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Abstract

Purpose Osteosarcoma is the most common primary bone
tumour appearing in children and adolescents. Recent stud-
ies demonstrate that osteosarcoma possesses a stem-like cell
subset, so-called cancer stem-like cells, refractory to con-
ventional chemotherapeutics and pointed out as responsible
for relapses frequently observed in osteosarcoma patients.
Here, we explored the therapeutic potential of Metformin on
osteosarcoma stem-like cells, alone and as a chemosensitizer
of doxorubicin.

Methods Stem-like cells were isolated from human osteo-
sarcoma cell lines, MNNG/HOS and MG-63, using the
sphere-forming assay. Metformin cytotoxicity alone and
combined with doxorubicin were evaluated using MTT/
BrdU assays. Protein levels of AMPK and AKT were evalu-
ated by Western Blot. Cellular metabolic status was assessed
based on ['*F]-FDG uptake and lactate production measure-
ments. Sphere-forming efficiency and expression of pluri-
potency transcription factors analysed by qRT-PCR were
tested as readout of Metformin effects on stemness features.
Results Metformin induced a concentration-dependent
decrease in the metabolic activity and proliferation of
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sphere-forming cells and improved doxorubicin-induced
cytotoxicity. This drug also down-regulated the expres-
sion of master regulators of pluripotency (OCT4, SOX2,
NANOG), and decreased spheres’ self-renewal ability. Met-
formin effects on mitochondria led to the activation and
phosphorylation of the energetic sensor AMPK along with
an upregulation of the pro-survival AKT pathway in both
cell populations. Furthermore, Metformin-induced mito-
chondrial stress increased ['*F]-FDG uptake and lactate
production in parental cells but not in the quiescent stem-
like cells, suggesting the inability of the latter to cope with
the energy crisis induced by metformin.

Conclusions This preclinical study suggests that Met-
formin may be a potentially useful therapeutic agent and che-
mosensitizer of osteosarcoma stem-like cells to doxorubicin.

Keywords Osteosarcoma - Cancer stem cells -
Metformin - Doxorubicin

Introduction

Osteosarcoma is the most frequent primary malignant bone
tumour that appears mainly in childhood and adolescence,
comprising 20% of all bone tumours and 5% of paediatric
tumours overall. It represents the sixth most common cause
of cancer in children older than 15 years and is considered
an aggressive neoplasia [1]. In recent years, a significant
improvement in the 5-year survival rates to approximately
65%—75% was achieved with the introduction of high-dose
multiagent neoadjuvant chemotherapy, followed by surgical
resection and adjuvant chemotherapy [2, 3]. Despite that,
20-40% of patients with non-metastatic osteosarcoma at
diagnosis still relapse and die, mostly due to the develop-
ment of resistance to current treatments [4, 5].
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Nowadays, there is substantial evidence that many
tumours, including osteosarcoma, contain a small subset of
cells with stem-like properties, referred as cancer stem-like
cells (CSCs) that like normal stem cells have the ability to
self-renew and to generate differentiated progeny with lim-
ited proliferative capacity [5—7]. These cells have crucial
therapeutic implications in cancer progression, since they
possess mechanisms underlying both chemo- and radiore-
sistance and are associated with aggressiveness and meta-
static abilities [8—12]. The high rates of metastatic recur-
rences observed in osteosarcoma have been associated with
the presence of CSCs, which underlies the need of novel
therapeutic strategies focused on their eradication [10, 13].

Recently, cancer cell metabolism has become an excit-
ing and promising field for therapeutic intervention. It is
recognised that tumour cells rely on metabolic changes to
support their growth and survival that involves a shift in
nutrient metabolism towards biosynthesis [14, 15]. Cancer
cell metabolism is characterised by an enhanced glucose
uptake and a persistent activation of aerobic glycolysis even
in the presence of oxygen, a widely accepted phenomenon
known as Warburg effect [16, 17]. With respect to the met-
abolic requirements of CSCs, there is no consensus, with
some studies indicating that they rely primarily in aerobic
glycolysis, in clear contrast with others suggesting that CSCs
adopt oxidative phosphorylation as their principal source of
energy. For instance, the studies of Palorini et al., performed
in an osteosarcoma stem-like cell line (3AB-OS) suggest
that CSCs rely mostly on glycosis to sustain their prolifera-
tion, survival and ATP production [18], while Issaq et al.
observed that they are differentially sensitive to inhibition of
glycolysis, and even more sensitive to combined inhibition
of glycolysis and mitochondrial respiration by different drug
combinations [19].

The anti-diabetic semi-synthetic biguanide Metformin
(MET) has been extensively used in the treatment of type-2
diabetes patients [20, 21], but recently has also been associ-
ated with reduced cancer risk and improved cancer progno-
sis [22]. The anticancer beneficial effect of MET is attributed
to the activation of AMP-activated protein kinase/mamma-
lian target of rapamycin (AMPK/mTOR) pathway [21, 23].
Metformin blocks the complex I of mitochondrial oxidative
phosphorylation, which provokes an increase in NADH/
NAD? ratio with subsequent imbalance in the AMP/ATP
ratio. The activation of AMPK, which is a central regulator
of metabolic pathways, leads to the inhibition of anabolic
processes while inducing stimulation of catabolism. Moreo-
ver, AMPK activation leads to the inhibition of mTOR by
TSC2 phosphorylation with consequent decrease in cell
growth, proliferation and protein synthesis. Furthermore,
several studies demonstrated that MET potentiates the cyto-
toxic effects of chemotherapeutics in osteosarcoma [24] and
also in breast [25] and colon cancer [26]. Besides, other
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studies demonstrated a preferential cytotoxicity of MET to
CSCs relative to their differentiated counterparts in several
tumours, based on its ability to inhibit mitochondrial activ-
ity [27-29]. Despite that most studies attribute the anti-
tumoural effects of MET to the indirect activation of AMPK
and subsequent suppression of mTOR, the exact mechanism
of MET operating in CSCs remains largely unknown.

