
Culture of human mesenchymal stem cells at low
oxygen tension improves growth and genetic stability
by activating glycolysis
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Expansion of human stem cells before cell therapy is typically performed at 20% O2. Growth in these pro-oxidative conditions
can lead to oxidative stress and genetic instability. Here, we demonstrate that culture of human mesenchymal stem cells at
lower, physiological O2 concentrations significantly increases lifespan, limiting oxidative stress, DNA damage, telomere
shortening and chromosomal aberrations. Our gene expression and bioenergetic data strongly suggest that growth at reduced
oxygen tensions favors a natural metabolic state of increased glycolysis and reduced oxidative phosphorylation. We propose
that this balance is disturbed at 20% O2, resulting in abnormally increased levels of oxidative stress. These observations indicate
that bioenergetic pathways are intertwined with the control of lifespan and decisively influence the genetic stability of human
primary stem cells. We conclude that stem cells for human therapy should be grown under low oxygen conditions to increase
biosafety.
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Human mesenchymal stem cells (hMSC) are being evaluated
for the treatment of a large variety of pathologies, including
traumatic lesions and cardiovascular and autoimmune dis-
eases.1,2 Although hMSC can be obtained from several
tissues, they are scarce and their quantity and quality depends
on a patient’s clinical history, age, gender and genetic back-
ground. Most cell therapy protocols use 10–50 million hMSC
per treatment, requiring expansion of extracted stem cells
ex vivo for about 8 weeks before implantation. This expansion
is typically performed under ‘standard’ non-physiological culture
conditions, which among other factors expose cells to 20%
O2, roughly 10 times the oxygen concentration encountered
in their natural niches.3,4

Previous studies have shown that exposure of mamma-
lian cells to 20% O2 concentrations induces DNA damage,
thereby contributing decisively to cell senescence and loss
of viability.5–7 Conversely, culture of human stem cells over a
physiological range of oxygen tensions (1–5%) improves cell
growth, alters differentiation processes and extends lifespan.8

Low oxygen tensions have also been shown to reduce the
levels of double-strand breaks (DSB) and chromosomal
abnormalities in several types of stem cells.9,10 This evidence
suggests that the poorly defined ‘cell culture stress’ can be
a cause of genetic instability and therefore constitute a
biological risk for cell therapy protocols. In agreement with

this notion, we have found that short-term growth of hMSC
at 20% O2 significantly increases oxidative stress and DNA
damage markers, DSB, chromosomal aberrations, aneuploidy
and telomere shortening rates compared with cells grown at
3% O2. Despite these clear correlations, the mechanisms
underlying the generation of genetic instability at high O2

tension are mostly unknown.
Mammalian cells have developed oxygen-sensing mechan-

isms to maintain cell and tissue homeostasis (reviewed in
Giaccia et al.11). When oxygen levels fall below a certain
threshold, a gene expression program is initiated by the
transcription factor hypoxia-inducible factor-1 (HIF-1). HIF-1
signaling is a pivotal link between oxygen availability in the cell
and key processes such as energy metabolism, angiogen-
esis, cell proliferation and viability (reviewed in Schofield and
Ratcliffe12). Activation of HIF-1a increases the levels of
glycolytic enzymes when oxygen is too limiting to support
oxidative phosphorylation (OXPHOS); thereby ensuring
energy demands are met under hypoxic conditions.13,14

To elucidate the mechanisms by which oxygen levels, and
exogeneous oxidative stress affect the genetic stability of
hMSC, we carried out detailed cytogenetic analysis, together
with gene expression and bioenergetics studies, in sister
cultures grown at ‘physiological’ 3% O2 and ‘standard’ 20% O2

conditions. Our data show that growth at physiological O2
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levels is associated with a clear transcriptional activation in
HIF-1a target genes that results of increased glycolytic
function and inhibition of oxygen consumption. Our results
suggest that cells exposed to non-physiological oxygen levels
activate a cellular response in which oxygen consumption by
OXPHOS is increased and glycolysis decreased. We propose
that this adaptive metabolic switch in 20% O2 contributes to
the generation of genetic instability by increasing the produc-
tion of ROS, possibly compromising the biosafety and viability
of long-term cultures of stem cells.

