radioresistance, neo-angiogenesis, invasion, and
stemness.20

To date, the exact mechanisms of the interaction between OS and mesenchymal stroma
remain unclear, especially under an acidic TME. In this study, we demonstrate that OS cells
reprogram naive MSC to T-MSC through the acidification of the extracellular environment,
thereby prompting T-MSC to release a plethora of growth factors, cytokines, and
chemokines that eventually support OS proliferation, migration, and stemness.

Materials and Methods

Reagents

Dulbecco's Modified Eagle Medium (DMEM); penicillin, streptomycin (Thermo Fisher
Scientific); fetal bovine serum (Euroclone); Iscove's Modified Dulbecco's Medium (IMDM)
(Life Technologies); TruSeq RNA Sample Prep Kit v2 (Illumina); NucleoSpin RNA 11
(Macherey-Nagel); MuLV Reverse Transcriptase (Applied Biosystems); Flowcytomix
Multiple Analyte Detection Kit (eBioscience); Human Inflammatory Cytokines Multi-
Analyte ELISArray™ Kit (Qiagen); Human IL6 DuoSet and the Human CXCL8/IL8
Quantikine ELISA Kits (R&D Systems Inc); MMP11 ELISA kit (Emelca Bioscience);
ELISA-based TransAM NFKkB Family kit (Active Motif); transwell for migration assay
(Costar, Corning); EGF, bFGF, IL6 and IL8 (PeproTech); anti-human Ki67 monoclonal
antibody (MAb), diaminobenzidine (DAB), (Dako); anti-human vimentin (clone V9, Santa
Cruz); anti-human alpha smooth muscle actin, a-SMA (clone 1A4, R&D System), anti-
human Ki67 (clone MIB-1, Dako); anti-human LAMP2 (#HPA029100) and anti-human NF-
xB1 (#HPA027305, Sigma-Aldrich); anti-human NF-xB p65 RelA (#8242, Cell Signalling);
Tocilizumab (Roche); Matrigel (BD Biosciences); all other reagents were obtained from
Sigma-Aldrich.

Immunohistochemistry

Canine OS paraffin embedded samples were obtained from the Department of Animal
Pathology of the University of Turin at the time of the surgical treatment (amputation)
before adjuvant chemotherapy. Representative 5 pum thick sections were mounted on a glass
slide covered with 2% silane solution in acetone. After dewaxing in xylene and rehydration
in ethanol for antigen retrieval, the slides were heated in a microwave oven in 0.02 M citrate
buffer, pH 6.0. After cooling, the sections were incubated in 3% perhydrol solution to block
the endogenous peroxidase reaction. Non-specific binding was blocked by incubation in 5%
bovine serum albumin. The following primary antibodies were used: MAb anti-human
vimentin, anti-human alpha smooth muscle actin, a-SMA, anti-human Ki67, anti-human
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LAMP2, anti-human NF-xB1, and NF-xB p65 RelA. Sections were washed, incubated with
a biotinylated secondary antibody, covered with DAB and counterstained with Mayer's
hematoxylin. Negative controls were also performed by omitting the primary antibody.

Human skin fibroblasts (FB, 2 lots) were provided by the Japanese Collection of Research
Bioresources (Osaka, JP) and cultured in DMEM plus 50 units/mL penicillin, 50 mg/mL
streptomycin, and 10% fetal bovine serum (FBS). Human MSC from bone marrow (BM-
MSC) and adipose tissue (AT-MSC) were purchased from Lonza (Euroclone) and from the
American Type Cell Culture Collection (ATCC) respectively, and cultured in Minimum
Essential Medium Eagle Alpha Modified (Alpha-MEM) plus 100 U/mL penicillin, 100
mg/mL streptomycin, 10% FBS and buffered at pH 7.4 (complete) or 0.1% FCS (low-
serum). MSC were always used before the 5-6 passage in culture. The human OS cell lines
MG-63, Saos-2, and HOS were purchased from ATCC and cultured in IMDM plus 100
units/mL penicillin, 100 mg/mL streptomycin, and 10% FBS (complete). Cells were
maintained at 37°C, 5% CO, in humidified atmosphere. Culture medium at specific pH was
obtained by adjusting the concentration of sodium bicarbonate according to the Henderson-
Hasselbach equation, as previously described.1” When not differently specified, acidic
medium was buffered at pH 6.8, and physiological medium was buffered at pH 7.4. At the
endpoint of each experiment, the final pH of the supernatant was always measured to
ascertain the maintenance of the pH value along the incubation time.

To collect the conditioned medium (CM) of MSC pretreated with short-term acidosis (CM
MSCPH 6.8) ' MSC were seeded (3x10° cells) in complete medium incubated, after adhesion,
for 20 hrs in low-serum medium, washed with PBS, and incubated with low-serum medium
at pH 6.8 or at pH 7.4 for 10 hrs. At the end of the acidic stress, the medium was replaced
with low-serum medium at pH 7.4 for additional 48 hrs for all the conditions. This pH
neutral supernatant, that we named as H*-MSC CM, was finally collected, centrifuged, and
stored at —80°C until use.

T-MSC were isolated from an OS sample after signed informed consent regarding the use
for research studies was obtained, after the institutional ethical committee approval (n.
20204 of 31.07.09), and according to the method described by previous authors.2 The
patient was enrolled in the study on 2009, and only cells at 41, 5t passages from the first
seeding were used. Briefly, tissue specimens were minced and mechanically dissociated.
The suspension was filtered using a 100-um cell strainer, and then cells were seeded in
standard MSC medium (complete Alpha-MEM) and cultured at 37°C, 5% CO».