In this study, we provide evidence that MET exert a pref-
erential cytotoxicity against stem-like spheres by dysregu-
lating the signalling machinery that safeguards self-renewal
ability, as a result of their inability to deal with the sub-
sequent energy crisis induced by mitochondrial inhibition.
This high dependency on mitochondrial bioenergetics can
be envisaged as a metabolic weakness and exploited as a
potential target for osteosarcoma stem-like cells.

Materials and methods
Cell culture and sphere-forming assay

Human MNNG/HOS and MG-63 osteosarcoma cell lines
were obtained from the American Type Culture Collec-
tion (ATCC, Rockville, MD). These cells were cultured in
monolayer with RPMI-1640 medium (Sigma—Aldrich®, St.
Louis, USA) supplemented with 10% (v/v) heat inactivated
fetal bovine serum (FBS, Gibco®, Waltham, USA) at 37 °C
in a humidified atmosphere with 5% CO, and 95% air. The
isolation of stem-like cells was performed using the sphere-
forming assay as previously described [9]. In brief, cells
were harvested and seeded at a density of 60X 10* cells/
well on 6-well poly-HEMA-coated plates (Sigma) and cul-
tured for 7-10 days in DMEM-F12 medium (Sigma) with
1% methylcellulose (Sigma) supplemented with 20 nM pro-
gesterone (Sigma), 100 uM putrescine (Sigma), 1% insulin-
transferrin-selenium-A supplement (Gibco®), 1% antibiotic/
antimicotic (Gibco®), 10 ng/mL human epidermal growth
factor (EGF, Sigma) and 10 ng/mL human basic fibroblast
growth factor (bFGF, Prepotech, EC, London, UK). Fresh
aliquots of growth factors were added twice a week. For
assessment of self-renewal, dissociated cells from primary
spherical colonies were re-seeded in serum-free medium in
non-adherent conditions for secondary sphere formation.

Drug cytotoxicity assays

Both parental MNNG/HOS and MG-63 cells and corre-
sponding spheres were treated with MET (Sigma) as a single
agent or in combination with doxorubicin [DOX (DOXO-
cell®, Portugal)], which is currently used as a first-line ther-
apy for osteosarcoma. Cells were seeded in 96-well plates
overnight and then incubated with increasing concentrations
of MET (0.1, 1, 2 and 5 mM) for a period of 48 h. The effects
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of MET on metabolic activity and cell proliferation were
measured using the MTT [3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide] assay (MTT, M2128,
Sigma) and the 5-bromo-2'-deoxyuridine (BrdU) incorpo-
ration assay (Cell Proliferation ELISA, BrdU colorimet-
ric, Roche®, Germany), respectively, and were performed
according to the manufacturer instructions. Absorbance val-
ues were expressed as percentages relatively to untreated
controls.

The cytotoxicity of MET in combination with DOX was
assessed using the MTT colorimetric assay. Cells were
treated with three DOX concentrations (0.25, 0.5 and 1 uM)
in combination with increasing concentrations of MET from
0.1 to 5 mM.

Effects of Metformin on sphere formation
and self-renewal ability

Next, we evaluated whether MET caused a depletion of
the stem-like pool within parental cells or a dysregula-
tion in the self-renewal ability of spheres. The former was
assessed by measuring the sphere-forming efficiency (SFE)
in dissociated parental cells plated in serum-free medium
in non-adherent conditions (first generation). The later
was assessed using sphere-dissociated cells from the first-
generation untreated spheres, and cultured under the same
conditions. In both cases, the sphere-forming assay was per-
formed in the presence of MET at concentrations varying
from 0.1 to 5 mM during 48 h. The formed spherical colo-
nies were observed and counted in an inverted microscope
(Nikon, Eclipse TS 100). Sphere-forming efficiency was
calculated as the number of spheres formed divided by the
initial number of single cells seeded and expressed as per-
centage. Spheres’ size and morphological appearance were
also evaluated. Images of floating spherical colonies were

Table 1 Primer sequences used in qRT-PCR analysis

acquired in a fluorescence microscope (Leica DFC350 FX,
Leica Microsystems, USA) operating in brightfield mode.

