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Abstract

Background: Cell-to-cell fusion is emerging as a key element of the metastatic process in various cancer types. We
recently showed that hybrids made from the spontaneous merging of pre-malignant (IMR90 E6E7, i.e. E6E7) and
malignant (IMR90 E6E7 RST, i.e. RST) mesenchymal cells recapitulate the main features of human undifferentiated
pleomorphic sarcoma (UPS), with a highly rearranged genome and increased spreading capacities. To better
characterize the intrinsic properties of these hybrids, we investigated here their metabolic energy profile compared
to their parents.

Results: Our results unveiled that hybrids harbored a Warburg-like metabolism, like their RST counterparts.
However, hybrids displayed a much greater metabolic activity, enhancing glycolysis to proliferate. Interestingly,
modifying the metabolic environmental conditions through the use of 5-aminoimidazole-4-carbox-amide-1-β-D-
ribofuranoside (AICAR), an activator of the 5′-adenosine monophosphate (AMP)-activated protein kinase (AMPK),
specifically reduced the growth of hybrids, and also abrogated the invasive capacity of hybrids displaying enhanced
glycolysis. Furthermore, AICAR efficiently blocked the tumoral features related to the aggressiveness of human UPS
cell lines.

Conclusion: Altogether, our findings strongly suggest that hybrids rely on higher energy flux to proliferate and that
a drug altering this metabolic equilibrium could impair their survival and be potentially considered as a novel
therapeutic strategy.
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Introduction
Cell fusion is a normal physiological event that plays
a critical role in fertilization, placentation, myogenesis,
osteogenesis, wound healing and tissue regeneration
[1–4]. In addition, it is strongly suggested to be a
tumor inception contributor, progression and

heterogeneity [5]. Several studies have demonstrated
the presence of hybrid cells in human cancers, in
some cases comprising up to 40% of tumors [6]. Re-
cently, Gast et al. have shown that hybrid cells could
be found in both human pancreatic ductal adenocar-
cinoma cells and in the circulatory system, where they
were associated with a poor prognosis [7]. Moreover,
our team recently reported that the fusion of pre-
malignant and malignant mesenchymal cells triggers a
genomic instability that resembles the instability
found in human sarcomas [8], and also showed that
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hybrids made from cancer mesenchymal cells with
non-cancerous partners gain invasiveness, giving rise
to highly metastatic tumors [8, 9].
Hybrids resulting from homotypic or heterotypic can-

cer cells fusion are known to exhibit features such as
high aggressiveness, drug resistance, metastatic capabil-
ities, and to facilitate tumor proliferation when com-
pared to non-hybrid parental cells [6–9]. While hybrids
can inherit genetic, and thus phenotypic, features from
their parents, they also develop their own identity as a
result of the intense remodeling of their genome, epige-
nome and transcriptome [10, 11]. However, it is still un-
clear how these major cellular changes drive the gain-of-
functions observed in hybrid cells and which molecular
mechanisms are specifically activated upon fusion to
allow greater dissemination and/or growth abilities.
Like polyploid cells, hybrids host a higher DNA con-

tent and are larger in size than their euploid counter-
parts [12]. This greater cell volume and chromosome
number presumes higher metabolic needs to ensure the
continuity of cell division, growth and all basic cellular
functions [13]. For example, hyperploid glioblastoma
cells were shown to be more metabolically active than
their euploid peers [13]. Along with immune evasion,
metabolic reprograming is now one of the main hall-
marks of cancer cells, and cellular energetics are consid-
ered as core traits of tumors, playing a major role in
cancer cell proliferation and metastatic spreading [14,
15].
Cancer cells generally use glycolysis instead of oxida-

tive phosphorylation (OXPHOS) despite having enough
oxygen levels. This phenomenon, known as the “War-
burg Effect” [16], confers an advantage by increasing the
level of non-oxidative ATP and generating intermediates
that are important for cell growth and dissemination
[17, 18]. 5′-adenosine monophosphate (AMP)-activated
protein kinase (AMPK) is a master sensor of cellular en-
ergy and adaptor to metabolic stress in cancer cells [19].
Previous studies have established that AMPK is related
in a complex manner with other metabolic/energy path-
ways such as SIRT1, Akt, mTOR and PARPs [19–21].
AMPK is generally downregulated in cancer cells,
thereby favoring ATP-consuming mechanisms including
proliferation [22]. The activation of AMPK has been
shown to induce mitochondrial biogenesis triggering an
anti-Warburg [23] and anti-proliferative [21] effect in
several types of cancer [24].
Modifying the intracellular energy metabolism is thus

critical for the growth and dissemination of cancer cells.
While many reports agree that hybrids display greater
pro-oncogenic potential, little is known regarding their
metabolic status or the metabolic consequences of cell
fusion. It is highly possible that, upon merging, hybrids
undergo extensive metabolic rewiring and must adapt to

find the right equilibrium to primarily sustain their
needs and pursue their development. Nonetheless, it is
also possible that these metabolic changes trigger a
higher metabolic stress, while supporting the acquisition
of novel functions.
We recently showed that cell fusion promotes tumor

progression (notably metastatic spread) by using hybrids
made from the spontaneous cell fusion of IMR90 E6E7
RST (malignant) and IMR90 E6E7 (pre-malignant) cells
[9]. In the present study we used this well characterized
model of mesenchymal tumor progression to investigate
changes in energy metabolism operating in hybrid cells,
following the hypothesis that their aggressiveness may
result from an increased metabolic stress altering the
AMPK pathway. To address these questions, we mea-
sured their mitochondrial respiration, glycolytic activity,
and evaluated the effect of AMPK activation on their
growth and motility.

Results
Hybrids display enhanced energy metabolic expression
profiles
To elucidate the origin of the increased aggressiveness
of hybrids, we performed gene expression profiling on
E6E7, RST and four hybrids (H1-H4, Supplementary
Fig. 1A), and analyzed the gene ontology (GO) of the
122 genes which were the most differentially expressed
in hybrids compared to their parental cells (Fig. 1, A and
B, and supplementary Tables 1 and 2). No significant
enriched pathways emerged from the GO analysis of the
most downregulated genes in hybrids (Fig. 1B, lower
panel). However, five GOs related to metabolic pro-
cesses, especially energy metabolism was found to be
significantly up-regulated in hybrids compared to their
parents (Fig. 1B, upper panel), indicating that hybrids re-
quired higher energy rates than their euploid counter-
parts. To explore experimentally the significance of
these data, we then performed respiration and glucose
consumption measurements on hybrids and their
parents.