Total RNA was extracted by using the NucleoSpin RNA Il and reverse transcribed with
MuLV Reverse Transcriptase. Quantitative Reverse Transcription Polymerization Chain
Reaction (Q-RT-PCR) was performed by amplifying 1 pg of cDNA using the Light Cycler
instrument and the Universal Probe Library system (Roche Applied Science). Probes and
primers were selected using a web-based assay design software (ProbeFinder, http://
www.roche-applied-science.com). Results were normalized to 18S rRNA or B-actin,
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according to the 2-AACT method, as previously described.22 All primer sequences and
probes are listed in Table 1. Each assay was repeated at least three times.

Protein analysis

3 MSC and 2 FB lots were seeded at 3x10% cells/well into 24-well plates. After adhesion,
cells were incubated with low-serum medium at different pH. After 24 hrs, culture
supernatants were collected, centrifuged and assayed for the analysis of inflammatory
cytokines. For FB and MG-63 OS cells we used the Human Th1/Th2 cytokine 11plex
Flowcytomix Multiple Analyte Detection Kit, and protein concentration was normalized to
the number of cells counted by using erythrosin B dye vital staining. For MSC, we used the
Human Inflammatory Cytokines Multi-Analyte ELISArray™ Kit, and protein concentration
was normalized to the total protein content quantified by the breadford assay. We also
quantified IL6 with Human IL6 DuoSet, IL8 with Human CXCL8/IL8 Quantikine ELISA
Kits, and MMP11 with human MMP11 ELISA kit. Data were normalized to the total protein
content. The nuclear NF-xB-related proteins NF-xB1, RelA, and RelB were quantified with
ELISA-based TransAM NF-xB Family kit. Briefly, nuclear protein extracts (8 pug/well) were
added to a 96-well plate with immobilized oligonucleotide containing the NF-xB consensus
site. The primary antibodies were then added followed by horseradish peroxidase (HRP)-
conjugated antibody. Colorimetric reactions for all the ELISA assays were quantified by the
Tecan Infinite F200pro microplate reader.

RNA extraction and RNA-seq analysis

Cells were incubated for 24 hrs in complete medium at low pH (6.5) or at physiological pH
(7.4). At the end of the incubation, total RNA was extracted using guanidinium thiocyanate-
phenol-chloroform and quantified with Bioanalyzer (Agilent) following the manufacturer's
instructions. RIN (RNA Integrity Number) and A260/A280 ratios of total RNA were all 10,
and over 1.8, respectively. The library of template molecules for high throughput DNA
sequencing was converted from the total RNA using TruSeq RNA Sample Prep Kit v2
following the manufacturer's protocol. The library was quantified with Bioanalyzer (Agilent)
following the manufacturer's instruction. Library (3 pM) was subjected to cBot clonal
amplification system for cluster generation on a Single Read Flow Cell v4 with a cluster
generation instrument (I1lumina). Sequencing was performed on a Genome Analyzer GAlIx
for 76 cycles using Cycle Sequencing v4 regents (Illumina). Image analysis and base calling
were performed using Off-Line Basecaller Software 1.6 (Illumina). Reads were aligned
using ELAND v2 of CASAVA Software 1.7 with the sequence data sets. Human genome
build 19 (hg19) were downloaded from genome browser (http://genome.ucsc.edu/),
University of California, Santa Cruz, as the analytic reference. Transcript coverage for every
gene locus was calculated from the total number passing filter reads that mapped to exons,
and quantified with Quantile normalization algorithm, by Avadis NGS software (versionl.5,
Strand Scientific Intelligence Inc). The filtering was performed using default parameters. All
new data has been deposited in DDBJ/EMBL/GenBank under DRA004087 and
DRA004091.
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Clonogenic assay

MSC (3 lots, 760 cells/well) or Saos-2 and HOS OS cells (280 cells/well both) were seeded
at low density and incubated at 37 °C in a humidified 5% CO, atmosphere. After 24 hrs,
medium was changed with complete medium at different pH values, for MSC, or with 25%
CM MSCPH 68 or with 25% CM MSCPH 74 plus 75% IMDM supplemented with 2% FBS,
for Saos-2 or HOS cells. Colonies were fixed with methanol, stained with crystal violet, and
counted after 14 days for MSC and 6 days for OS cells. Three experiments were
independently performed, with two technical replicates.

Migration assay

Migration assay on MSC (BM-MSC, 1 lot) and HOS was performed using transwells with 8
um pores. Before the seeding of cells on the membrane of the transwells, cells were pre-
treated with CM MSCPH”-4 or CM MSCPH6-8 for 24 hrs. In the lower compartment, 800 uL
of CM MSCPH7-4 or CM MSCPH6-8 were placed. Cells were resuspended in 200 uL of
medium containing 0.1% bovine serum albumin and seeded into the transwells (1.5x10%
cells for MSC and 3x10% cells for HOS). Cells were then incubated in 5% CO, at 37°C, and
allowed to migrate (20 hrs for MSC and 6 hrs for HOS). At the endpoint, migrated cells on
the lower side were fixed in methanol, stained with crystal violet solution and counted from
nine random fields (20x lens for HOS cells and 10x lens for MSC) in each well. All
experiments were performed in triplicates.

Invasion assay

Invasion assay was performed using transwells with 8 um pores that were pre-coated with
1:3 diluted Matrigel. Before the seeding on matrigel, HOS cells were pre-treated with CM
MSCPH”-4 or CM MSCPHE:8 for 24 hrs. In the lower compartment, 800 pL of CM MSCPH7-4
or CM MSCPH6-8 were placed. 1.6x10° cells were diluted in 200 uL of medium containing
0.1% bovine serum albumin and seeded onto matrigel pre-coated transwells. Cells were then
incubated in 5% CO2 at 37°C, and allowed to migrate for 36 hrs. At the endpoint, migrated
cells were fixed in methanol, stained with crystal violet solution and counted. Three
technical replicates were performed.