Results

Growth of hMSC at 20% O2 reduces lifespan, increases
oxidative stress and the rate of telomere shortening.
A set of four hMSC lines was acquired from a commercial
source. To confirm the cell type and purity of these lines, we
detected the expression of the following specific surface
markers by flow cytometry: CD29, CD44, CD90, CD105,
CD11b, HLA DR, CD19 and CD45 (Supplementary Figure
S1a). Differentiation capacity was confirmed in osteogenic
and adipogenic differentiation assays (Supplementary Figure
S1b). DNA fingerprinting with nine single-nucleotide polymor-
phisms at early (p2) and late (p15) passages showed no
evidence of cross-contamination at either oxygen concentra-
tion (data not shown).

To determine if hMSC growth dynamics are influenced by
oxygen tension, we established individual adipose tissue-
derived cultures from four adult female donors (aged 35–41
years) and compared their growth rates at 20% O2 versus 3%
O2 over 25 passages. hMSC were sourced from donors of the
same gender and similar age in order limit sources of
variability such as hormonal changes or telomere length
status. Cell lines grown at 3% O2 completed 35.48±0.96
population doublings (PDs), whereas the corresponding cultures
grown at 20% O2 completed only 28.68±1.3 PD (Figure 1a).
This difference is statistically significant (P¼ 0.002) and was
apparent even at early passages. For example, by passage 5
hMSC grown at 3% O2 completed 16.73±1.22 PD, compared
with 10.98±0.86 PD for cells grown at 20% O2 (P¼ 0.010).
These results indicate that at 3% O2 we can theoretically
obtain41� 109 cells in five passages, whereas at 20% O2 we
only obtain 2� 107 cells. Both cell yields arose from an
estimated starting cell population of 1� 104 hMSC. Despite
the higher growth rate at 3% O2, our results indicate that
hMSC did not overcome senescence at either oxygen
concentration (Figure 1a).

To test whether the improved growth rate at low oxygen
tension correlated with lower levels of reactive oxygen species
(ROS), we stained early, middle and late passage hMSC with
di-hydroethidine (DHE), a fluorescent marker for superoxide
anion (O2

�). hMSC grown at 20% O2 accumulated more
superoxide anions than cells grown at 3% O2 (Figure 1b). In
addition, these differences in ROS levels increased with
passage number. The increased production of ROS at 20%
O2 was confirmed by analysis of two surrogate markers: the
levels of protein oxidation (carbonyl groups) and the muta-
genic lipid peroxidation product malondialdehyde (MDA).
Levels of carbonyls and MDA in hMSC grown at 20% O2

were 29% (P¼ 0.016) and 107% (P¼ 0.036) higher, respec-
tively, than in parallel cultures grown at 3% O2 (Figure 1c).

To determine the contribution of telomere shortening to
hMSC senescence, we analyzed interphase hMSC by
quantitative fluorescence in situ hybridization (Q-FISH), using
peptide-nucleic acid (PNA) telomeric probes15 (Figure 2a). In
cells grown at 20% O2, the average telomere length at
passage 2 was 8.43±1.28 kb, decreasing to 3.76±0.7 kb at
passage 15; in contrast, cells grown over the same passages
at 3% O2 showed a smaller decline in telomere length, from
8.21±1.1 kb to 5.04±0.95 kb, despite having completed 4–5
more PDs. Thus, cells grown at 20% O2 appear to exhaust
their telomeric DNA faster than cells grown at 3% O2. The
rates of telomere shortening were 378±46 bp per cell division
at 3% O2 versus 470±61 bp at 20% O2 (P¼ 0.016) (Figure 2b).