Hybrid cells display respiratory rates equivalent to RST
cells
To determine the energy metabolism of hybrids, pre-
malignant E6E7 and malignant RST cells, we first mea-
sured basal respiration in intact cells under pyruvate
(VO2 pyr) (Fig. 2). As expected, E6E7 cells displayed a
higher respiratory rate than transformed RST cells, both
before (Fig. 2A) and after (Fig. 2C) normalization of the
data with citrate synthase activity, used here as a vali-
dated enzyme marker of mitochondrial mass (Fig. 2B
and C). Interestingly, all hybrids exhibited basal oxygen
consumption rates similar to RST cells, i.e. lower than
the non-fully transformed E6E7 cells.
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(A)

(B)

Fig. 1 Genes differentially expressed in hybrids compared to parental cells. A Heatmap with the 122 significantly (p (corr) < 0,005) differentially
expressed genes between parental (RST and E6E7) and hybrid cells (see supplementary Table 1). B GO obtained after analysis of the genes the
most upregulated in hybrids vs. parents (upper panel) and the most downregulated in hybrids vs. parents (lower panel)
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Additionally, we showed that RST and hybrids respira-
tory rates remained lower than E6E7 when respiration
was blocked with oligomycin to assess the non-
phosphorylating respiratory rate (VO2 oligo, Supplemen-
tary 2A and B, upper left panels). Maximal respiration
(VO2, DNP) showed that H3 (alike E6E7 cells) may have
greater mitochondrial respiratory chain capacities (Sup-
plementary Fig. 2, A and B, upper right panels), and may
use less of its mitochondrial capacity (10%) than the
other cell lines (between 20 to 40%) (Supplementary
Fig. 2, A and B, lower right panels). Finally, the VO2 pyr/
VO2 oligo ratio revealed no major differences between
the various cell lines, indicating that the mitochondrial
ATP synthesis was equivalent in all samples (Supple-
mentary Fig. 2, A and B, lower left panels). Altogether,
these results showed that hybrid cells have a respiration
rate profile similar to that of the transformed RST cells.

Hybrid cells up-regulate glycolysis
In addition to oxygen consumption, we compared the
rate of glucose consumption between the parental and
the hybrid cells (i.e. energy production through glycoly-
sis). As expected, transformed RST cells displayed high
rates of glucose consumption (Supplementary Fig. 3A),
contrasting with immortalized E6E7 cells. All hybrids
showed intermediate rates. However, to be able to com-
pare the samples, we then calculated the quantity of glu-
cose used produced per doubling time. Doubling times
were determined from growth curves established in

parallel of glucose measurements (Supplementary Figure
3B and [9]). E6E7, which barely proliferates (doubling
time > 6 days), was not included in this analysis. As
shown in Fig. 3A, hybrids used at least as much glucose
as RST cells to double. Interestingly, five out of six hy-
brids consumed higher amount of glucose than the par-
ental RST to double; H2 and H3 showing a very high
increase (> 80%) while H1, H5 and H6 a milder rise
(comprised between 20 and 50%). Only H4 did not use
higher glucose amount than RST. To sum up, hybrid
cells displayed a Warburg-like metabolism like their
oncogenic RST parental cells. Moreover, hybrids were
likely to be metabolically more active than RST parental
cells, with a strong tendency to enhance glycolysis (5 out
6 clones).
This tendency was confirmed when we analyzed the

RNA expression level for 29 genes related to glycolysis
both in hybrids and parents (Fig. 3B) using the gene ex-
pression data obtained in section 2.1. Interestingly, hy-
brids not only clustered separately from E6E7 and RST
samples, but they also displayed higher expression level
of multiple genes of the glycolytic pathway. H2 exhibited
the highest increase, and H1, H3 and H4 clustered to-
gether closer to RST.

AICAR impairs proliferation and invasive properties of
hybrids displaying lower AMPK (alpha 1) expression level
Data presented above indicate that hybrids display a
Warburg-energetic metabolism and seem to rely on high

Fig. 2 IMR90 E6E7/E6E7 RST hybrid cells exhibit basal respiratory rates similar to RST parental cells. A Respiratory rate of E6E7, RST and H1-H6
hybrids under pyruvate. Values normalized to number of cells and expressed in nmol of O2 consumed per minute for one million cells (n = 2 for
H1, H5; n = 3 for E6E7, H2, H3, H4, H6; n = 6 for RST; each experiment done in duplicate). Statistical analyses were done using one-way ANOVA
test followed by Holm-Sidak multiple comparison test (*p < 0.05, **p < 0.01; error bars, SD). B Citrate synthase activity was evaluated for two
parental and all hybrid cells directly from samples used to determine respiration rate as described in (a). Statistical analyses were done using one-
way ANOVA test followed by Holm-Sidak multiple comparison test (error bars, SD). C Citrate synthase normalized respiratory rate of E6E7, RST and
H1-H6 hybrids under pyruvate. Each value obtained in (A) was normalized by citrate synthase activity found in the same sample. Statistical
analyses were done using one-way ANOVA test followed by Holm-Sidak multiple comparison test (*p < 0.05, **p < 0.01; error bars, SD)
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glycolytic flux. To investigate the importance of glycoly-
sis in hybrids, we then treated the cells with AICAR (a
direct activator of the AMPK kinase [20]) known to en-
hance mitochondrial biogenesis and to promote oxida-
tive phosphorylation (among others mechanisms) [19,
23, 25]. At 700 μM, AICAR drastically and strictly

reduced cell proliferation in all the hybrids (Fig. 4A), im-
plying that re-activating AMPK abrogated their cell cyc-
ling and expansion, whereas it had no significant effect
on the proliferation of E6E7 and RST parental cells [9].
Furthermore, we previously reported that H1-H6 hybrids
display greater invasive capacities than RST cells (except

(A)

(B)

Fig. 3 IMR90 E6E7/E6E7 RST hybrid cells are more metabolically active than RST cells. A Average glucose consumption of parental and hybrids
cells per doubling time (n = 2 in duplicate; error bars, SD). Data were normalized to the growth rate of each cell line established in parallel of the
experiments, as shown in Supplemental Fig. 3b. B Clustering of the nine samples with 29 genes involved in glycolysis
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H4 in vitro) [9]. Therefore, we investigated the effect of
AICAR on cell invasion using a Matrigel-coated Boyden
chamber (Fig. 4B). Interestingly, all hybrids except H4
showed significant sensitivity to AICAR, being barely
able to cross the coated membrane, while RST cells
showed the opposite. Altogether, these results likely
imply that blocking the metabolic changes occurring in
hybrids using AICAR impairs their growth and

potentially their invasive properties, offering a potential
therapeutic window to target these harmful cells.
Given the effect of AICAR, we then evaluated the ef-

fect of other pharmacological agents targeting the intra-
cellular metabolism. Surprisingly, we observed that
enhancing mitochondrial and OXPHOS metabolism
using another method, i.e. switching glucose to galactose
in culture medium (as previously described [26],)
blocked both the growth of parental RST and hybrids
(Supplementary Fig. 4A), thus showing no exclusive ac-
tivity against hybrids, contrary to AICAR. E6E7 was re-
sistant to this switch, presumably because it has a higher
OXPHOS metabolism (Fig. 2). Preliminary data also in-
dicated no hybrid-specific effect of (i) glutamine removal
that limits glutaminolysis (Supplementary Fig. 4B), (ii) 2-
deoxyglucose, an inhibitor of glycolysis that equally pre-
vented the growth of both parents and hybrids (not
shown) and (iii) metformin, an agent targeting AMPK
via mitochondrial respiratory chain complex I, i.e. an-
other mechanism than AICAR [20] that impaired both
RST and hybrids growth (not shown).
To deeper understand the specific action of AICAR

against hybrids, we then checked the RNA expression
level of one of its well-known targets i.e. AMPK, using
our microarray data (Fig. 4C). Interestingly, while AMPK
subunit-beta-1 (PRKAB1; non-catalytic) expression level
was similar in all samples, AMPK subunit -alpha-1
(PRKAA1; catalytic) was significantly under-expressed in
hybrids (H1-H4 taken together) compared to their par-
ents (E6E7 and RST samples altogether). This result was
also evaluated by western blot using an antibody against
AMPK α1/α2 isoforms against the same samples
employed in the microarray experiment (Supplementary
Fig. 5A, B). A higher variability of AMPK expression was
observed in the samples possibly due to the lack of spe-
cificity of the antibody against the α1 isoform of AMPK
(i.e. H1 displayed the lowest expression compared to its
parents; H2 was close to E6E7, and H3 in-between E6E7
and RST samples. H4 did not seem to express lower
levels of AMPK α1/α2).