Serum analysis

Five patients with newly diagnosed high-grade OS were seen at our institution, signed
informed consent regarding the use of their biological materials for research studies, and
entered the study. Blood samples were collected after the institutional ethical committee
approval (n. 0000184, 07/01/2015). Serum was also collected 12 months after diagnosis,
after treatment completion. Serum levels of IL6 and I1L8 were measured by ELISA,
according to the manufacturer instructions.

Sarcosphere-forming efficiency

To evaluate the effect of MSC secretome after the exposure to acidosis on OS
spherogenicity, we performed a co-culture of MSC and HOS cells using transwell inserts
with a 0.4 pm porous membrane. MSC were seeded (1.3x10% cells/transwell) in complete
medium. After adhesion, cells were incubated for 20 hrs in low-serum medium, and then
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washed with PBS and treated with low-serum medium at pH 6.8 or pH 7.4 for 10 hrs. The
medium was then replaced with low-serum medium at pH 7.4. At this time, HOS cells were
seeded at 3x10% cells in DMEM:F12 medium at pH 7.4 with progesterone (20 nM),
putresceine (10 mg/mL), sodium selenite (30 nM), apo-transferrin (100 pg/mL), and insulin
(25 pg/mL) in low attachment 12-well plates, and the transwell inserts were placed over
these wells. After 6 days, the total number of HOS spheres was counted and the radius of
each spheroid was measured using NIS-Elements Microscope Imaging Software (Nikon). At
the same endpoint, HOS spheres were characterized for the expression of octamer-binding
transcription factor 4 (OCT-4) and Nanog stem cell-related markers by Q-RT-PCR, as
previously described. To evaluate if sphere formation induced by the MSC secretome relays
on IL-6 specific secretion, Tocilizumab neutralizing anti-1L-6 monoclonal antibody was
added to both MSC and HOS cells [100 pg/mL] every 24 hrs. Untreated cells were
considered as negative control. For each assays three replicates were performed.
Furthermore, in another assay, HOS were seeded (3x104 cells) in DMEM:F12 medium at pH
7.4 with progesterone (20 nM), putresceine (10 mg/mL), sodium selenite (30 nM), apo-
transferrin (100 pg/mL), insulin (25 pg/mL), recombinant human IL6 (50 ng/mL) and
recombinant human IL8 (100 ng/mL), in low attachment 12-well plates. IL6 and IL8 were
added every 24 hrs. Untreated cells were considered as negative control. After 6 days, the
total number of HOS spheres was counted and the radius of each spheroid was measured as
previously described. At the same endpoint, HOS spheres were characterized for the
expression of OCT-4 and Sox2 stem cell-related markers by Q-RT-PCR, as previously
described. For each assays three replicates were performed.

Cell viability after doxorubicin (DXR) treatment was determined using the acid phosphatase
indirect assay. HOS cells were seeded in 96-well plates (2x102 cells/well). After 24 hrs, the
medium was changed with 50% complete IMDM plus 50% CM MSCPH 68 or CM

MSCPH 74 (negative control), added with DXR (50 ng/mL). After 72 hrs, cells were washed
in PBS and incubated at 37°C with 100 pL of buffer containing 0.1 M sodium acetate (pH
5.0), 0.1% Triton X-100, and 5 mM p-nitrophenil phosphate. The reaction was stopped by
adding 10 uL of 1 N NaOH, and absorbance read using a microplate reader (Tecan Infinite
F200pro).

Apoptosis assay

HOS cells (5x103 cells) were seeded on glass coverslips in complete IMDM. After cell
adhesion, medium was changed with 50% complete IMDM plus 50% CM MSCPH 68 cm
MSCPH 7-4 (negative control), or 50% complete IMDM plus 50% Alpha-MEM
supplemented with 0.1% FBS. After 24 hrs, medium was replaced with the same conditions,
added with DXR (10 ng/mL). After 48 hrs, cells were fixed with 3.7% paraformaldehyde for
20 min, permeabilized with PBS containing 0.1% TritonX-100 for 10 min, and stained with
2.25 pg/mL of Hoechst 33258 at RT for 10 min. Cells were observed under fluorescence
microscopy and cells with apoptotic nuclear bodies were counted in at least five different
fields by using 20x objective. Results were expressed as percentage of apoptotic cells over
the fields. Three technical replicates were performed.

Int J Cancer. Author manuscript; available in PMC 2018 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Avnet et al.

Page 8

Statistical analysis

Statistical analysis was performed with the StatView™ 5.0.1 software (SAS Institute Inc.).
Mann-Whitney U test was used as unpaired comparison for two independent variables. Data
were expressed as mean + standard error (SE). Only Pvalues < 0.05 were considered for
statistical significance.