As telomere length is strongly influenced by telomerase
activity, we performed Q-PCR-based telomere repeat ampli-
fication protocol (TRAP) assays.16 Telomerase activity in four
hMSC cultures grown at 20% O2 was similar to that of human
primary fibroblast cultures (Supplementary Figures S2a and b),
consistent with their limited proliferative capacity and their
senescence. Telomerase activity in hMSC was not affected by
the O2 concentration (Supplementary Figures S2c and d),
therefore indicating that the increased rate of telomere short-
ening at high oxygen tension is likely to result from increased
oxidative damage and DSB under these conditions.17,18

Growth of hMSC at 20% O2 increases DSB generation
and chromosomal instability. Oxidative stress has been
previously shown to cause DNA damage in mammalian
fibroblasts.6 To determine if culture-derived oxidative stress
is sufficient to induce DNA damage in hMSC, we performed
immunofluorescence against 53BP1, a well-characterized
marker of DSB.19 Of hMSC grown at 3% O2, 44.68±6.9%
contained DSB foci, compared with 63.31±7.3% of cells
grown at 20% O2 (Figures 2c and e). Moreover, hMSC grown
at 3% O2 contained 0.69±0.11 foci per cell, whereas cells
grown at 20% O2 had 1.37±0.4 foci per cell (Figures 2d
and e). The number of cells with at least one DSB was
significantly higher at the 20% O2 condition (P¼ 0.013),
indicating that culture at 20% O2 causes an excess of DNA
breaks in human stem cells (Figure 2c).

To confirm these results, we carried out detailed cyto-
genetic analysis of chromosomal breaks and fusions and
dicentric chromosomes, all indicative of DSB. For this, we
stained metaphases with telomeric and centromeric probes to
clearly define the aberrations. Cells grown at 3% O2 had 2-fold
fewer chromosomal fusions, 1.5-fold fewer chromatid breaks
and a significantly 2.6-fold lower level of dicentric chromo-
somes (P¼ 0.049) (Figures 2f and g). Together these results
indicate that hMSC grown at 20% O2 have an excess of DNA
damage and of unstable chromosomal aberrations, compared
with cells grown at a more physiological oxygen tension
(Figures 2c–g).

Oxidative stress increases aneuploidy in hMSC. Our
cytogenetic analysis suggested that culture at 20% O2

induces aneuploidy. Aneuploidy is a central characteristic
of tumor cells and is associated with the partial loss of
homeostasis and control of gene expression. The association
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between aging and an increased number of aneuploid cells
has been known for decades;20 however, previous studies
did not examine the association between culture conditions
(passage and oxygen tension) and aneuploidy in mesenchymal
stem cells.

To examine the effect of O2 concentration on aneuploidy,
we analyzed interphase hMSC between passages 2 and 15
by FISH, using centromeric probes for chromosomes 8, 11
and 17 (Figures 3a and b). These chromosomes harbor
important oncogenes and tumor suppressors (for example,
c-myc in chr 8, CCND1 or ATM in chr 11, and p53 in chr 17),
and aneuploidy in any chromosome of this set is considered
an early event in primary breast cancer.21,22 Analysis of
aneuploidy in these chromosomes might therefore provide a
tool for evaluating genetic instability in hMSC, thus ensuring
culture biosafety. More than 100 cells per cell line and O2

condition were analyzed at interphase, because at any given
time most cells are at this cell cycle stage and it is therefore
more representative of the general condition of the cell
population than the limited number of metaphase cells usually
examined in aneuploidy studies.23,24 Surprisingly, even at
early passages (p2–p5), about 15–24% of cells cultured at
20% O2 showed aneuploidy for any of these three chromo-
somes. Two trends were immediately apparent. First, at both

oxygen concentrations there is a clear tendency toward
increased aneuploidy with passage, reaching as high as 35%
by passage 15 (Figure 3a). Second, the incidence of
aneuploidy was significantly lower in cells grown at 3% O2

from passages 2–10; for example, at passage 5 aneuploidy
affected 16.43±0.37% of cells grown at 3% O2 compared
with 24.25±0.42% of cells grown at 20% O2 (P¼ 0.016). This
trend is revealed by plotting the aneuploidy level against PD
(Figure 3b). No significant differences in aneuploidy were
detected between the analyzed chromosomes (data not shown).