Pleomorphic sarcoma cells are sensitive to AICAR
We previously reported that H1-H6 hybrids develop un-
differentiated pleomorphic sarcoma (UPS) very close to
human UPS when engrafted into mice [9]. UPS are
highly aggressive aneuploid cells that are prone to cell
fusion events [9]. Following the hypothesis that UPS de-
velopment could emerge from (or could include) cell fu-
sion events, we tested the effect of AICAR on these
tumors. Two cell lines derived from a single human UPS
were generated and named IB105 DsRed and IB106 GFP
respectively. These two cell lines (genetically and pheno-
typically different) were co-cultured and hybrids were
selected to obtain a pure hybrid sarcoma cell line (i.e.

Fig. 4 AICAR significantly reduces proliferative and invasive
capacities of hybrids overexpressing glycolysis genes and down
regulate AMPK. A Growth of E6E7, RST and H1-H6 hybrid cells in
absence or presence of AICAR treatment (700 μM for 6 days)
evaluated by flow cytometry. For each cell line, data are expressed
as growth percentage compared to the growth of the
corresponding untreated sample (100%). Statistical analyses were
performed using a t-test (nonparametric) Mann-Whitney (**p < 0.01,
error bars, SD; n = 6 in triplicates). B Invasion of E6E7, RST and H1-H6
hybrid cells post-vehicle (H2O) or AICAR treatment (700 μM for 24 h
of pre-treatment) assessed using Matrigel-coated Boyden chambers.
Invasion evaluated at T = 18 h. Data were normalized to the number
of cells seeded at T0 determined by flow cytometry. Statistical
analyses were done using a t-test (nonparametric) Mann-Whitney
(*p < 0.05, **p < 0.01, error bars, SD; n = 5 in quadruplicate in each
independent experiment). C Comparison of the AMPK expression
genes, i.e. PKRKAA1 and PRKAB1 (Wilcoxon rank sum test, p =
0.009524). P corresponds to E6E7 and RST samples altogether and
HYB corresponds to H1 to H4 altogether
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IB105/106) (Supplementary Fig. 1B, and [9]). All three
cell lines treated with AICAR showed a high sensitivity
to the drug in proliferation assays (Fig. 5A). Despite sev-
eral attempts, these cell lines exhibited insufficient
in vitro invasive capacity to be challenged with AICAR.
We thus monitored their migration abilities using
wound healing assays in the presence and absence of the
compound (Fig. 5B right and left panels). From growth
curves published in [9] the doubling time for IB105,
IB106 and IB105/106 is 71.8, 56.06 and 63.5 h, respect-
ively, and, therefore, should not interfere with the migra-
tion assays. Interestingly, AICAR annihilated both the
mobility of IB105 and IB105/106 (Fig. 5B, supplementary
Fig. 6, A and B) (IB106 being less motile).

Discussion
Cell fusion can lead to the production of highly malig-
nant harmful cells at various steps of the oncogenic

process [27, 28], representing a potential target for
therapeutic intervention. However, to reach that goal, it
is essential to characterize the biological changes occur-
ring in hybrid cells compared to their parents and to de-
cipher the signaling pathways that are crucial for their
survival and growth. Until now, hybrids have been
shown to undergo a complex reorganization of their
genomic, epigenomic and transcriptomic content [29],
but no link has been established between these events
and their higher pro-oncogenic functions.
To better characterize hybrid cells and formulate new

hypothesis regarding their increased malignity, we per-
formed gene expression profiling experiments using four
metastatic hybrid cell lines (H1-H4) and their non-
metastatic parental cells (i.e. pre-malignant E6E7 and
malignant RST) [9]. Interestingly, GO analysis of the
most upregulated genes in hybrids vs. parents evidenced
an enrichment in the pathways related to metabolism,

Fig. 5 Aneuploid pleomorphic sarcoma cells are sensitive to AICAR treatment. A Growth of IB105 DsRed, IB106 GFP and IB105/106 hybrids in
absence or presence of AICAR treatment (700 μM for 6 days) evaluated by flow cytometry. For each cell line, data are expressed as growth
percentage compared to the growth of the untreated sample (100%). Statistical tests were done using a t-test (nonparametric) Mann-Whitney
(**p < 0.01, error bars, SD; n = 5 done in sextuplicates twice and in triplicates for the rest of the experiments). B Migration of IB105 DsRed, IB106
GFP and IB105/106 cells post-vehicle or AICAR pre-treatment (700 μM for 24 h) evaluated by wound healing assays using IncucyteS3. Data
represent relative wound density at 8 or 24 h post-scratch. Statistics were done using a t-test. (Nonparametric) Mann-Whitney (***p < 0.001,
****p < 0.0001, error bars, SD; n = 2 done in 12 wells for each sample, condition and per experiment)
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especially energy metabolism. We thus explored the idea
that, concurrently to their nuclear reprogramming, hy-
brid cells might undergo a remodeling of their energy
traits to secure their growth and sustain their higher
invasiveness.
In agreement with a higher metabolic imbalance in hy-

brids, we found that AICAR, a pharmacological agent
targeting AMPK which is a major energy sensor in the
cell, specifically blocked the proliferation of hybrids
while having no effect on RST and E6E7 parental cells.
In addition, AICAR attenuated the invasive processes in
hybrids with enhanced glycolysis (i.e. H1, H2, H3, H5
and H6). As described above, H4 did not show evidence
of glycolysis hyper-activation compared to RST and,
hence, it is possible that AICAR only precludes, (or is
most effective on) the invasive processes driven by
glycolysis.
Altogether, our results highlight the anti-proliferative

effect of AICAR on hybrid cells using cell counting by
flow cytometry. This assay selects the cells based on
their physical properties (size, granularity), and presents
the advantage to be simple and straightforward when
manipulating poorly characterized or complex cells (hy-
brids vs. non-hybrids).
Surprisingly, AICAR enhanced the invasive capacities of

parental RST cells, perhaps due to the higher expression
level of AMPK in these cells compared to hybrid cells.
Previous studies have shown that AMPK can function as a
tumor promotor under certain circumstances, notably
when PRKAA1, coding the catalytic subunit-alpha-1 of
AMPK, is highly expressed [30]. Moreover, it is important
to consider that RST cells generate UPS-like tumors
in vivo that lack many features of the corresponding hu-
man malignant tumors (i.e. no genetic instability and no
metastatic capacities), contrary to hybrids (i.e. highly an-
euploid and metastatic) [9]. In that sense, RST cells do not
really mirror the cancer cells found in human UPS
whereas hybrid cells do, therefore identifying drugs able to
disrupt the propagation of hybrids was the ultimate goal.
Altogether, these results emphasize the value of treating
hybrid cells with AICAR as previously reported for other
aneuploid cancer cells [31].
Interestingly, transcriptome analysis of parental and