Analysis of mRNA expression by quantitative RT-PCR

Total RNA was extracted using TRIzol® reagent (Invit-
rogen). First-strand cDNA was synthetised from 1 pg of
purified RNA using NZY First-Strand cDNA Synthesis kit
(NZYTech, Lisbon, Portugal) in a reaction volume of 20 ul
according to the manufacturer instructions in a GeneAmp®
PCR system 9700 thermal cycler (Applied Biosystems).
Primer sequences used on quantitative reverse-transcriptase
polymerase chain reaction (QRT-PCR) are listed in Table 1
and were purchased from NZYTech. The qRT-PCR was
performed in duplicate using a PerfeCTA SYBR Green
FastMix (GRISP, Porto, Portugal) in a CFX—96™ Real-
Time PCR Detection System (BioRad Laboratories, Inc) in
a final volume of 12.5 ul containing 2.5 pl of 25x diluted
cDNA, according to the following protocol: starting with an
initial denaturation step at 95 °C during 5 min, where the
TAQ polymerase was activated, followed by 39 cycles of
amplification in thermal cycler conditions of 10 s at 95 °C
where DNA was denaturated, 10 s at 60 °C to allow the
primer annealing, 10 s at 72 °C for the elongation process
and a final extension cycle at 72 °C during 10 min. mRNA
expression data was normalised to three housekeeping genes
and analysed using the AACt method and Bio-Rad CFX
Manager™ 3.0 software.

Western blot

Protein samples were collected from untreated MNNG/
HOS and MG-63 cells and corresponding spheres and
following exposure to MET in the concentrations rang-
ing from 0.1 to 5 mM. Cells were lysed with a RIPA
buffer containing proteases and phosphatases inhibitors

Gene Forward primer Reverse primer

NANOG 5'-GATGCCTCACACGGAGACTG-3' 5-GCAGAAGTGGGTTGTTTGCC-3'
OCT4 (POUSFI) 5" TCTGCATCCCTTGGATGTGC-3’ 5-GTGTGGCCCCAAGGAATAGT-3'
SOX2 5'-CATGCACCGCTACGACG-3' 5-CGGACTTGACCACCGAAC-3'
ABCBI1 5" -GAGGAAGACATCACCAGGTATGC-3’ 5-GCCAGGCACCAAAATGAAACC-3'
ABCG?2 5" TCAGCGGATACTACAGAGTGTCATC-3' 5'-ATCTGCCTTTGGCTTCAATCCTAA-3'
ALDHIAI 5'-CTGGTTATGGGCCTACAGCA-3' 5-ATTGTCCAAGTCGGCATCAG-3'
ALDH?2 5'-CGAGGTCTTCTGCAACCAG-3' 5-GCCTTGTCCACATCTTCCTT-3'
ALDH7AI 5'-sCAACGAGCCAATAGCAAGAG-3' 5'-GCATCGCCAATCTGTCTTAC-3'
GAPDH 5-ACAGTCAGCCGCATCTTC-3' 5'-GCCCAATACGACCAAATCC-3'
HPRT-1 5" TGACACTGGCAAAACAATG-3' 5'-GGCTTATATCCAACACTTCG-3'
18§ 5-GAAGATATGCTCATGTGGTGTTG-3' 5'-CTTGTACTGGCGTGGATTCTG-3'

All cycle threshold (Ct) values of the analysed genes were normalised to the housekeeping genes GAPDH, HPRT-1 and 18§
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(Roche®). Protein concentration was determined using
the bicinchoninic acid assay (BCA, Sigma), according to
the manufacturer instructions. About 40-60 pg of total
protein extract were separated by SDS—PAGE electropho-
resis and then electrotransferred onto methanol-activated
hydrophobic polyvinylidenedifluoride membranes. Non-
specific protein interaction was blocked by incubating the
membranes with 5% non-fat dry milk in 0.1% TBS-T dur-
ing 1 h at room temperature. Membranes were incubated
overnight at 4 °C with primary antibodies at a dilution of
1:1000 against Sox2 (Cell Signalling Technology, Dan-
vers, MA, USA), AMPKa (Cell Signalling), pAMPKa
(Thr172) (Cell Signalling), Glutl (Millipore), Akt (Cell
Signalling), pAkt (Ser473) (Cell Signalling) and at a
dilution of 1:5000 for human B-actin (Sigma). The mem-
branes were washed with PBS-T and then incubated with
alkaline phosphatase-conjugated secondary anti-rabbit or
anti-mouse antibodies, at a dilution of 1:20,000 during 1 h
at room temperature. The reactive bands were visualised
by chemifluorescence (ECF™ western blotting Reagent
Pack, GE Lifesciences, Pittsburg, PA) using Typhoon™
FLA 9000 (GE Healthcare Bioscience, Sweden). The band
intensities were estimated using ImageJ software (National
Institutes of Health, Bethesda, MD) and normalised to
that of corresponding loading controls (f-actin or total
AMPKa). Data obtained from treated conditions was nor-
malised to corresponding controls.