To confirm these results, we evaluated aneuploidy by meta-
phase chromosomal analysis of four cell lines cultured at both
O2 concentrations at the same PD (18±2), corresponding to
passages (p5–p8). These experiments indicated that 54.2%
of metaphases from the hMSC grown at 3% O2 (n¼ 120) had
46 chromosomes. In contrast, only 30% of cells grown at 20%
O2 were diploid (n¼ 106) (Figure 3c). The difference in
aneuploidy between conditions was highly statistically sig-
nificant (Po0.001). In general, our results suggest that long-
term exposure to oxidative stress induced by ‘standard’ cell
culture conditions clearly promotes aneuploidy.

Owing to the relatively high levels of aneuploidy observed in
hMSC, we set out to determine if this was a more general
phenomenon. Human fibroblasts and bone marrow hMSC

Figure 1 Effects of physiological oxygen concentration on growth and oxidative stress levels in hMSCs. (a) Growth curves of four independent hMSC primary cell lines
(isolates 34, 36, 40 and 43) cultured at 3% O2 (black lines) and 20% O2 (gray lines). Growth of hMSC at 3% O2 was significantly higher from passage 2 onward; at both O2

concentrations, senescence was reached at about passage 15. (b) Flow cytometry detection of superoxide (DHE-derived fluorescence) in hMSC cultured at 3% O2 (hatched
black histogram) and 20% O2 (gray histogram) at early (passage o5), middle (passages 5–10) and late passage (passage 410). For a given time in culture, superoxide levels
were higher in cells grown under ‘standard’ (20% O2) conditions, and ROS appear to increase with passage at both oxygen concentrations. Representative histograms from one
cell line are shown (n¼ 4). (c) Levels of protein carbonyls and MDA in hMSC lines grown at 20% O2 (white bars) and at 3% O2 (black bars). Culture at 3% O2 results in significantly
lower levels of these oxidative stress-derived products (*Po0.05). Experiments were performed in triplicate with the four independent lines. Data are means±S.E.M.
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grown at 20% O2 (passage 10) presented levels of aneuploidy
ranging from 12 to 18%, in line with our previous results.23,25

Analysis of aneuploidy in cultures of these cells grown for an
additional 4–10 passages at 3% O2 and 20% O2 confirmed
that growth at 3% O2 reduces the levels of aneuploidy in other
cell types of mesenchymal origin (Figure 3d). These results
strongly suggest that growth of mesenchymal cells at 20% O2

for 5–10 passages promotes aneuploidy, and we therefore
propose that ROS are a principal cause of aneuploidy in
hMSC.

To validate this hypothesis, we treated hMSC grown at
3% O2 either twice a week with the superoxide generator
paraquat (PQ; 40 mM) or with a single treatment of the per-
oxide generator H2O2 (100 mM). Treatment with PQ produced

Figure 2 Supra-physiological oxygen tension increases DSBs and chromosomal aberrations in hMSCs. (a) Plot of telomere length against PD in interphase hMSC.
Telomere length was measured by Q-FISH at passages 2 and 15. Thin dotted and solid lines represent telomere shortening in hMSC grown at 20% O2 and 3% O2,
respectively. Color insets show representative images of cells at passage 2 and passage 15 hybridized with the telomeric probe (red). Scale bars, 10 mm. (b) Quantification of
telomere length reduction as kbp per PD. The quantification shows a significant reduction of telomere shortening at 3% O2 (*P¼ 0.016). Telomere fluorescence was converted
to kbp by comparison with fibroblast lines expressed known amounts of TIN2 and TIN2–13. (c) Quantification of 53BP1-positive cells grown at 3% O2 and 20% O2. A significant
reduction was appreciated at 3% O2 (*P¼ 0.013). (d) Quantification of 53BP1 foci per nucleus, showing the trend in the reduction of DSB per cell in cultures grown at 3% O2;
in all cases the cells were grown for 18±2 PD (e) Examples of cells grown at 3% O2 and 20% O2 stained with 53BP1 (yellow) to mark DSB. Irradiated cells (10 Gy) are shown
as a positive control; negative controls show no signal at this same time exposure. Nuclei are counterstained with DAPI (blue). The white arrows mark individual foci. Insets in
the upper left corner show a magnification of representative nuclei from each condition. Scale bars, 10 mm. (f) Quantification of structural chromosomal aberrations in
metaphase cells from hMSC grown at 3% O2 (black bars) and 20% O2 (white bars); 3% O2 reduced the incidence of chromosomal abnormalities, including a significant
reduction in dicentric chromosomes (*P¼ 0.049). (g) Examples of chromosomal aberrations in cells processed for FISH with centromeric (green) and telomeric (red) PNA
probes. Scale bars, 1 mm. Experiments were performed in triplicate with the four independent lines. Data are means±S.E.M.
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a 2.7-fold reduction in cell lifespan and a 3-fold increase
in aneuploidy (Figures 4a, b and e). Treatment with H2O2