hybrid cells further revealed a specific decrease in the
expression of the catalytic subunit-alpha-1 of AMPK
(PRKAA1) in hybrid cells and no modification of the
regulatory subunit (PRKAB1). Western blot confirmed a
tendency of a decrease of AMPK alpha in hybrids with
the limitation that the antibody was directed against
alpha1 and alpha2. isoforms, and not solely against
alpha1. AMPK is a major mediator of cellular energy
homeostasis and its loss might thus reflect a selection
pressure occurring specifically in hybrids, which presum-
ably require more energy to survive. Indeed, analysis of

the energy metabolic profiles of hybrid and parental cells
(respiration rates and glucose consumption) revealed hy-
brids to be inclined to higher metabolic activities. Not
only did they rely on a ‘Warburg-like’ metabolism like
RST malignant cells (i.e. lower respiratory rate and
higher glucose consumption), but also on greater meta-
bolic flux. Indeed, five hybrids out six (i.e. H1, H2, H3,
H5 and H6) used more glucose (significantly for H2 and
H3) than RST cells, underlining their greater glycolytic
rates.
Such increases might be necessary to mobilize suffi-

cient amounts of nutrients and energy for anabolic reac-
tions and growth [32]. In this study, only H4 did not
show higher glycolytic requirements. It still remains pos-
sible that this particular hybrid relies on other critical
metabolic pathways for growth, such as glutamine me-
tabolism [33], but this would need further investigation.
Moreover, corroborating these results, we found that hy-
brids up-regulated several genes of the glycolytic path-
way at the mRNA level. Remarkably, many genes of
glycolysis have been previously implicated in cancer pro-
gression [34]. To sum up, our results revealed that hy-
brids are more metabolically active than their RST
euploid counterpart, relying essentially on higher glyco-
lytic rates (but also possibly on other pathways) to sur-
vive and proliferate. Interestingly, overactivating
glycolysis leads to the production of lactate, an oncome-
tabolite well known for its role in immune evasion and
metastatic development, a characteristic recurrently
found in H1 to H6 hybrid cells [9, 34–37,38].
The activation of AMPK was previously shown to trig-

ger mitochondrial biogenesis and OXPHOS, causing
anti-Warburg [23] and anti-proliferative [21] effects in
several types of cancer [24], such as leukemia [39], breast
cancer [40], pancreatic cancer [41], hepatocellular car-
cinoma [42], and prostate cancer [43]. Here, we show
that AICAR, a direct AMPK activator, is a potent agent
against aneuploid hybrid cells functioning at high meta-
bolic rates. Interfering with the metabolic status of hy-
brids (using AICAR here) seems to revoke both their
growth and invasive capacity. Thus, it is likely that the
over-activated metabolism of hybrids is necessary for
their proliferation and invasion properties, creating an
interesting therapeutic target. It is to note, that our first
attempts to use metformin, another potential activator
of AMPK did not show any selectivity against hybrids.
However, AMPK is only an indirect target of metformin
[20], which can explain this result. As described above,
we recently proved that cell fusion of E6E7 and RST
cells creates hybrids able to generate UPS-like tumors
with all the clinical traits of their human counterparts
[8, 9]. Suspecting that human UPS cells may be the re-
sult of cell fusion events, we then attempted to treat
them with AICAR. Interestingly, IB105, IB106 and the
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fusion IB105/106 cells were all highly sensitive to AICA
R treatment, exhibiting a drastic decrease in proliferation
and migration (except for IB106 that barely migrates) in
presence of the drug.
Altogether, our findings show that cell fusion gener-

ates hybrid cells with greater metabolic needs compared
to their parents and that this specific feature may repre-
sent their Achilles heel, paving the way for new thera-
peutic approaches to treat human pleomorphic sarcoma
and eradicate these aggressive cancer cells.

Materials and methods
Cell lines and reagents
IB105, IB106 and IB105/106 sarcoma cell lines, as well
as all the IMR90 fibroblasts (1/IMR90 E6E7 CFP BlastR

(i.e. E6E7), and 2/IMR90 E6E7 HRASG12V SmallT Tert
DsRed PuroR (i.e. RST)) were cultured in RPMI-1640
(Gibco, Invitrogen) supplemented with 10% fetal bovine
serum (FBS) at 37 °C in a humidified CO2 incubator.
Sarcoma cells were generated in the laboratory [44],
while IMR90 cell lines were kindly given by M. Teich-
mann [45]. The latter were generated according to the
cell transformation model described by Hahn et al. [46,
47]. AICAR was purchased from Sigma Aldrich (Ref.
A9978, St. Luis, MO).

Hybrid cells selection
As previously published in [9], DsRed, GFP and CFP
parental cell lines were generated by lentiviral infection
using pSD136-puromycin-DsRed, pER69-puromycin-
GFP, pER167-Blasticidin-CFP plasmids, respectively.
150,000 cells of each parental cell line were seeded to-
gether in 6-well plates. Spontaneous hybrid cells were
selected after 72 h of contact by cell sorting (IB105/106)
or double antibiotic addition (puromycin/blasticidin for
IMR90 E6E7/E6E7 RST). Resistant and double fluores-
cent clones (i.e. CFP/DsRed for H1 to H6, and GFP/
DsRed for IB105/106) were amplified (Supplementary
Fig. 1, A and B) for further genetic and cellular analyses.
All hybrids were shown to result from fusion events, and
harbored a highly rearranged genome, together with new
migration capacities and aggressiveness in vivo [9].

Gene expression profiling
Gene expression analysis was carried out using Agilent
Whole human 44 K Genome Oligo Array (Agilent Tech-
nologies) according to the manufacturer’s protocol. All
microarrays were simultaneously normalized using the
Quantile algorithm. T-tests were performed using Gene-
spring (Agilent Technologies) and P-values were ad-
justed using the Benjamini-Hochberg procedure. The P-
value and fold change cut-off for gene selection were
0.001 and 2, respectively. Gene ontology (GO) analysis
was performed to establish statistical enrichment in GO

terms using Genespring (Agilent Technologies). Heat-
map and boxplot were performed using with R (v3.6.2).
The datasets generated and analyzed are available at the
GEO, https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE171471.

Cell proliferation assay
Cells were seeded in 96-well plates at a concentration of
2000 cells/well (6 wells/per cell line) and treated with
AICAR (700 μM) or vehicle (H2O) 24 h later. RPMI gal-
actose medium was prepared as indicated in [27]. The
number of cells was evaluated by flow cytometry (FACS
Calibur, BD Biosciences) at day 6. Data were analyzed
using FlowJo (Tree Star, Celeza GmbH) and GraphPad
(La Jolla, CA) software programs. For each cell line, the
average number of cells present in AICAR-treated wells
at day 6 was calculated and expressed as a percentage of
growth compared to the corresponding control wells
(average number of cells present in the wells of the un-
treated control = 100% of growth).

Migration assay
Migration assays were performed using the IncucyteS3
Live-cell analysis system (Essen BioScience, Hertford-
shire, UK). Briefly, cells were seeded in 96-well Image-
Lock plates (3 × 104 cells for IB105 DsRed, IB106 GFP
and 2 × 104 for IB105/106 hybrids) and treated 24 h later
with vehicle or AICAR (700 μM) for 24 h (12 wells/con-
dition for each cell line). After removal of AICAR, a strip
of cells was removed from each well using the Wound-
Maker device following the manufacturers’ instructions.
The plate was then placed in the IncucyteS3 machine
(37 °C and 5% CO2) for 24 h. Images were taken every 4
h for 24 h with a 10x objective. Cell migration analysis
was done using the Incucyte ZOOM software (Essen
BioScience, Hertfordshire, UK) and expressed as per-
centage relative wound density (RWD (%)), a metric tak-
ing into account the spatial cell density in the wound
area relative to the spatial cell density outside of the
wound area at every time point. RWD values are self-
normalizing for changes in cell density which may occur
outside the wound due to cell proliferation and/or
pharmacological effects. Data plotting and statistical ana-
lysis was performed with GraphPad (La Jolla, CA)
software.