Cellular metabolic activity

The metabolic activity of parental adherent cells
and corresponding spheres was assessed based on
['8F]-ﬂu0r0-2—de0xyglucose (['®F]-FDG) uptake, which is
an analogue of glucose and routinely used in Positron Emis-
sion Tomography (PET) imaging studies. This radiopharma-
ceutical was provided by the Institute for Nuclear Sciences
Applied to Health (ICNAS, University of Coimbra, Coim-
bra, Portugal). Cells were treated with MET (0.1-5 mM)
during 48 h and then incubated with ['*F]-FDG (0.75 MBg/
mL) for 1 h in a humidified incubator at 37 °C with 5% CO,.
Afterwards, the culture medium was collected into glass
tubes and the cells were washed with PBS, scraped and col-
lected into glass tubes. Both tubes containing the collected
culture medium and the scraped cells were assayed for radio-
activity in a Radioisotope Calibrator Counter (CRC-15W
Capintec, USA) within the '®F sensitivity energy window of
400-600 keV. After reading radioactivity, cells were lysed
with 1% SDS (m/v) in PBS (pH 7.0) and the total protein
was quantified using the bicinchoninic acid assay (BCA,
B9643, Sigma—Aldrich®). The cellular uptake of ['*F]-FDG
was expressed as a ratio to the levels found in untreated cells
and normalised to total protein content.
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Lactate production

Lactate production by adherent parental and sphere-forming
cells was measured using the colorimetric lactate assay kit
(Sigma), after 48 h exposure to MET at the same concentra-
tions used in ['®F]-FDG uptake studies (0.1-5 mM). The
supernatant of treated cells was collected and deproteinised
with a 10 kDa spin filter (Amicon®) to remove lactate dehy-
drogenase. Lactate dehydrogenase concentration in the solu-
ble fraction was determined by an enzymatic-based assay
(Sigma) according to the manufacturer instructions. Cells
were lysed in 1% (m/v) SDS solution in PBS (pH 7.0) and
the total protein was determined using the bicinchoninic acid
assay. Lactate dehydrogenase produced by the cells was nor-
malised to total protein content.

Statistical analysis

All the results were presented as mean + standard error mean
(SEM) of the indicated number of experiments performed.
The Mann—Whitney non-parametric test was used to perform
statistical analysis. P <0.05 was assumed as statistical sig-
nificant. Statistical analysis and graphical illustrations were
prepared using GraphPad Prism software version 6 (Graph-
Pad Software, San Diego, CA, USA). Artwork was prepared
in Adobe Illustrator CS5.1 (Adobe Systems Incorporated,
USA).

Results

Human osteosarcoma cell lines form spherical colonies
exhibiting stem-like features

The presence of stem-like cells in human osteosarcoma cell
lines MNNG/HOS and MG-63 was identified through the
sphere formation assay as described elsewhere [9]. Adherent
cells cultured under anchorage-independent conditions and
serum-free medium grew in suspension and formed compact
spherical colonies that were further termed as spheres or
stem-like sphere cells (Fig. 1a). These cells maintained the
ability to generate new spherical colonies in subsequent gen-
erations demonstrating their self-renewal capacity (data not
shown). The stemness nature of these cells was confirmed by
the expression of pluripotency-related transcription factors
OCT4, NANOG and SOX2, which are known to play a key
role in the maintenance of self-renewal and pluripotency of
embryonic stem cells (ESCs). The mRNA expression analy-
sis showed a 5.5- and 20-fold increase in SOX2 expression
in spheres relatively to parental cell lines MNNG/HOS and
MG-63, respectively (Fig. 1b), that was confirmed at pro-
tein level by Western Blot (Fig. 1c). The other transcription
factors were also more amplified in spheres relatively to
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Fig. 1 Osteosarcoma sphere-forming cells express embryonic pluri-
potency markers. a MNNG/HOS and MG-63 parental cell lines grow
in adherent conditions (left panel) and form spheres after 7 days in
serum-free medium under non-adherent conditions (right panel). b
Expression of pluripotency-related markers (OCT4, NANOG and
S0X2), isoforms of ALDH (ALDHIAI, ALDH2 and ALDH7A1I) and
drug resistance-related genes (ABCBI and ABCG2) by qRT-PCR.

adherent cells but at less extension. Moreover, sphere-form-
ing cells were also characterised by a variable expression
pattern of drug resistance related genes including the alde-
hyde dehydrogenase (ALDH) isoforms ALDHIAI, ALDH2
and ALDH7AI and the ATP-binding cassette transporters
ABCBI and ABCG?2 (Fig. 1b), also recognised as stem-like
markers.

Metformin decreases cell metabolic activity
and proliferation of osteosarcoma stem-like cells

The effects of MET on the metabolic activity were esti-
mated by the MTT assay, a colorimetric method based on

53
(o]
MNNG/HOS MG-63
Parental Spheres Parental Spheres
Sox2 L — 35 kDa
B-Actin — 43 kDa
S 204
I
[} ) #
5T 154
% 8
©
cS
‘§ % 10 4
5E ,
2
3 ol —
= MNNG/HOS MG-63
[ Parental Cells [l Spheres
MG-63
i I
20 4 l
15
10
5w
2.5 4
0.0 = x T T H T T T é T
c'* W08 .of* ARY e pA e\ .ot
o “p&\ g0 P\“o“ P‘\,UP‘\’D\,\'IP‘ P&G P&G