similarly led to a pronounced decrease in cell growth and to a
threefold increase in aneuploidy (Figures 4c–e). These results
suggest that both chemical and culture-induced sources of
exogenous oxidative stress can cause senescence and

aneuploidy in stem cells. At 20% O2, cells exposed to PQ
(40 mM) were able to progress for only three passages, and
after two passages had reached the same level of aneuploidy
seen in 3% O2 cultures after five passages, indicating that
higher O2 concentration enhances the toxicity of exogenous
ROS generators (Supplementary Figures 3a and b).

Figure 3 Long-term exposure to supra-physiological oxygen tension promotes aneuploidy in telomerase-negative hMSCs. (a) Mean aneuploidy (%) scored in 100–200
nuclei per hMSC cell line at 3% O2 (black bars) and 20% O2 (white bars). Aneuploidy was detected by FISH with centromeric probes for chromosomes 8, 11 and 17. Growth at
3% O2 significantly reduced the incidence of aneuploidy during passages 2–10 (*Po0.049). (b) Aneuploidy levels plotted against PD; hMSC grown at low oxygen are
significantly more stable per cell division. Experiments were performed in triplicate with the four independent lines. Data are means±S.E.M. (c) Frequency histogram of
chromosome counts from hMSC expanded for 18±2 PD (n¼ 106–120). White bars represent metaphases from cells grown at 20% O2; black bars represent metaphases from cells
grown at 3% O2. Chromosome numbers are as indicated. (d) Average levels of aneuploidy of two human fibroblast cell lines (passages 10 and 20) and two human BM-MSC lines
(passages 10 and 14) at 20% and 3% O2. Aneuploidy was assessed by interphase FISH using Centromere Evaluation Probe (CEP) probes for chromosomes 8, 11 and 17
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Culture of hMSC at 20% O2 significantly increases
oxygen consumption and decreases glycolytic meta-
bolism. To further investigate the underlying mechanisms
by which culture of hMSC at 20% O2 reduces lifespan and
increases genetic instability, we profiled gene expression at
3% O2 and 20% O2 in four hMSC primary lines. Microarray
analysis identified 822 genes whose expression was sig-
nificantly different between the two conditions at a stati-
stical significance q-valueo0.050 (Supplementary Table S1).
Assessment of biological function by gene ontology analysis
indicated that 42 gene ontology (GO) biological processes
were significantly altered (Po0.050) (Tables 1a and b).
Within these processes, only 3 genes were downregulated
and 12 were upregulated in cells grown at 3% O2, indicating a
shift toward glycolytic metabolism (Supplementary Table S2
and Table 2). The most significant alterations (Po0.005) are
linked to glucose metabolism, glycolysis, hexose, alcohol
and carbohydrate catabolism (Tables 1a and b). Surprisingly,
of the 42 altered GO-terms only one is related to cell sur-
vival, cell cycle or cell maintenance (GO:0008634; ‘negative

regulation of survival gene product expression’). This GO
category includes the proapoptotic genes BNIP3, HRK and
BNIP3L (Supplementary Table S2), which are significantly
altered in the gene expression pattern. BNIP3 and BNIP3L
are upregulated 2.3-fold (q-valueo0.001) and 1.6-fold
(q-value¼ 0.006) at 3% O2, respectively. The expression of
HRK is downregulated 0.5-fold (q-value¼ 0.010) (Supple-
mentary Table S1).