Invasion assay
Invasion was monitored using Matrigel-coated cell cul-
ture inserts containing 8.0 μm pore transparent positron
emission tomography membranes (Fisher Scientific).
AICAR (700 μM) or vehicle pre-treatments were done
into 6-well plates seeded with 105 of parental or hybrid
cells. After 24 h of contact, control and AICAR-treated
cells were collected and added to 24-well Boyden
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chamber plates (25,000 cells/well) in presence of RPMI-
1640 (Gibco, Invitrogen) plus 5% FBS (upper chamber).
The lower chamber was filled with RPMI-1640 plus 10%
FBS to create a gradient supporting cell invasion. After
18 h of incubation, cells located at the top side of the
membrane were removed using cotton-tipped swab,
while invasive cells located at the other end were fixed
with cold ethanol absolute for 15 min and stained with
Hoechst 33,342 (1/5000) for 10 min at room
temperature. For each insert the entire bottom mem-
brane was acquired using an Axio Vert.A1(ZEISS)
microscope. Quantification was done using the Image J
cell counter plugin. Data were normalized according to
the number of cells at time zero and 18 h evaluated in
parallel (in mirror 24-well plates) by flow cytometry and
plotted using GraphPad (La Jolla, CA) software.

Glucose quantification
5 × 103 cells of E6E7, RST and H1-H6 hybrids were
seeded in 24-well plates. An aliquot of cell culture super-
natant was removed every 24 h from day 0 to day 4 and
kept for evaluation of glucose. The number of cells in
the corresponding wells was determined each day by
flow cytometry. Doubling times were then calculated
using exponential curves in Excell software. Glucose was
measured enzymatically in protein free extracts by spec-
trophotometric determination according to Bergmeyer
[48]. Data were plotted to generate glucose consumption
curves. Linear equations were then defined for each cell
line using Excell software and used to determine the
quantity of glucose used produced by each line per
doubling time.

Respiratory rate measurement
Oxygen consumption was measured at 37 °C using a
Clark-type electrode (Oxygraph, Oroboros Instruments).
The cells were pelleted at 1200 rpm for 5 min, resus-
pended in 200 μl of RPMI 1640 and added to the meas-
urement chambers pre-filled with 2.1 ml of RPMI-1640/
Hepes (10 mM) medium. Basal respiration was recorded,
after stabilization of the electrode, in presence of 5 mM
pyruvate for 10–15min. Sequential additions of oligomy-
cin (0,25 μg/ml) or dinitrophenol (DNP, 50-100 μM)
were then added to monitor minimal (without oxidative
phosphorylation) and maximal respiration rate, respect-
ively. Citrate synthase activity was assayed according to
the method described by Srere (Faloona and Srere, 1969)
for normalization of the data. The reaction mixture con-
tained 50mM Tris buffer (pH 7.5), 0.1 mM EDTA, 0.1
mM acetyl-CoA, 0.2 mM 5,5-dithiobis (2-nitrobenzoic
acid) (DTNB), 0.05% triton X-100, and the enzyme ex-
tract. The reaction was initiated with 0.5 mM oxaloace-
tate and monitored at 412 nm for 10–15 min at 25 °C.

The enzyme activity was calculated using an extinction
coefficient of 13,600M− 1 cm− 1 at 412 nm.

Western blot
Protein extracts were prepared as described in [49].
AMPKα protein expression level was evaluated using a
primary antibody directed against AMPKα (Cell signal-
ing technology #2532). This antibody recognizes alpha 1
and alpha 2 isoforms of the catalytic subunit, but not the
regulatory beta subunit. 20 μ g of proteins were loaded
on the gel and separated by SDS-page. After the transfer
onto a PVDF membrane, the membrane was blocked in
PBS-Tween 0.1% BSA 5% buffer and then incubated
with the primary antibody (1:1000) overnight at 4 °C.
After several washes, the membrane was then incubated
with a horseradish-peroxidase-linked anti-rabbit anti-
body (Cell signaling technology #12–2018) for 1 h at
room temperature. Signal was detected using PXi (Syn-
gene, Cambridge, UK) after incubation with chemilu-
minescent substrate (ECL Immobilon Western,
WBKLS0100, Merck, Darmstadt, Germany). β-actin
(Sigma #A5316, 1:10000, 1 h at room temperature) with
an anti-mouse secondary antibody (Cell signaling tech-
nology #08–2018; 1:10000, 1 h at room temperature)
was used as a loading control for quantification.

Abbreviations
UPS: Undifferentiated pleomorphic sarcoma; AICAR: 5-aminoimidazole-4-
carbox-amide-1-β-D-ribofuranoside; AMP: 5′-adenosine monophosphate;
AMPK: (AMP)-activated protein kinase
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Additional file 1: Supplementary Figure 1. E6E7/RST fusion model.
(A) Schematic representation of H1 to H6 hybrid generation. IMR90 E6E7-
CFP and IMR90 E6E7-RST-DsRed parental cell lines were co-cultured for
72 h prior to antibiotic selection (blasticidin/puromycin) to obtain pure
hybrid cell lines. (B) Schematic representation of IB105/IB106 hybrid gen-
eration. IB105 DsRed and IB106 GFP were co-cultured for 72 h and pure
IB105/106 hybrid cells were obtained after 3 successive rounds of cell
sorting and amplification. Supplementary Figure 2. Respiratory rate. (A)
Respiratory rate of E6E7, RST and H1-H6 hybrids under oligomycin (upper
left) and 2,4 dinitrophenol (DNP) (upper right). Values were normalized to
the number of cells and expressed in nmol of O2 consumed per minute
for a million cells. Experiments have been repeated 2 to 7 times, accord-
ing to the sample and treatment. Lower left: Values of the ratio VO2 pyr /
VO2 oligo for each parental and hybrid cell line. Lower right: Respiratory
state value for each parental and hybrid cell line. Statistical analyses were
done using one-way ANOVA test followed by Holm-Sidak multiple com-
parison test (*p < 0.05, **p < 0.01, ***p < 0.001; error bars, SD). (B) Citrate
synthase normalized respiratory rates as presented in (a). Supplemen-
tary Figure 3. Example of determination of the glucose consumption
production rates. (A) Glucose consumption curve of E6E7, RST and H1-H6
hybrids from day 0 to day 4. The graph corresponds to the results ob-
tained for one experiment out of two (values in the graph obtained from
duplicates). For each sample, glucose consumption rate was established
as following a linear equation (n = 2 in duplicates). (B) Growth curves of
E6E7, RST and H1-H6 hybrids determined by cell counting using flow cy-
tometry. Samples used here correspond to the ones used in (A). Doubling
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times were established using exponential curve equations in Excell soft-
ware. Supplementary Figure 4. (A) Growth of E6E7, RST and H1-H6 hy-
brids cells in glucose vs galactose supplemented RPMI evaluated by flow
cytometry at day 5 post-treatment. Data are expressed as a percentage of
growth compared to the control (growth in RPMI+GLU = 100%). Statistical
analyses were performed using an unpaired t-test (*p < 0,05; **p < 0,01,
****p < 0,0001; error bars, SD, n = 3 in triplicates). (B) Growth of E6E7, RST
and H1-H6 hybrids cells in RPMI supplemented with 2, 0.4 or 0 mM of
glutamine evaluated by flow cytometry at day 3 post-treatment. Data are
expressed as a percentage of growth compared to the control (growth in
RPMI 2 mM of glutamine = 100%). Statistical analyses were performed
using an ordinary one way ANOVA test followed by a muticomparison
Dunnett (compared to glut 2 mM sample: *p < 0,05; **p < 0,01; error bars,
SD, n = 2 in triplicates). Supplementary Figure 5. AMPKα1/ α2 protein
expression in parental and hybrid cell lines (A) Protein level expression of
AMPKα1/ α2 at protein level by western blot. Expression at 62 kDa
pointed by black arrow. (B) Quantification of protein using monoclonal
antibody β-actin and using RST to normalize. Supplementary Figure 6.
IB105 and IB105/106 migration capacities are reduced in presence of
AICAR. (A) Images of IB105, IB-106 and IB105/106 pre-treated or not with
AICAR after a wound healing assay performed with the IncucyteS3. Black
box represents the size of the would at time zero, the red dashed line
represents the size of the wound at 8 h and the red dotted line repre-
sents the size of the wound at 24 h. The experiment was performed
twice with twelve replicates. (B) Images obtained in (A) were processed
using the wound mask from the IncucyteS3 software. IncucyteS3 software
calculates the area cover by cells (yellow) and the area of the wound
(grey) at each time point.