The graph shows the fold change in gene expression in spheres rela-
tive to corresponding parental cell line that was set as 1. ¢ Analysis of
Sox2 protein levels by Western blot in parental cells and correspond-
ing spheres. Bar graphs represent fold-difference of protein levels
after normalisation to fB-actin. Data represents mean+ SEM of three
(n =3) independent experiments. *p <0.05, #¥p<0.01 compared to
parental cells

the mitochondrial succinate dehydrogenase activity in viable
cells. This drug induced a progressive and concentration-
dependent decrease in the metabolic activity in the stem-
like subpopulations of both cell lines. This effect was less
pronounced in parental cells, as depicted in Fig. 2a, b. For
concentrations above 1 mM the percentage of metabolically
active sphere-derived cells was significantly lower (p <0.05)
than that in corresponding parental cells exposed to equal
concentration of MET. The anti-proliferative effects of MET
were also more pronounced in the stem-like subset (Fig. 2c,
d) than in corresponding parental cells, based on the cellular
BrdU incorporation. Spheres derived from the MNNG/HOS
cell line seem to be more susceptible to the anti-proliferative
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Fig. 2 Metformin induces preferentially a decrease in the meta-
bolic activity and proliferation rate of osteosarcoma spheres. Effects
of different concentrations of MET in metabolic activity (a, b) and
proliferation (c, d) assessed using the MTT and BrdU assays, respec-
tively, in MNNG/HOS and MG-63 parental cells and corresponding

effect of MET, as indicated by the lower percentage of pro-
liferating cells comparatively to MG-63-derived spheres
exposed to the same concentration of MET (Fig. 2c, d).

Altogether, these results showed that MET exerts a prefer-
ential cytotoxic effect in stem-like sphere cells by regulating
proliferation and metabolic activity, and a less and moderate
effect in parental cells.

Metformin decreases the sphere-formation

and self-renewal abilities of stem-like cells

and the expression of pluripotency-related transcription
factors

After verifying the higher susceptibility of spheres to MET,
we then examined the effect of MET on sphere-forming and
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spheres. Data were expressed as mean+SEM of three (n=3) inde-
pendent experiments performed in triplicate. *p <0.05, **p<0.01,
*#%p <0.001, compared to untreated cells; #p§0.05, ##pS0.0l com-
pared to parental cells exposed to the same MET concentrations

self-renewal abilities. The former was assessed by measur-
ing the SFE of adherent cells plated in serum-free medium
in non-adherent conditions (first generation). The later was
calculated based on the number of spheres formed using
dissociated cells from the first sphere generation.

No significant alterations were observed in the SFE of
MNNG/HOS and MG-63 cells (Fig. 3a, left panel) treated
with MET in the range of tested concentrations, with the
exception of the MG-63 cells treated with 5 mM MET.
However, the size of spheres decreased progressively with
the increasing MET concentrations and their structure was
less compact compared with untreated cells (Fig. 3a, right
panel). A more noticeable effect of MET was observed
on the self-renewal ability of dissociated first generation
spheres mainly those derived from the MNNG/HOS cell



Cancer Chemother Pharmacol (2018) 81:49-63

MNNG/HOS
a
ge —§150
> =
2 ]
034 @ 100
§e £
&3 g
c o
52 5 50
<4 °
£ §
=0 a0
CTR 01 1 2 CTR 01 1 2 5
[MET],(mM) [MET],(mM)
- : S
CTR & o mM AT j‘ “ 5mM§
\ A ’ | ® ~ &,
| " ”9 3 s

MNNG/HOS

(2]

150

IS )
3
3

Secondary sphere
formation efficiency (%)
3

Diameter of spheres (um)

o

CTR 0.1 1 2

01

[MET],(mM) [MET], (mM)

c'r:." mlfl‘ ¢ 2mM pk'. ‘
: L3
L .S - S

e MNNG/HOS

054 % ** *%

0.25 4

mRNA expression
(vs untreated cells)

0.125 4 et

0.0625 ~

SOx2 OCT4  NANOG

2mM MET [] 5mM MET
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abilities of CSCs-enriched spheres by downregulation of pluripo-
tency-related transcription factors. a, b Adherent MNNG/HOS and
MG-63 cells were treated with different concentrations of MET
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assay conditions. ¢, d First-generation sphere-forming cells were
treated with a range of concentrations of MET (0.1-5 mM) during 1
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d left panels represent total number of spheres per total number of

line, as showed by the progressive and significant reduc-
tion in the SFE as well on the size and morphology of
spheres. For 2 and 5 mM of MET the spheres revealed a
structure more similar to cellular aggregates with irregular
contours and not as compact and round as the ones derived
from control untreated cells (Fig. 3c). MET also compro-
mised the self-renewal ability of MG-63 cells, although
with a more pronounced effect on the spheres size and
loss of colony morphology for concentrations immediately
above 0.1 mM MET (Fig. 3b, d, right panels). Alterations
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cells plated and right panels represent the diameter of spheres in um.
Lower panels in a—d show representative images of morphology and
size of spheres after treatment with the indicated doses of MET, scale
bars=100 um. e, f mRNA expression of SOX2, OCT4 and NANOG
tested by qRT-PCR in spheres treated with 2 and 5 mM of MET for
1 week. Bar graphs represent fold-change mRNA expression +SEM
in MET versus untreated cells, after normalisation to three house-
keeping genes (GAPDH, 18S and HPRT-1). *p<0.05, **p<0.01,
*##%p <0.001, significantly different from untreated cells

on the SFE were only significant for the highest MET con-
centration (Fig. 3b, d, left panels).