One of the best-characterized mechanisms of glycolysis
upregulation is the hypoxia response through activation of
HIF-1.26 Our gene expression data showed that 12 HIF-1
target genes12 are significantly upregulated in the hMSC
cultures at 3% O2, by 1.2–2.3-fold (Table 2), suggesting
robust HIF-1 activation. To verify the gene expression
results, we performed Taqman RT-PCR analysis and
detected a significant (Po0.050) 1.5–8-fold upregulation of
pyruvate dehydrogenase kinase, isozyme 1 (pdk1); HIF-3,
alpha subunit; phosphoglycerate kinase 1 (pgk1); 6-phos-
phofructo-2-kinase/fructose-2,6-biphosphatase 3 (pfkfb3);
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 4

Figure 4 Exogenous sources of ROS cause growth defects and genetic instability in hMSCs. (a) Growth dynamics of an hMSC line cultured at 3% O2 with (black)
and without (gray) treatment with 40 mM PQ as a source of ROS, showing a decrease in growth after PQ treatment. (b) Aneuploidy levels in control and PQ-treated cells.
PQ treatment significantly increased aneuploidy at passages 5 (*Po0.050) and 10 (*Po0.050). (c) Growth dynamics of an hMSC line grown at 3% O2 with (black) or without
(gray) treatment with hydrogen peroxide (H2O2, 100mM) as a source of ROS, showing decreased growth and cell death after H2O2 treatment. (d) Aneuploidy levels in control
and H2O2-treated cells. H2O2 treatment significantly increased aneuploidy at passage 3 (*Po0.050). (e) Representative FISH images of cells grown at 3% O2: left, controls;
middle, PQ treated; right. H2O2 treated. Scale bars, 10mm. Cells were hybridized with Centromere Evaluation Probe (CEP) probes for chromosomes 8 (red signal), 11 (green) and
17 (light blue). In the aneuploidy experiments, the fraction of aneuploid cells was calculated for each condition, and data were analyzed with Fisher’s exact test for two binomials
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Table 1 Simplified gene ontology analysis

(a)

GO ID GO terms P-value Relative category

GO:0006006 Glucose metabolic process 0.001 1
GO:0006096 Glycolysis 0.001 1
GO:0019320 Hexose catabolic process 0.001 1
GO:0046164 Alcohol catabolic process 0.001 1
GO:0016052 Carbohydrate catabolic process 0.003 1
GO:0006468 Protein amino acid phosphorylation 0.008 6
GO:0008544 Epidermis development 0.008 5
GO:0055114 Oxidation reduction 0.008 2
GO:0006796 Phosphate metabolic process 0.011 6
GO:0001502 Cartilage condensation 0.011 5
GO:0015711 Organic anion transport 0.011 2
GO:0051289 Protein homotetramerization 0.011 7
GO:0005975 Carbohydrate metabolic process 0.014 1
GO:0001666 Response to hypoxia 0.019 3
GO:0006464 Protein modification process 0.021 7
GO:0006003 Fructose 2,6-bisphosphate metabolic process 0.022 1
GO:0006536 Glutamate metabolic process 0.022 1
GO:0006677 Glycosylceramide metabolic process 0.022 6
GO:0015721 Bile acid and bile salt transport 0.022 6
GO:0019896 Axon transport of mitochondrion 0.022 2
GO:0021680 Cerebellar Purkinje cell layer development 0.022 5
GO:0022904 Respiratory electron transport chain 0.022 2
GO:0032364 Oxygen homeostasis 0.022 2
GO:0032469 Endoplasmic reticulum calcium ion homeostasis 0.022 6
GO:0042559 Pteridine and derivative biosynthetic process 0.022 6
GO:0042640 Anagen 0.022 5
GO:0045059 Positive thymic T-cell selection 0.022 5
GO:0046902 Regulation of mitochondrial membrane permeability 0.022 2
GO:0048678 Response to axon injury 0.022 4
GO:0055012 Ventricular cardiac muscle cell differentiation 0.022 5
GO:0006739 NADP metabolic process 0.025 2
GO:0008634 Negative regulation of survival gene product expression 0.025 8
GO:0019079 Viral genome replication 0.025 4
GO:0022037 Metencephalon development 0.025 5
GO:0045058 T-cell selection 0.025 5
GO:0050931 Pigment cell differentiation 0.025 5
GO:0051186 Cofactor metabolic process 0.032 6
GO:0006081 Cellular aldehyde metabolic process 0.045 1
GO:0006809 Nitric oxide biosynthetic process 0.045 2
GO:0046456 Icosanoid biosynthetic process 0.046 6
GO:0051607 Defense response to virus 0.046 4
GO:0009725 Response to hormone stimulus 0.05 4