Additional file 2.

Additional file 3.

Acknowledgments
This work was supported by “Ligue contre le cancer”, “Fondation ARC pour la
recherche contre le cancer”, “Fondation pour la recherche médicale” (FRM),
and the associations “Phil’Anthrope” and “Pour Corentin”.

Authors’ contributions
Conceptualization L.L., B.F. and F.C. Methodology L.L., P.L., A.D. Validation L.L.
Formal analysis A.B. and L.L. Investigation A.B., L.L. and C.M. Resources F.C.
Writing original draft A.B. and L.L. Writing review and editing A.B., L.L. and
F.C. Supervision L.L. F.C. Project administration F.C. Funding acquisition F.C.
The author(s) read and approved the final manuscript.

Funding
This research received no external funding.

Availability of data and materials
The datasets generated and analyzed during the current study are available
in the GEO repository, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE171471 (token: sfetyawohlirluf).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest.

Author details
1Cancer Research Center in Toulouse (CRCT), INSERM U1037, 31037 Toulouse,
France. 2University of Toulouse 3, Paul Sabatier, 118 route Narbonne, 31062
Cedex 9 Toulouse, France. 3INSERM U1218, 299 cours de l’Argonne, F-33076
Bordeaux, France. 4University of Bordeaux, 146 rue Léo Saignat, F-33000
Bordeaux, France. 5Department of Biopathology, Bergonie Institute, 229 cours
de l’Argonne, F-33076 Bordeaux, France. 6CNRS UMR 5164, 33000 Bordeaux,
France. 7Immunology Discovery, Janssen Research and Development, San

Diego, CA, USA. 8CNRS UMR 5095, 1 Rue Camille Saint-Saëns, F-33077
Bordeaux Cedex, France. 9Department of Pathology, Institut Claudius Régaud,
IUCT-Oncopole, Toulouse, France.

Received: 9 March 2021 Accepted: 9 June 2021

References
1. Duelli D, Lazebnik Y. Cell-to-cell fusion as a link between viruses and cancer.

Nat Rev Cancer. 2007;7(12):968–76. https://doi.org/10.1038/nrc2272.
2. Aguilar PS, Baylies MK, Fleissner A, Helming L, Inoue N, Podbilewicz B, et al.

Genetic basis of cell–cell fusion mechanisms. Trends Genet. 2013;29(7):427–
37. https://doi.org/10.1016/j.tig.2013.01.011.

3. Helming L, Gordon S. Molecular mediators of macrophage fusion. Trends
Cell Biol. 2009;19(10):514–22. https://doi.org/10.1016/j.tcb.2009.07.005.

4. Hernández JM, Podbilewicz B. The hallmarks of cell-cell fusion.
Development. 2017;144(24):4481–95. https://doi.org/10.1242/dev.155523.

5. Fernandes C, Prabhu P, Juvale K, Suares D, Yc M. Cancer cell fusion: a
potential target to tackle drug-resistant and metastatic cancer cells. Drug
Discov Today. 2019;24(9):1836–44. https://doi.org/10.1016/j.drudis.2019.05.
024.

6. Weiler J, Dittmar T. Cell fusion in human Cancer: the dark matter hypothesis.
Cells. 2019;8(2):132. https://doi.org/10.3390/cells8020132.

7. Gast CE, Silk AD, Zarour L, Riegler L, Burkhart JG, Gustafson KT, et al. Cell
fusion potentiates tumor heterogeneity and reveals circulating hybrid cells
that correlate with stage and survival. Sci Adv. 2018;4(9):eaat7828.

8. Delespaul L, Merle C, Lesluyes T, Lagarde P, Le Guellec S, Pérot G, et al.
Fusion-mediated chromosomal instability promotes aneuploidy patterns
that resemble human tumors. Oncogene. 2019;38(33):6083–94. https://doi.
org/10.1038/s41388-019-0859-6.

9. Lartigue L, Merle C, Lagarde P, Delespaul L, Lesluyes T, Le Guellec S,
et al. Genome remodeling upon mesenchymal tumor cell fusion
contributes to tumor progression and metastatic spread. Oncogene.
2020;39(21):4198-4211. https://doi.org/10.1038/s41388-020-1276-6. Epub
2020 Apr 2.

10. Lazebnik Y. The shock of being united and symphiliosis: another lesson
from plants? Cell Cycle. 2014;13(15):2323–9. https://doi.org/10.4161/cc.29704.

11. Powell AE, Anderson EC, Davies PS, Silk AD, Pelz C, Impey S, et al. Fusion
between intestinal epithelial cells and macrophages in a Cancer context
results in nuclear reprogramming. Cancer Res. 2011;71(4):1497–505. https://
doi.org/10.1158/0008-5472.CAN-10-3223.

12. Coward J, Harding A. Size Does Matter: Why Polyploid Tumor Cells are
Critical Drug Targets in the War on Cancer. Front Oncol. 2014;4:123. https://
doi.org/10.3389/fonc.2014.00123. eCollection 2014.

13. Donovan P, Cato K, Legaie R, Jayalath R, Olsson G, Hall B, et al. Hyperdiploid
tumor cells increase phenotypic heterogeneity within glioblastoma tumors.
Mol BioSyst. 2014;10(4):741–58. https://doi.org/10.1039/C3MB70484J.

14. Hanahan D, Weinberg RA. Hallmarks of Cancer: the next generation. Cell.
2011;144(5):646–74. https://doi.org/10.1016/j.cell.2011.02.013.

15. El Hassouni B, Granchi C, Vallés-Martí A, Supadmanaba IGP, Bononi G,
Tuccinardi T, et al. The dichotomous role of the glycolytic metabolism
pathway in cancer metastasis: interplay with the complex tumor
microenvironment and novel therapeutic strategies. Semin Cancer Biol.
2020;60:238–48. https://doi.org/10.1016/j.semcancer.2019.08.025.