Results and Discussion

Reactive stromain OS

In OS TME, surrounding and infiltrating non-transformed host stroma is composed of
immune cells, endothelial cells, and cells of mesenchymal origin, including MSC.23 The
reactive mesenchymal stroma is recognized to exert powerful effects on tumor biology in
several solid cancers and can be easily recognized by the staining of specific markers, like
a-SMA. In OS, the differential identification MSCs is almost impossible, as they share the
same cellular origin as cancer cells, and therefore also the same antigens. Furthermore,
analysis of human specimens of OS is largely prevented by the extensive necrosis that
develops following preoperative chemotherapy. We therefore considered spontaneous canine
OS, whose standard treatment does not include drug administration before surgery.
Comparative pathology is a useful approach to study human cancer, especially in OS, given
the striking analogies between human and dog disease.?4 Canine OS exhibits clinical and
molecular features that closely resemble the corresponding human disease. Indeed, both
clinical and molecular evidence suggest that human and canine OS share many key features,
including anatomic location, presence of microscopic metastatic disease at diagnosis,
development of chemotherapy-resistant metastases, altered expression/activation of several
proteins (e.g. Met, PTEN, STAT3), and p53 inactivation, among others.2> 26 \We identified a
favorable anatomical site to observe the tumor-stroma interaction, a tumor area in which
reactive mesenchymal cells are clearly distinguishable from OS cells even on morphologic
criteria, the area of periosteal reaction (Fig. 1A). Here, proliferating tumor cells stimulate a
periosteal reaction that contains a consistent number of reactive cells of mesenchymal
origin.2’ In the examined specimen of canine OS, both tumor cells and reactive
mesenchymal stroma were strongly positive for vimentin and a-SMA expression (Fig. 1B),
whereas Ki-67-positive cycling cells were predominantly prevalent in the tumor (Fig. 1B).
Interestingly, the intensity of vimentin immunostaining was remarkably higher in the tumor
than in the reactive stroma (Fig. 1B). We also isolated T-MSC from a tissue sample of
human OS. T-MSC can be isolated from sarcoma tissues and, although not transformed, they
may contain minor cytogenetic mutations.2! In our case, T-MSC were not immortalized
since after 14-15 passages they did not further propagate. Human OS cells, T-MSC, and
MSC were all positive for vimentin and a-SMA expression (Fig. 1C).

Short-term acidosis activates downstream signaling of the NFkB pathway in MSC but not

in OS cells

Short-term acidosis induced by cancer cells has significant effects on the surrounding
stroma. Tissue acidification (pH decrease of at least 0.5-1.0 pH unit) is commonly
associated with inflammation,8 and acts as a driving force for stem cells during the
regenerative process.29 Acidification per se can activate the NF-xB inflammatory pathway30
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that is commonly activated in TME, including in cancer-associated fibroblasts.3! Thus, we
hypothesized that OS cells induce the T-MSC phenotype in the mesenchymal stroma by
secreting protons that, in turn, activate the NK-xB-mediated pro-inflammatory response.

As in vitro models of MSC that can reach and infiltrate OS, we used fibroblasts, FB, and
MSC. We considered both BM-MSC and AT-MSC, as naive MSC in OS TME might derive
from either origin. Incubation with low pH was sufficient to significantly and promptly
induce RelB (for mRNA P=0.01 at 3 hrs vs. TO, A=0.0009 at 6 hrs vs. TO; for protein
P=0.0377 vs. pH 6.8 after 24 hrs), NF-xB1 (for mMRNA A<0.0001 at 6 hrs vs. TO; for protein
F£<0.0001 vs. pH 6.8 after 24 hrs), and RelA (for mMRNA P=0.0094 at 6 hrs vs. TO; for
protein £=0.0094 vs. pH 6.8 after 24 hrs) in MSC (Fig. 2A and B). According to the
literature, in our experimental conditions, NF-xB activation might be promoted by ROS
production that is enhanced under acidosis.32 We also performed a deep sequencing analysis
on both tumor and normal cells to study the effects of acidosis on transcription of all
downstream genes that are directly and indirectly regulated by NF-xB transcription factors
(Fig. 2C).32 In normal cells, we observed a selective and significant increase for the gene
categories of: growth factors, stress response genes, and immunoregulatory molecules,
whereas tumor cells were less unaffected by acidosis (Fig. 2D). We then looked at the
localization of intratumoral acidosis in canine tissue sections of osteosarcoma in the area of
the periosteal reaction that was already seen in Fig. 1. We used LAMP?2 staining at the
plasma membrane as a marker of the acidic microenvironment,33 which was evident both in
the cells of the tumor area, and in the area of stromal reaction close to the tumor (red signs,
Fig. 2E). Similarly, RelA and NF-xB1 staining localized in the nuclei of normal cells in the
reactive tissue of the same area (red signs, Fig. 2F and G).

When genes were considered individually, the trend of increase in cultured MSC was
significant also for several cytokines and chemokines, including CSF3, IL1A, IL23A,
CXCL2, and CCLS5, in addition to the metalloproteinase MMP2 and the immunomodulatory
molecules CCR7 and IL1RN (Supplementary Fig. 1). It has already been shown that, once
they have homed to the tumor site, MSC are a source of cytokines and chemokines,3* 35 and
have an immunomodulatory action, including a pro-inflammatory profile.36 However, this is
the first time that the role of tumoral acidosis is demonstrated to play a major role in this
process.