(b)

Relative category Name %

1 Carbohydrate metabolism 21.42
2 Electron transport and ROS metabolism 21.42
3 Differentiation and development 21.42
4 Other metabolic processes 19.04
5 Response to injury, hormones and viruses 9.52
6 Protein modification 2.38
7 Cell growth 2.38

(a) Gene ontology (GO) terms for gene expression changes implicated in biological processes in hMSC (n¼4) grown at 20% O2 versus 3% O2. Terms are listed in
order of statistical significance (Po0.050) and the GO terms are linked to relative categories. (b) Pie chart showing relative implication of GO terms altered in cells
grown at 3% O2 versus 20% O2
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(pfkfb4); aldolase C; fructose-bisphosphate (aldoc); triose-
phosphate isomerase 1 (tpi1); solute carrier family 2 (facili-
tated glucose transporter), member 1 (Scl2a1); lactate dehy-
drogenase A (ldha); and insulin-like growth factor 2 (igf2)
(Figure 5a). In summary, the gene expression, gene ontology
and qRT-PCR analyses indicate that in cultures at 3% O2

there is a strong upregulation of carbohydrate metabolism,
particularly of glycolytic genes, that is, probably mediated
through HIF-1 activation.

To evaluate how the transcriptional upregulation of glyco-
lysis genes at 3% O2 impacts cellular metabolism, we moni-
tored mitochondrial oxygen consumption rate (OCR) and
extra cellular acidification rate (ECAR) in three hMSC lines
in both oxygen conditions, using Seahorse non-invasive
technology. The basal OCR/ECAR ratios were significantly
higher in hMSC cells grown at 20% O2 (2200 pMoles/mpH)
than at 3% O2 (1000 pMoles/mpH) (Po0.050) (Figures 5b
and c). Addition of DNP, a mitochondrial uncoupling agent,
showed that maximum respiratory capacity was also sig-
nificantly higher in hMCS grown at 20% O2 (Figure 5b).
Addition of oligomycin to inhibit F0/F1 ATPase (complex V)
revealed similar differences between culture at 20% O2 and
3% O2 (Figure 5b). These data indicate that growth at higher
O2 tension promotes increased oxygen consumption and an
associated drop in medium acidification. To verify that growth
in 20% O2 decreases glycolysis, we analyzed lactic acid

concentration. These experiments showed that hMSC grown
at 3% O2 contained a twofold higher concentration of lactate
(Po0.050) (Figure 5d).

Discussion

Many ongoing clinical trials use hMSC after culture expansion
at 20% O2. This growth protocol is an inheritance from
traditional cell culture methods established decades ago for
transformed cells with very different bioenergetic character-
istics.27 Accumulating evidence suggests that culture of
mammalian cells at 20% O2 promotes DNA damage and
senescence,5–7 and recent data suggests that long-term
culture under these conditions leads to the appearance of
chromosomal aberrations.28 Given the paramount importance
of biosafety in cell therapy, we set out to investigate the
relationships between oxygen tension, metabolism and
genetic stability in hMSC expanded in vitro. In this study, we
show that expansion of adipose tissue-derived hMSC at 3%
O2 significantly increases their growth rate, in line with pre-
vious findings.8 Despite this faster growth, we observed no
evidence of spontaneous immortalization, suggesting that, at
least during 25 passages, hMSC cultured at 3% O2 do not
activate mechanisms that can overcome senescence.