16. Vander Heiden MG, Cantley LC, Thompson CB. Understanding the Warburg
effect: the metabolic requirements of cell proliferation. Science. 2009;
324(5930):1029–33. https://doi.org/10.1126/science.1160809.

17. Danhier P, Bański P, Payen VL, Grasso D, Ippolito L, Sonveaux P, et al. Cancer
metabolism in space and time: beyond the Warburg effect. Biochim
Biophys Acta BBA Bioenerg. 2017;1858(8):556–72. https://doi.org/10.1016/j.
bbabio.2017.02.001.

18. Liberti MV, Locasale JW. The Warburg effect: how does it benefit Cancer
cells? Trends Biochem Sci. 2016;41(3):211–8. https://doi.org/10.1016/j.tibs.201
5.12.001.

19. Chaube B, Bhat MK. AMPK, a key regulator of metabolic/energy homeostasis
and mitochondrial biogenesis in cancer cells. Cell Death Dis. 2016;7(1):
e2044. https://doi.org/10.1038/cddis.2015.404.

20. Komen JC, Thorburn DR. Turn up the power - pharmacological activation of
mitochondrial biogenesis in mouse models: boosting mitochondrial
biogenesis as therapy. Br J Pharmacol. 2014;171(8):1818–36. https://doi.org/1
0.1111/bph.12413.

Brito et al. BMC Cancer          (2021) 21:863 Page 11 of 12

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE171471
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE171471
https://doi.org/10.1038/nrc2272
https://doi.org/10.1016/j.tig.2013.01.011
https://doi.org/10.1016/j.tcb.2009.07.005
https://doi.org/10.1242/dev.155523
https://doi.org/10.1016/j.drudis.2019.05.024
https://doi.org/10.1016/j.drudis.2019.05.024
https://doi.org/10.3390/cells8020132
https://doi.org/10.1038/s41388-019-0859-6
https://doi.org/10.1038/s41388-019-0859-6
https://doi.org/10.1038/s41388-020-1276-6
https://doi.org/10.4161/cc.29704
https://doi.org/10.1158/0008-5472.CAN-10-3223
https://doi.org/10.1158/0008-5472.CAN-10-3223
https://doi.org/10.3389/fonc.2014.00123
https://doi.org/10.3389/fonc.2014.00123
https://doi.org/10.1039/C3MB70484J
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.semcancer.2019.08.025
https://doi.org/10.1126/science.1160809
https://doi.org/10.1016/j.bbabio.2017.02.001
https://doi.org/10.1016/j.bbabio.2017.02.001
https://doi.org/10.1016/j.tibs.2015.12.001
https://doi.org/10.1016/j.tibs.2015.12.001
https://doi.org/10.1038/cddis.2015.404
https://doi.org/10.1111/bph.12413
https://doi.org/10.1111/bph.12413


21. Jose C, Hébert-Chatelain E, Bellance N, Larendra A, Su M, Nouette-Gaulain K,
et al. AICAR inhibits cancer cell growth and triggers cell-type distinct effects
on OXPHOS biogenesis, oxidative stress and Akt activation. Biochim Biophys
Acta BBA Bioenerg. 2011;1807(6):707–18. https://doi.org/10.1016/j.bbabio.2
010.12.002.

22. Hardie DG. Molecular pathways: is AMPK a friend or a foe in Cancer? Clin
Cancer Res. 2015;21(17):3836–40. https://doi.org/10.1158/1078-0432.
CCR-14-3300.

23. Faubert B, Boily G, Izreig S, Griss T, Samborska B, Dong Z, et al. AMPK is a
negative regulator of the Warburg effect and suppresses tumor growth
in vivo. Cell Metab. 2013;17(1):113–24. https://doi.org/10.1016/j.cmet.2012.12.
001.

24. Su C-C, Hsieh K-L, Liu P-L, Yeh H-C, Huang S-P, Fang S-H, et al. AICAR
induces apoptosis and inhibits migration and invasion in prostate Cancer
cells through an AMPK/mTOR-dependent pathway. Int J Mol Sci. 2019;20(7):
1647. https://doi.org/10.3390/ijms20071647.

25. Fernandez-Marcos PJ, Auwerx J. Regulation of PGC-1α, a nodal regulator of
mitochondrial biogenesis. Am J Clin Nutr. 2011;93(4):884S–90S. https://doi.
org/10.3945/ajcn.110.001917.

26. Rossignol R, Gilkerson R, Aggeler R, Yamagata K, Remington SJ, Capaldi RA.
Energy substrate modulates mitochondrial structure and oxidative capacity
in Cancer cells. Cancer Res. 2004;64(3):985–93. https://doi.org/10.1158/0008-
5472.CAN-03-1101.

27. Wang Y, Marino-Enriquez A, Bennett RR, Zhu M, Shen Y, Eilers G, et al.
Dystrophin is a tumor suppressor in human cancers with myogenic
programs. Nat Genet. 2014;46(6):601–6. https://doi.org/10.1038/ng.2974.

28. Bastida-Ruiz D, Van Hoesen K, Cohen M. The dark side of cell fusion. Int J
Mol Sci. 2016;17(5):638. https://doi.org/10.3390/ijms17050638.

29. Shankar K, Kang P, Zhong Y, Borengasser SJ, Wingfield C, Saben J, et al.
Transcriptomic and epigenomic landscapes during cell fusion in BeWo
trophoblast cells. Placenta. 2015;36(12):1342–51. https://doi.org/10.1016/j.pla
centa.2015.10.010.

30. Vara-Ciruelos D, Russell FM, Hardie DG. The strange case of AMPK and
cancer: Dr Jekyll or Mr Hyde? <sup/>. Open Biol. 2019;9(7):190099. https://
doi.org/10.1098/rsob.190099.

31. Tang Y-C, Williams BR, Siegel JJ, Amon A. The energy and proteotoxic
stress-inducing compounds AICAR and 17-AAG antagonize proliferation in
aneuploid cells. Cell. 2011;144(4):499-512.

32. Lunt SY, Vander Heiden MG. Aerobic glycolysis: meeting the metabolic
requirements of cell proliferation. Annu Rev Cell Dev Biol. 2011;27(1):441–64.
https://doi.org/10.1146/annurev-cellbio-092910-154237.

33. DeBerardinis RJ, Mancuso A, Daikhin E, Nissim I, Yudkoff M, Wehrli S, et al.
Beyond aerobic glycolysis: transformed cells can engage in glutamine
metabolism that exceeds the requirement for protein and nucleotide
synthesis. Proc Natl Acad Sci. 2007;104(49):19345–50. https://doi.org/10.1
073/pnas.0709747104.

34. Sreedhar A, Zhao Y. Dysregulated metabolic enzymes and metabolic
reprogramming in cancer cells (Review). Biomed Rep. 2018;8(1):3-10. https://
doi.org/10.3892/br.2017.1022. Epub 2017 Nov 21.

35. de la Cruz-López KG, Castro-Muñoz LJ, Reyes-Hernández DO, García-
Carrancá A, Manzo-Merino J. Lactate in the regulation of tumor
microenvironment and therapeutic approaches. Front Oncol. 2019;9:1143.
https://doi.org/10.3389/fonc.2019.01143.

36. Domblides C, Lartigue L, Faustin B. Control of the antitumor immune
response by Cancer metabolism. Cells. 2019;8(2):104. https://doi.org/10.33
90/cells8020104.