Acidic TME promotes the secretion of high levels of IL6 and IL8 by the mesenchymal

stroma

Results obtained from global screening approach on the downstream genes related to the
NF-xB pathway were further validated by Q-RT-PCR and/or protein analyses. In human
MSC, at the protein level, IL6 and IL8 were the only cytokines that were clearly induced by
short-term acidosis (Fig. 3A). These increases were also significant when analyzed by
ELISA (Fig. 3B). IL6 had a ~3 fold induction (P=0.0177), and IL8 had a ~2.5 fold induction
(P=0.0116) by acid pH. At the mRNA level, acid-promoted induction was also time-
dependent, and was significant already at 1 or 3 hrs, for IL6 or IL8, respectively (Fig. 3C).
Notably, in FB we observed a similar trend for both IL6 and IL8, although IL6 was more
induced by low pH than IL8, whereas the other cytokines were unaffected (Supplementary
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Fig. 2). The induction of mMRNA expression for IL6 and IL8 was very rapid and time-
dependent (Fig. 3C, P-values for IL6 at 1 hr were £=0.0012, at 3 hrs £=0.0002, at 6 hrs
£<0.0001, and for IL8 at 3 hrs £=0.0018, and at 6 hrs £<0.0001). These effects were
reversible, as replacement of the acid medium with the neutral medium restored the original
level of expression after 16 hrs (Fig. 3D, for IL6 £=0.0495). Interestingly, the increased
expression after short-term acidosis (pH 6.3 for 16 hrs) has already been demonstrated in
human airway smooth muscle cells, which are normal cells of mesenchymal origin.3” High
levels of circulating IL6 and IL8 are adverse prognostic factors in OS patients,38: 39 and,
accordingly, when we evaluated IL8 levels in a small series of patients, we observed a
consistent but not significant decrease of IL8 following the disappearance of the disease in a
small cohort of patients (Fig. 3E). To date, IL6 and IL8 have been assumed to be secreted
and released into the blood by tumor cells, although very few reports have actually
demonstrated IL6 and IL8 secretion by isolated OS cells. In contrast, IL6 and IL8 have been
frequently detected in the cancer-associated stroma.*? Also in OS we found a very low
expression of these cytokines in cancer cells, both at neutral and acidic pH, by deep
sequence analysis (Fig. 2C), protein analysis (Supplementary Fig. 2), and Q-RT-PCR
(Supplementary Fig. 3A). Similarly, when not exposed to acidosis, MSC expressed very low
levels of both IL6 and IL8 mMRNA (Supplementary Fig. 3A). However, T-MSC isolated from
OS tissue samples and analyzed at early passages (before the 6t passage), showed a higher
expression of IL6 in respect to normal MSC (Supplementary Fig. 3B, P=0.0203), even at
neutral pH.

Altogether, these data indicate that the previously reported prognostic significance of IL8
and IL6 serum levels in OS patients may be due to release from mesenchymal stroma in
response to tumor acidification, rather than to release from tumor cells per se. Thus, we
hypothesize that the mesenchymal reaction to acidosis may play a critical role in tumor
aggressiveness and the clinical outcome. Therefore, we investigated the effect of H*-MSC
secretome on OS aggressiveness, in terms of migration and stemness.

Short-term acidosis turns MSC into T-MSC that secrete pro-clonogenic and pro-migratory

factors

Among the NF-xB-related genes included in the growth factor category of deep-sequencing
analysis, we found a significant acid-mediated increase of CSF2/GM-CSF (P=0.0209),
CSF3/G-CSF (P=0.0047), and BMP2 (P=0.0007) in MSC after 6 hrs (Fig. 4A). GM-CSF
and G-CSF are directly related to the clonogenicity of both normal and transformed cells, 4!
and BMP2 to the clonogenicity of mesenchymal progenitors.#? Indeed, when cultured in
acidic medium, the clonogenic potential of MSC was significantly augmented (Fig. 4B,
P=0.0148), as were OS cells when treated with CM MSCPH 68 (Fig. 4C, £=0.0035 for HOS,
and P=0.0007 for Saos-2). Our results on mesenchymal cells are similar to the behavior of
hematopoietic progenitors that are significantly more clonogenic at low pH (7.1) in
comparison with high pH (7.6).43 GM-CSF secretion by T-MSC might also impact the
antitumor immune response, since it induces the migration of monocytes, macrophages, and
neutrophils to the tumor.44 Similarly, the mRNA expression of the chemokines CCL5
(P=0.0003), CXCL5 (P=0.0065), and CXCL1 (P=0.0014) was induced when MSC were
cultured at low pH, together with an increased expression of the CXCR4 (£=0.0002), the
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putative receptor for the stromal-derived-factor-1 (SDF1) ligand (Fig. 4D). The release of
these chemokines might support not only the recruitment of inflammatory cells, but also
further stimulate tumor growth and progression. Indeed, CXCL1 and CXCLS5 variably affect
tumor growth, vascularity, and apoptosis,> whereas CCL5 promotes metastasis formation in
several cancers,*8 including OS.13 Finally, the increased expression of CXCR4 receptor in
MSC might recruit additional MSC at the tumor site. According to recent data, CXCR4 is
needed for MSC homing to tumor sites, for their differentiation into myofibroblasts, and/or
for their survival,*” and CXCR4 mRNA in OS samples negatively correlates with patient
survival.*® Here, we demonstrated an improvement of migratory potential of both MSC and
OS cells (Fig. 4E), and of the invasive potential of HOS cells (Fig. 4F) when exposed to the
secretome of MSC that were previously stressed by short-term acidosis (P=0.0495 for both).
Thus, the stimulus induced by acid in the TME might provide a niche containing MSC that
can recreate a provisional ECM, upon which additional chemoattracted FB and MSC may
seed and proliferate. Finally, among the matrix metalloproteinases that by deep sequencing
analysis were shown to be upregulated by acidosis, we confirmed the increased expression
of MMP11 at the mRNA (Fig. 4G P=0.0003 vs pH 6.8). There were also increases at the
protein level, yet the differences were not significant (Fig. 4H). In contrast to other
metalloproteinases, MMP11 has been implicated in the survival and expansion of the pro-
tumorigenic stroma rather than to ECM degradation.*® Thus, MMP-11 expression by
acidosis may represent an autocrine survival mechanism for MSC in the hostile TME of OS.