To further understand the growth inhibitory effects of
MET on sphere-forming cells, we analysed the mRNA
expression levels of pluripotency stem cell markers SOX2,
OCT4, and NANOG in spheres after treatment with the two
highest MET concentrations (2 and 5 mM). At these drug
concentrations it was observed a significant decrease in the
mRNA expression levels of these pluripotency transcrip-
tion factors, relatively to untreated cells, except for OCT4
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and NANOG levels in MNNG/HOS spheres at 2 mM that
remained unchanged or increased, respectively (Fig. 3e, f),
suggesting that higher concentrations of MET are needed for
the simultaneous downregulation of these three transcription
factors in this cell line. This might reflect some degree of
heterogeneity between sphere-forming cells and differences
in the cellular response to MET-induced metabolic stress,
with consequent impact on the expression of core pluri-
potency markers. Even so, these results suggest that MET
disrupts the core transcriptional regulatory circuit required
to maintain the self-renewal and pluripotency of stem-like
spheres.

Metformin induces activation of sensors of energetic
status (pAMPKThr"Z) and interferes with survival
pathways (pAktSer473)

The central mechanism of the anti-carcinogenic effect of
MET has been attributed to the activation of the energy sen-
sor AMPKa, a key factor in the regulation of metabolic and
energy status, which is crucial for cell survival. Once acti-
vated, AMPKa downregulates anabolic processes and upreg-
ulates catabolic processes that lead to ATP synthesis [21].
Based on this hypothesis, we evaluated the protein levels
of the activated form of AMPKa (pAMPK™172) after 48 h
exposure to MET by Western Blot analysis. We observed a
progressive increase in AMPKa phosphorylation in Thr172
residue, in both parental cells and spheres, which became
significant for concentrations above 1 mM (Fig. 4a).

Since tumour cells are also capable of activating sur-
vival-related pathways in response to cytotoxic insults,
we analysed the effect of MET on Akt phosphorylation, a
key readout of molecular activation of the survival PI3K/
Akt pathway. Exposure to increasing concentrations of
MET induced an increase in pAkt>™’® becoming signifi-
cant for concentrations above 1 mM in spheres compared
to untreated cells, with no apparent differences to parental
cells (Fig. 4b).

Metformin interferes with the metabolic activity
of osteosarcoma cell lines

Subsequently to AMPKa activation, MET upregulates pro-
cesses that lead to ATP synthesis, including glucose uptake.
Therefore, we measured the cellular uptake of [ISF]-FDG,
a glucose analogue radiotracer, in both cell populations fol-
lowing treatment with MET. This is an established method
for assessing the metabolic activity in tumour cells that
reflects both transport and phosphorylation of glucose by
viable cells. Under basal conditions, sphere-forming cells
displayed lower accumulation of ['®*F]-FDG in relation to
parental cells (Fig. 5a), which can be explained by their
quiescent nature or slow-proliferating rate and less energy
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demands. Accordingly, although not significant, there is a
trend towards a downregulation of the glucose transporter
Glut 1 expression in spheres in relation to parental cells
(Fig. 5b).

The treatment with MET induced a progressive increase
in the cellular uptake of ['®F]-FDG and lactate production
in parental cells but not in spheres, whose uptake levels
remained similar to those observed in untreated controls
(Fig. 5c, d). Contrarily to parental cells, the activation of
AMPK induced by MET in spheres was not accomplished
by an increase in ['®F]-FDG uptake (Fig. 5c) or lactate pro-
duction (Fig. 5d), suggesting the inability of these cells to
co-opt for aerobic glycolysis to compensate the energetic
stress in response to MET-mediated mitochondria complex
I inhibition. Altogether these results suggest that osteosar-
coma stem-like spheres rely more on oxidative phosphoryla-
tion for survival compared with their parental differentiated
counterparts, and display less ability to cope with metabolic
mitochondrial stress.

Metformin potentiates DOX-induced cytotoxicity
preferentially in stem-like spheres

Cancer stem-like cells are widely known for their increased
chemoresistance. As already demonstrated by our group [9,
12], the isolated spheres of either MNNG/HOS or MG-63
cell lines display a drug concentration—response consistent
with enhanced chemoresistance to DOX relatively to their
differentiated counterparts (Fig. 6a). Given the preferen-
tial cytotoxicity of MET to sphere-forming cells, as previ-
ously observed with the MTT and BrdU assays (Fig. 2), we
tested whether MET potentiates the DOX cytotoxic effects
towards spheres. We conducted a MET-based combinatorial
therapy using three fixed concentrations of DOX within the
therapeutic range (0.25, 0.5 and 1 uM) in combination with
varying concentrations of MET (0.1-5 mM). Both parental
cells and corresponding spheres were incubated with each
drug alone and in combination for 48 h. Cell viability was
assessed using the MTT colorimetric assay. The combina-
tion of varying concentrations of MET with 0.25 uM DOX,
which per se showed relatively low cytotoxic effects on
spheres of both cell lines, sensitised the cells to DOX in a
dose-dependent way (Fig. 6b, c). Metformin also enhanced
the cytotoxicity of 0.5 and 1 uM DOX, mainly in the stem-
like subset. In parental cells this effect was less pronounced
and mainly observed when used at 2 or 5 mM, which falls
out of the clinical range used in the treatment of diabetes
and with potentially life-threatening toxicity. These obser-
vations suggest that MET in combination with DOX could
contribute for the reduction of chemotherapeutic doses of
DOX used in the therapy with consequent reduction of its
side effects.
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Fig. 4 Metformin activates AMPK and the pro-survival PI3K/
Akt pathway in osteosarcoma cancer cells. a, b Western Blot results
show a MET concentration-dependent phosphorylation of AMPKa
(Thr172) and Akt (Ser473) in parental cells and spheres after 48 h of
treatment with MET (0.1-2 mM). Relative protein levels were quanti-
fied using ImageJ software, by dividing the optical density of the spe-

Discussion

In the present study, we investigated the potential use of
MET as co-adjuvant of DOX in the treatment of osteosar-
coma, aiming to target stem-like cells, which are consid-
ered to play a major role in several aspects of tumorigenesis,
including the clinical failure of the majority of available con-
ventional therapies and consequent appearance of metastatic
disease.