37. Brizel DM, Walenta S, Mueller-Klieser W. Elevated tumor lactate
concentrations predict for an increased risk of metastases in head-and-neck
cancer. Int J Radiat Oncol Biol Phys. 2001;51(2):349-53. https://doi.org/10.101
6/s0360-3016(01)01630-3.

38. Walenta S, Chau T-V, Schroeder T, Lehr H-A, Kunz-Schughart LA, Fuerst A,
et al. Metabolic classification of human rectal adenocarcinomas: a novel
guideline for clinical oncologists? J Cancer Res Clin Oncol. 2003;129(6):321–
6. https://doi.org/10.1007/s00432-003-0450-x.

39. Kishton RJ, Barnes CE, Nichols AG, Cohen S, Gerriets VA, Siska PJ, et al. AMPK
is essential to balance glycolysis and mitochondrial metabolism to control
T-ALL cell stress and survival. Cell Metab. 2016;23(4):649–62. https://doi.org/1
0.1016/j.cmet.2016.03.008.

40. Fodor T, Szántó M, Abdul-Rahman O, Nagy L, Dér Á, Kiss B, et al.
Combined Treatment of MCF-7 Cells with AICAR and Methotrexate,
Arrests Cell Cycle and Reverses Warburg Metabolism through AMP-

Activated Protein Kinase (AMPK) and FOXO1. PLoS One. 2016;11(2):
e0150232 Buday L, editor.

41. Cheng X, Kim JY, Ghafoory S, Duvaci T, Rafiee R, Theobald J, et al.
Methylisoindigo preferentially kills cancer stem cells by interfering cell
metabolism via inhibition of LKB1 and activation of AMPK in PDACs. Mol
Oncol. 2016;10(6):806–24. https://doi.org/10.1016/j.molonc.2016.01.008.

42. Park SY, Lee Y-K, Kim HJ, Park OJ, Kim YM. AMPK interacts with β-catenin in
the regulation of hepatocellular carcinoma cell proliferation and survival
with selenium treatment. Oncol Rep. 2016;35(3):1566–72. https://doi.org/1
0.3892/or.2015.4519.

43. Choudhury Y, Yang Z, Ahmad I, Nixon C, Salt IP, Leung HY. AMP-activated
protein kinase (AMPK) as a potential therapeutic target independent of
PI3K/Akt signaling in prostate cancer. Oncoscience. 2014;1(6):446–56.
https://doi.org/10.18632/oncoscience.49.

44. Lagarde P, Brulard C, Pérot G, Mauduit O, Delespaul L, Neuville A, et al.
Stable instability of sarcoma cell lines genome despite intra-Tumoral
heterogeneity: a genomic and transcriptomic study of sarcoma cell lines.
Austin J Genet Genomic Res. 2015;2(2):1014.

45. Haurie V, Durrieu-Gaillard S, Dumay-Odelot H, Da Silva D, Rey C,
Prochazkova M, et al. Two isoforms of human RNA polymerase III with
specific functions in cell growth and transformation. Proc Natl Acad Sci U S
A. 2010;107(9):4176–81. https://doi.org/10.1073/pnas.0914980107.

46. Hahn WC, Counter CM, Lundberg AS, Beijersbergen RL, Brooks MW,
Weinberg RA. Creation of human tumour cells with defined genetic
elements. Nature. 1999;400(6743):464–8. https://doi.org/10.1038/22780.

47. Hahn WC, Dessain SK, Brooks MW, King JE, Elenbaas B, Sabatini DM, et al.
Enumeration of the simian virus 40 early region elements necessary for
human cell transformation. Mol Cell Biol. 2002;22(7):2111–23. https://doi.
org/10.1128/MCB.22.7.2111-2123.2002.

48. Bergmeyer HU. Methods of Enzymatic Analysis, vol. 2: Elsevier Inc; 1974.
ISBN 978-0-12-091302-2. https://doi.org/10.1016/B978-0-12-091302-2.
X5001-4.

49. Merle C, Thébault N, LeGuellec S, Baud J, Pérot G, Lesluyes T, et al.
Tetraploidization of immortalized myoblasts induced by cell fusion drives
myogenic sarcoma development with DMD deletion. Cancers. 2020;12(5):
1281. https://doi.org/10.3390/cancers12051281.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Brito et al. BMC Cancer          (2021) 21:863 Page 12 of 12

https://doi.org/10.1016/j.bbabio.2010.12.002
https://doi.org/10.1016/j.bbabio.2010.12.002
https://doi.org/10.1158/1078-0432.CCR-14-3300
https://doi.org/10.1158/1078-0432.CCR-14-3300
https://doi.org/10.1016/j.cmet.2012.12.001
https://doi.org/10.1016/j.cmet.2012.12.001
https://doi.org/10.3390/ijms20071647
https://doi.org/10.3945/ajcn.110.001917
https://doi.org/10.3945/ajcn.110.001917
https://doi.org/10.1158/0008-5472.CAN-03-1101
https://doi.org/10.1158/0008-5472.CAN-03-1101
https://doi.org/10.1038/ng.2974
https://doi.org/10.3390/ijms17050638
https://doi.org/10.1016/j.placenta.2015.10.010
https://doi.org/10.1016/j.placenta.2015.10.010
https://doi.org/10.1098/rsob.190099
https://doi.org/10.1098/rsob.190099
https://doi.org/10.1146/annurev-cellbio-092910-154237
https://doi.org/10.1073/pnas.0709747104
https://doi.org/10.1073/pnas.0709747104
https://doi.org/10.3892/br.2017.1022
https://doi.org/10.3892/br.2017.1022
https://doi.org/10.3389/fonc.2019.01143
https://doi.org/10.3390/cells8020104
https://doi.org/10.3390/cells8020104
https://doi.org/10.1016/s0360-3016(01)01630-3
https://doi.org/10.1016/s0360-3016(01)01630-3
https://doi.org/10.1007/s00432-003-0450-x
https://doi.org/10.1016/j.cmet.2016.03.008
https://doi.org/10.1016/j.cmet.2016.03.008
https://doi.org/10.1016/j.molonc.2016.01.008
https://doi.org/10.3892/or.2015.4519
https://doi.org/10.3892/or.2015.4519
https://doi.org/10.18632/oncoscience.49
https://doi.org/10.1073/pnas.0914980107
https://doi.org/10.1038/22780
https://doi.org/10.1128/MCB.22.7.2111-2123.2002
https://doi.org/10.1128/MCB.22.7.2111-2123.2002
https://doi.org/10.1016/B978-0-12-091302-2.X5001-4
https://doi.org/10.1016/B978-0-12-091302-2.X5001-4
https://doi.org/10.3390/cancers12051281

	Abstract
	Background
	Results
	Conclusion

	Introduction
	Results
	Hybrids display enhanced energy metabolic expression profiles
	Hybrid cells display respiratory rates equivalent to RST cells
	Hybrid cells up-regulate glycolysis
	AICAR impairs proliferation and invasive properties of hybrids displaying lower AMPK (alpha 1) expression level
	Pleomorphic sarcoma cells are sensitive to AICAR

	Discussion
	Materials and methods
	Cell lines and reagents
	Hybrid cells selection
	Gene expression profiling
	Cell proliferation assay
	Migration assay
	Invasion assay
	Glucose quantification
	Respiratory rate measurement
	Western blot
	Abbreviations

	Supplementary Information
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