Overall, these data suggest that in OS the secretome of mesenchymal stroma reactive to
tumor-associated acidosis causes the attraction of additional reactive cells and the migration
of tumor cells from the primary site, possibly contributing to the enhancement of circulating
tumor cells and ultimately leading to metastasis.

MSC pro-inflammatory response to short-term acidosis favors OS stemness

A recent study on a breast cancer model has shown that injected MSC distribute throughout
the tumor-associated stroma mostly as single cells, and closely associate with cancer stem
cells (CSC), possibly implying a supporting function of MSC for CSC maintenance.>°
Analogously, we have demonstrated that when co-cultured with OS cells, MSC further
expand the CSC subpopulation of OS through IL6 secretion (paper submitted). We thus
sought to explore the impact of IL6 and IL8 secretion by MSC in inducing OS stemness in
the context of the acidic TME of OS. Indeed, OS cells express both 1L6 and 1L8 receptors,®?
as confirmed by deep sequencing analysis (IL6R gene ID ENSG00000160712: 11.7 for
MG-63 and HOS, and 11.2 for Saos-2; IL6ST gene ID ENSG00000134352: 13.7 for
MG-63, 12.8 for HOS, and 12.9 for Saos-2), and thus might react to the cytokines released
by the acid-induced mesenchymal stroma. To evaluate the effect of the secretome of H*-
MSC, we used the spherogenic assay and the expression of stem-related genes by Q-RT-
PCR to measure the stemness potential of OS cells.22 HOS cells co-cultured with H*-MSC
formed a significantly smaller (P=0.0495, Fig. 5A) but higher number of spheres (P=0.0495,
Fig. 5A). Furthermore, when incubated with CM from MSCPH 68 these cells expressed
higher levels of OCT4 and Nanog stem cell-related markers compared to those incubated
with CM from MSCPH 74 (P=0.0495 for Nanog, Fig. 5B). The increased stemness of HOS
cells is possibly mediated by 1L6°0 and/or by the previously mentioned increase of BMP2
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expression (Fig. 4A). To further validate this hypothesis we incubated HOS cells under
spherogenic conditions with the addition of only IL6 and IL8 factors in the medium, or with
or without anti-1L6 specific antibody added to the acid-induced MSC secretome: the
exposure to IL6 and IL8 as the unique stimulating factors or, the blockage of IL6 with
specific antibody enhanced and inhibited sphere formation, respectively (P=0.0495, Fig. 5C
and D), and the treatment with IL6 and IL8 also enhanced the expression of the stem-related
markers Oct4 and Sox2 (P=0.0495, Fig. 5C), respectively. The increased number of formed
spheres under these conditions paralleled with a decrease of sphere volume, implying that an
augment of sphere number was due to an increased clonogenicity potential rather than to an
increase of cell proliferation (P= 0.0495, Supplementary Fig. 4). The expansion of the CSC
fraction in tumor-associated stroma has also been shown in gastric and pancreatic
carcinomas.>2 9352 |n ovarian cancer, it was mediated by the expression of BMP2, BMP4,
and BMP6.543 Since stemness is naturally associated with chemoresistance, we sought to
verify the effect of MSC stressed by short-term acidosis on OS cell sensitivity to DXR.
Indeed, recent studies focused on the screening of several drug libraries have considered
TME as an unexplored target for drug discovery.>* As an example, exploitation of 23
different stromal cells in inducing innate resistance of 45 cancer cell lines with several
anticancer drugs has successfully demonstrated a strong correlation between stroma-derived
HGF factor and innate resistance to RAF inhibitor treatment.5® Here we further emphasized
the concept of mimicking the real TME (including an acidic pH) under /n vitro conditions.
The use of MSC for drug screening should be coupled with additional variables that are
present in the TME and that can activate chemoresistance-promoting activity of MSC,
including local acidosis. In our experimental conditions, CM from MSCPH 38 significantly
reduced DXR toxicity in HOS cells compared to CM MSCPH 7-4 as measured by a viability
assay (P=0.0375, Fig. 5E, left panel), and an apoptosis assay (P=0.0039 vs DXR treatment
alone for both CMPH 6:8 and CMPH 74 and £=0.0065 vs CM PH 74 Fig. 5F, right panel).
Taken together, these results emphasize the importance of the stromal environment to
chemotherapy resistance of OS and suggest that the targeting of MSC might be an
interesting, unexplored strategy to affect the OS CSC population or niche, and that MSC
might be even considered as an effective tumor- or, more specifically, CSC-targeted vehicle
for anti-cancer drugs.>®

Conclusion

For the first time, this study focused on the response of cancer-associated mesenchymal
reactive cells to acidic TME and its effect on OS progression. Our data suggest a novel
concept for OS-stroma interaction, and we propose a model with OS cells producing
extracellular acidosis that, in turn, might reprogram normal mesenchymal cells to reactive,
inflammatory cancer-promoting cells that might support tumor stemness and migration (Fig.
5D). We believe that dissecting the complexity of MSC interactions with cancer cells will
have terrific benefits for the understanding and treatment of life-threatening cancers,
including OS.
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Novelty and impacts