In previous studies, we demonstrated that osteosarcoma
cell lines harbour a distinct cell subpopulation of cells
exhibiting stem-like properties and chemoradio-resistance
compared to their more differentiated counterparts [9]. An
extensive characterisation of these cells demonstrated they
express a core of transcription markers known to regulate the

cific protein band by that of the corresponding non-phosphorylated
forms and then normalised to untreated (CTR) cells. Data represents
mean+ SEM of four (n=4) or three (n=3) independent experiments.
*p<0.05, **p<0.01, ***p<0.001 compared to untreated cells
#p <0.05 compared to parental cells in the same conditions

pluripotency and self-renewal of ESCs, being Sox2 one of
the most regularly expressed [30], a trait that was confirmed
in this new set of experiments. Additionally, the increased
expression of the ALDH isoforms ALDHIAI, ALDH2 and
ALDH7A]I together with the drug resistance-related genes
ABCBI and ABCG?2 observed in spheres are likely to con-
tribute to their enhanced resistance to doxorubicin as well
as to other drugs [31].

The anti-diabetic drug Metformin has received particular
attention for its anticancer properties due to anti-prolifera-
tive and anti-tumour growth effects in mouse xenografts,
suggesting the possibility of its use as an anticancer agent
in non-diabetic contexts [20]. Our data showed that MET
induced a decrease in metabolic activity and proliferation in
both parental and stem-like populations with the latter being
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«Fig. 5 Metformin increases cellular uptake of ['®F]-FDG and lac-
tate production in parental cells but not in spheres. a Cellular uptake
of ['8F]-FDG in parental cells and corresponding spheres without
treatment with MET. b Protein levels of Glutl in parental cells and
spheres subpopulations. ¢ Cellular uptake of ['*F]-FDG in MNNG/
HOS and MG-63 cells and spheres following treatment with increas-
ing concentrations of MET during 48 h. ['®F]-FDG uptake was meas-
ured after 1 h incubation with the radiotracer and was expressed as
a ratio to the levels found in untreated cells and normalised to pro-
tein content. d Lactate production by MNNG/HOS and MG-63 cells
and respective spheres following treatment with increasing concen-
trations of MET during 48 h. Relative protein levels were quantified
using Imagel software, by dividing the optical density of the specific
protein band by that of the loading control (f-actin). Data represents
mean+ SEM of four (n=4) or three (n=3) independent experiments.
#»<0.05, #p <0.01, ¥ p <0.001, compared to corresponding paren-
tal cells; *p <0.05, **p <0.01, compared to untreated cells

more susceptible to MET, in opposite to the classical chemo-
therapeutic drug DOX that demonstrated enhanced cytotox-
icity against parental cells. These results were in agreement
with those observed in other tumour types including thy-
roid [27, 32], pancreatic [27, 32], breast and fibrosarcoma
[33] stem-like populations relatively to their differentiated
counterparts.

The potential benefits of MET, as an anticancer agent,
are believed to result from the activation of AMPKa,
which plays a major role in the regulation of energetic
metabolism and proliferation in tumour cells. This drug
activates the AMPKa signalling pathway in response to
the inhibition of mitochondrial complex I and drop of
intracellular ATP levels, which from a metabolic point of
view, promotes the conservation of ATP under metabolic
stress by activating pathways of catabolic metabolism [14,
34], and suppression of the mTOR activity, a signalling
pathway involved in protein synthesis, tumour cells growth
and pathogenesis [21]. Some studies showed that mMTOR
inhibition, although being an important target in cancer
treatment, can be circumvented by the activation of the
compensatory PI3K/Akt survival pathway leadind to drug
resistance [35, 36]. Our results showed that MET activated
AMPKa in both parental cells and spheres, as indicated by
the phosphorylation of AMPKa, alongside with a progres-
sive increase in Akt phosphorylation in both cell popu-
lations. Despite the activation of this survival pathway,
MET still exerted pronounced anti-proliferative effects in
spheres, suggesting that other AMPK-independent mech-
anisms are underlying the citotoxicity of MET in these
cells,. As mentioned above the activation of AMPKa and
subsequent modulation of downstream pathways would
lead to stimulation of glycolysis for the production of ATP.
This effect was evidenced in parental cells as indicated
by the progressive increase in the ['®F]-FDG uptake and
lactate production paralleled to the increased pAMPK 172
levels, suggesting these cells increase aerobic glycolysis
to compensate the limitation of ATP production driven