This study explores the role of acidic OS microenvironment in promoting tumor
aggressiveness via activation of reactive MSC, and, for the first time, demonstrates that,
under such conditions, these elements secrete a plethora of clonogenic, chemotactic, and
pro-migratory factors via NF-xB pathway, in turn fostering tumor migration, stemness,
and chemoresistance. Understanding tumor-stroma interactions is crucial for the
identification of novel therapeutic interventions.
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Figure 1. Morphology and immunostaining of canine OStissue sample
A red asterisk (*) indicates the same area in all the histological sections and includes a

borderline zone between the tumor area and the periosteal stromal reaction. (A) Histological
sample of canine OS stained by standard hematoxylin and eosin (H & E). Scale bar 500 pm;
(B) Immunohistochemistry for vimentine, a-SMA, and Ki67 of the same sections shown in
panel A. For vimentin, both high and low magnifications are shown. Arrows indicate
positive staining. Scale bar 200 um; (C) Cell cultures of normal human MSC, of T-MSC
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derived from a human OS tissue samples, and OS cells (HOS) stained for the same markers
shown in panel B. Scale bar 200 um.
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Figure 2. Short-term acidosisinduces NF-xB activation in MSC
(A) mRNA expression of NF-xB transcription factors in MSC (n=3, 2 from bone marrow

and 1 from adipose tissue) exposed to acidic medium at different times. Mean + SE (n=12),
***P<0.001, and *~<0.05; (B) Quantification of the signal for NF-xB transcription factors
translocated into the nucleus of MSC (n=3) after 24 hrs of culture with medium at different
pH. Mean * SE (n=12); ***/<0.001, **/<0.01, and */<0.05; (C) Heat map representation
of the fold increase, by deep-sequencing analysis, of the mRNA levels of NF-xB-related
genes of OS cells (MG63, HOS, Saos-2) and normal stromal cells (2 lots of skin fibroblasts,
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FB, and 4 lots of BM-MSC) after short-term acidosis (pH 6.5) compared to physiological
medium (pH 7.4). Colors on the heat map indicate the log2 ratios of expression
(representing normalized read counts). Red, upregulation; green, downregulation. (D)
Clustering in gene categories of the results obtained by the deep-sequencing analysis of the
transcriptional levels of NF-xB-related genes. Mean + SE; */<0.05. (E) LAMP2 staining of
histological sample of canine OS and an indirect marker of acidic area in the tumor
microenvironment; the same sections was also stained for (F) NF-xB p65 (RelA, B1 scale
bar 100 um) also shown at higher magnification (scale bar 50 pm) (G) and NF-xB (G).
Arrows indicate positive staining.
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Figure 3. Short-term acidosis promotesthe release of theinflammatory cytokines|L6 and IL8 by
the tumor-associated mesenchymal stroma

(A) Human Inflammatory Cytokines Multi-Analyte ELISArray™ performed on MSC
cultured in acidic or physiological medium for 24 hours (n=3); (B) IL6 and IL8 protein
expression in the same samples after 24 hrs from the start of the incubation with acidic
medium by using specific ELISA. Mean + SE (n=12), */<0.05; (C) IL6 and IL8 mMRNA
analysis of MSC at different time points after the incubation with acidic medium. Mean +
SE (n=12), ***/<0.001, **F<0.01, and *F~<0.05 vs TO; (D) The induction of IL6 and IL8
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MRNA expression by the acidic medium is reversible: mRNA levels of IL6 and I1L8 were
analyzed at TO, when the medium was change with acidic medium, at T1 at the end of the
incubation period, and at T2, after additional 16 hours from the interruption of the acidic
stimulus. Mean + SE of each different lot of MSC (n=12), CSF2/GM-CSF, CSF3/G-CSF,
BMP2 mRNA analysis of MSC after 6 hours of culture in acidic medium. Mean + SE
(n=12); (E) IL8 serum level trend in patients at diagnosis and at 12 months since diagnosis
(after treatment).
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Figure 4. Short-term acidosisinduces a M SC-derived secretomethat boosts the migration and
invasive potential and the colony formation of OScells

(A) CSF2/GM-CSF, CSF3/G-CSF, BMP2 mRNA analysis of MSC after 6 hours of culture
in acidic medium. Mean + SE (n=12); ***/<0.001, **/<0.01, and * A<0.05 vs pH 7.4; (B)
Clonal efficiency of MSC in acidic medium. Mean + SE (n=18); */<0.05 vs pH 7.4; (C)
Clonal efficiency of OS cells when cultured in CM of MSC that were pre-treated (CM
MSCPH 6:8) or not (CM MSCPH 7-4) with acidic medium. Mean + SE (n=12), ***P<0.001,
**P<0.01 vs CM MSCPH 74, (D) CCL5, CXCL5, CXCL1, and CXCR4 mRNA analysis of
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MSC after 6 hours of culture in acidic medium. Mean £ SE (n=12), ***/<0.001, **/<0.01
vs pH 7.4; (E) Migration of MSC and HOS cells and (F) invasion ability of HOS cells
exposed to CM of MSC pre-treated (CM MSCPH 6:8) or not (CM MSCPH 7-4) with acidic
medium that here were used as chemotactic stimulus. Mean £ SE (n=3). In the migration
assay the right panels are representative images of the porous membrane with migrated cells
stained with crystal violet (for MSC 10x% lens, for HOS 20x lens), whereas in the invasion
assay the same type of images are on the left panel (20x lens). */<0.05 vs CM MSCPH 74
(G) MMP11 mRNA analysis of MSC after 6 hrs of culture in acidic medium. Mean + SE
(n=12); ***P<0.001 vs pH 7.4. (H) MMP11 protein expression in supernatant of MSC
cultured or not in acidic medium for 24 hrs. Mean + SE (n=12).
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Figure 5. The secretome of acid-stressed M SC promote a stem-like phenotypein HOS cells
(A). Sphere-forming efficiency assay in HOS cells co-cultured with MSC that were