by MET-induced inhibition of mitochondrial metabolism.
The stem-like fraction demonstrated less ability to deal
with the metabolic stress, since neither ['*F]-FDG uptake
or lactate production changed with MET concentrations.
It has been recognised that tumour cells rely mostly on
glycolysis for their energy demands, even in the presence
of oxygen, a metabolic profile of tumour cells known as
the Warburg effect that constitute the basis for the use of
PET imaging with ['®F]-FDG in clinical diagnosis of solid
tumours [37, 38]. Some studies suggest that stem-like cells
are even more glycolytic than their normal counterparts
for the maintenance of stemness properties [39]. Studies
from Loureiro et al. and Vega-Naredo et al. suggest that
stem-like cells from embryonal carcinoma cells, suppress
their metabolism to allow the maintenance of stemness as
well as their proliferative rate. These embryonal stem-like
cells seem to possess immature and inactive mitochon-
dria avoiding the complex oxidative metabolism processes
that occur in these organelles [40, 41]. Contrarily, others
sustain that CSCs rely mainly on oxidative phosphoryla-
tion as their main source of energy, since CSCs are rather
quiescent in terms of proliferation [9]. Our previous data
showed a low level of Ki-67 staining in a few number of
cells in paraffin-embedded spheres, which is indicative of
slowly proliferating cells suggesting a quiescent phenotype
in opposite to the strong Ki-67 staining intensity in pro-
liferating parental cells [30]. Here, we demonstrated that
sphere-forming cells consumed less glucose compared to
their differentiated counterparts, as indicated by the lower
accumulation of ['®F]-FDG and produce less lactate, indi-
cating a preference for mitochondrial oxidative metabo-
lism rather glycolysis. This oxidative phenotype has been
observed in CSCs isolated from breast cancer [42] and
ovarian cancer patients [43], and seems to be related to the
capacity to resist apoptosis. The preferred dependency of
CSCs on oxidative phosphorylation for energy production
might explain the vulnerability of spheres to the inhibi-
tion of the mitochondrial respiratory complex I by MET,
which is crucial for oxidative phosphorylation in mam-
malian cells [44]. Wiirth et al. in a study performed in
glioblastoma cell lines observed similar markedly different
responses to MET regarding glucose uptake, with differ-
entiated cells showing significant increases in ['®F]-FDG
uptake, while CSCs showed virtually no response with
increasing concentrations of MET [29]. Together, these
findings suggest that CSCs are unable to switch to a
glycolytic metabolism to compensate their bioenerget-
ics when the mitochondrial respiration is impaired [45,
46]. Moreover, treatment with MET, induced a partial
suppression of stemness traits, namely an impairment in
the sphere-forming efficiency and self-renewal capacity
of spheres and downregulation of pluripotency markers,
particularly noticeable at the highest MET concentration
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Fig. 6 Metformin potentiates the cytotoxic effect of doxorubicin
(DOX) in resistant osteosarcoma spheres. a Sphere-forming cells
are less susceptible to DOX, within the therapeutic range, as com-
pared to their parental cells. b, ¢ MNNG/HOS and MG-63 cells,
and respective spheres, were treated with DOX (0.25-1 uM) with
or without MET (0.1-5 mM) for 48 h and the combinatorial effects
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in cell viability were measured by MTT assay. Data were expressed
as mean+ SEM of three (n=3) independent experiments performed
in triplicate. *p<0.05, **p<0.01, ***p<0.001, compared to
cells treated only with DOX or to control; #pS0.0S, ##p§0.01 and
###1,<0.001, compared to parental cells exposed to the same treat-
ment



Cancer Chemother Pharmacol (2018) 81:49-63

61

tested. These results are in accordance with the recent
published work of Chen et al., who found a decrease in
the stemness properties in MG-63 cells following expo-
sure to MET [47]. Similar effects were observed in CSCs
of pancreatic [27], breast [48] and thyroid cancer [32],
suggesting that MET creates a metabolic imbalance that
compromise the stemness properties of CSCs. Vazquez-
Martin et al., demonstrated that MET-driven activation of
AMPK creates a metabolic barrier that impairs the repro-
gramming of somatic cells into a pluripotent state, by pre-
venting the transcriptional activation of OCT4, which is a
master regulator of the pluripotent state [49]. This might
explain the preventive effect of MET in the initiation of
several cancers in MET-treated patients, considering that
dedifferentiation might predispose a normal cell to become
tumorigenic.

Metformin has been shown to potentiate the cytotoxic
effects of some classic chemotherapeutic agents including
DOX and cisplatin in a variety of cancer cell lines [24, 50,
51]. We provided evidence that MET potentiated the cyto-
toxicity of DOX in osteosarcoma stem-like cells, mainly
when combined with a low concentration of DOX (0.25 uM,
below the ICs) that per se did not affect significantly the
viability of spheres. These results are largely in line with
those reported previously by Kevin Struhl’s group, in which
they observed that the administration of MET together with
a reduced dosage of DOX is highly effective in blocking
tumour growth and preventing relapse in a variety of cancer
cell types [25, 50].

On the basis of our observations, we conclude that MET
exerted a preferential cytotoxicity against osteosarcoma
spheres and improved DOX-induced cytotoxicity, via repres-
sion of the signalling machinery that safeguards self-renewal
and pluripotency, as a result of their inability to deal with
the subsequent energy crisis induced by MET-mediated
mitochondrial inhibition. Although our results suggest that
stem-like spheres rely more on oxidative phosphorylation
for energy supply, further studies are needed to elucidate the
complex mechanism of metabolism regulation in osteosar-
coma stem-like cells.
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