previously stressed or not with acidic medium. Left panel, representative images of the
obtained spheres (4x lens). Mean + SE (n=9), */<0.05; (B) mRNA expression of the stem-
related genes OCT4 and Nanog in HOS co-cultured for 6 days with MSC that were
pretreated (CM MSCPH 6:8) or not (CM MSCPH 74) with acidic medium. Mean + SE (n=4),
*P<0.05; (C) Sphere-forming efficiency (left panel) and stem-related gene expression (right
panel) of HOS cells treated with IL6 and IL8. Mean + SE (n=3), */<0.05; (D) Sphere-
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forming efficiency of HOS co-cultured for 6 days with MSC that were pretreated (CM
MSCPH 6:8) with acidic medium with or w/o Tocilizumab (anti-1L6 antibody). Mean + SE
(n=3), *F<0.05; (E) Indirect viability assay (left panel) and apoptosis assay (right panel) to
measure the effect of CM obtained from MSC treated with acidic medium (MSC CMPH 6.8
on HOS resistance to doxorubicin (DXR). Mean + SE (n=8 for viability test and n=6 for
apoptosis test), *£<0.05 and **/~<0.01 vs DXR, $8/<0.01 vs CM MSCPH 7-4: (F) Due to the
high glycolytic metabolism, OS cells strongly acidify the TME. The local increased
concentration of protons is sensed by MSC in the TME as a strong exogenous stress. The
acid-stressed mesenchymal stroma might be therefore reprogrammed into T-MSC by the
activation of the NF-xB inflammatory pathway that triggers the transcription and the
secretion of several cytokines and chemomikes, among which IL6, IL8, CCL5, GM-CSF,
CXCL1, and CXCLS5. Through a paracrine circuit, the secretome derived from the reactive
mesenchymal stroma, in turn, might promote the stemness and migration of OS cells.
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Table 1
Probes and primers
Gene Full name Accession Primers Probe
Number
18S 18S ribosomal RNA X03205.1 F = gcaattattccccatgaacg 48
rRNA R = gggacttaatcaacgcaagc
ACTB Actin, beta NM_001101.2 F = ccaccgcgagaagatga 64
R = ccagaggcgtacagggatag
18S 18S ribosomal RNA X03205.1 F = gcaattattccccatgaacg 48
rRNA R = gggacttaatcaacgcaagc
ACTB Actin, beta NM_001101.2 F = ccaccgcgagaagatga 64
R = ccagaggcgtacagggatag
NFKB1 Nuclear factor kappa B NM_003998.3 F = cctggaaccacgcctcta 49
subunit 1 R = ggctcatatggtttcccattta
RelA RELA proto-oncogene, NM_021975.3 F = actgtgtgacaaggtgcagaa 64
NF-kB subunit R = cacttgtcggtgcacatca
RelB RELB proto-oncogene, NM_006509.3 F = gattgtcgagccegtgac 4
NF-kB subunit R = ccacgccgtagctgtcat
CSF2 Colony stimulating NM_000758.2 F = tctcagaaatgtttgacctcca 1
factor 2 R = gcccttgagcttggtgag
CSF3 Colony stimulating M17706.1 F = gagcaagtgaggaagatccag 1
factor 3 R = cagcttgtaggtggcacaca
BMP2 Bone morphogenetic NM_001200.2 F = cggactgcggtctcctaa 49
protein 2 R = ggaagcagcaacgctagaag
CCL5 Chemokine (C-C motif)  NM_002985.2 F = tgcccacatcaaggagtattt 59
ligand 5 R = ctttcgggtgacaaagacg
CXCL5 Chemokine (C-X-C NM_002994.3 F = ggtccttcgagctecttgt 71
motif) ligand 5 R = gcagctctctcaacacagca
CXCL1 Chemokine (C-X-C NM_001511.2 F = tcctgcatccecccatagtta 52
motif) ligand 1 R = cttcaggaacagccaccagt
CXCR4 Chemokine (C-X-C NM_001008540 F = ggtggtctatgttggcgtct 18
motif) receptor 4 1 R = actgacgttggcaaagatga
MMP11 Matrix metallopeptidase =~ NM_005940.3 F = tgctgacatcatgatcgactt 60
11 R = agtggacatccccttctcg
IL6 Interleukin 6 NM_000600.3 F = gatgagtacaaaagtcctgatcca 40
R = ctgcagccactggttctgt
IL8/CXC  C-X-C motif chemokine  NM_000584.3 F = gagcactccataaggcacaaa 72
L8 ligand 8 R = atggttccttccggtggt
OCT4/P POU class 5 homeobox ~ NM_002701.4 F = cttcgcaagccctcatttc 60
OU5F1 1 R = gagaaggcgaaatccgaag
NANOG  Nanog homeobox NM_024865.2 F = atgcctcacacggagactgt 69

R = agggctgtectgaataagea

Int J Cancer. Author manuscript; available in PMC 2018 March 15.

Page 28



	Abstract
	Introduction
	Materials and Methods
	Reagents
	Immunohistochemistry
	Cell cultures
	Q-RT-PCR
	Protein analysis
	RNA extraction and RNA-seq analysis
	Clonogenic assay
	Migration assay
	Invasion assay
	Serum analysis
	Sarcosphere-forming efficiency
	Cell viability
	Apoptosis assay
	Statistical analysis

	Results and Discussion
	Reactive stroma in OS
	Short-term acidosis activates downstream signaling of the NFkB pathway in MSC but not in OS cells
	Acidic TME promotes the secretion of high levels of IL6 and IL8 by the mesenchymal stroma
	Short-term acidosis turns MSC into T-MSC that secrete pro-clonogenic and pro-migratory factors
	MSC pro-inflammatory response to short-term acidosis favors OS stemness

	Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1