In the absence of compensatory mechanisms, human
cell senescence is intimately related to critical telomere

Table 2 Expression changes in genes related to carbohydrate metabolic processes and HIF-1 targets

Symbol Name Fold change FDR BH (t) FDR q-value (t)

Carbohydrate metabolism
PDK1 Pyruvate dehydrogenase kinase, isozyme 1 3.441 0.001 0.001
PFKFB4 6-Phosphofructo-2-kinase/fructose-2,6-biphosphatase 4 2.786 0.001 0.001
PGK1 Phosphoglycerate kinase 1 2.178 0.002 0.001
ALDOC Aldolase C, fructose-bisphosphate 2.359 0.004 0.002
PFKFB3 6-Phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 2.286 0.004 0.002
SLC2A1 Solute carrier family 2 (facilitated glucose transporter), member 1 2.764 0.004 0.002
ENO2 Enolase 2 (gamma, neuronal) 2.186 0.009 0.004
TPI1 Triosephosphate isomerase 1 1.689 0.011 0.005
ALDH5A1 Aldehyde dehydrogenase 5 family, member A1 0.627 0.013 0.006
LDHA Lactate dehydrogenase A 1.562 0.019 0.009
IGF2 Insulin-like growth factor 2 (somatomedin A) 3.396 0.025 0.012
NUDT5 Nudix (nucleoside diphosphate linked moiety X)-type motif 5 0.671 0.026 0.012
ENO3 Enolase 3 (beta, muscle) 1.412 0.027 0.012
PGD Phosphogluconate dehydrogenase 0.749 0.047 0.021
GAPDHL7 Glyceraldehyde-3-phosphate dehydrogenase-like 7 1.328 0.062 0.028

HIF targets
PDK1 Pyruvate dehydrogenase kinase, isozyme 1 3.441 0.001 0.001
BNIP3 BCL2/adenovirus E1B 19 kDa interacting protein 3 2.297 0.001 0.001
PGK1 Phosphoglycerate kinase 1 2.178 0.002 0.001
SLC2A1 Solute carrier family 2 (facilitated glucose transporter), member 1 2.764 0.004 0.002
EGLN1 Egl nine homolog 1 (C. elegans) 1.837 0.006 0.003
PLOD1 Procollagen-lysine 1, 2-oxoglutarate 5-dioxygenase 1 1.849 0.009 0.004
BCL2 B-cell CLL/lymphoma 2 0.566 0.011 0.005
PLOD2 Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 1.974 0.019 0.009
LDHA Lactate dehydrogenase A 1.562 0.019 0.009
VEGFA Vascular endothelial growth factor A 1.656 0.021 0.010
ITPR1 Inositol 1,4,5-triphosphate receptor, type 1 0.696 0.023 0.010
ADRA2C Adrenergic, alpha-2C-, receptor 0.562 0.027 0.012
TFR2 Transferrin receptor 2 1.290 0.029 0.013
CA9 Carbonic anhydrase IX 2.169 0.040 0.018
SERPINE1 Serpin peptidase inhibitor, clade E (nexin, plasminogen activator

inhibitor type 1), member 1
1.753 0.053 0.024

Gene expression data for hMSC (n¼4) grown at 3% O2 versus 20% O2, showing differentially expressed genes involved in carbohydrate metabolism and in HIF-1
induction. These genes are included in GO categories with P-value o0.050, and are listed in order of statistical significance (q-value o0.050)
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Figure 5 Culture of hMSC at physiological oxygen tension increases glycolytic activity and reduces oxygen consumption. (a) RT-PCR analysis (Taqman) of pyruvate
dehydrogenase kinase, isozyme 1 (pdk1); hif-3a; phosphoglycerate kinase 1 (pgk1); 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (pfkfb3); 6-phosphofructo-2-
kinase/fructose-2,6-biphosphatase 4, (pfkfb4); aldolase C, fructose-bisphosphate (aldoc); triosephosphate isomerase 1 (tpi1); solute carrier family 2 (facilitated glucose
transporter), member 1 (Scl2a1); lactate dehydrogenase A (ldha); and insulin-like growth factor 2 (igf2). Expression is presented relative to the level in cells grown at 20% O2.
Experiments were performed in triplicate with the four independent lines. Data are means±S.E.M. In all cases, the data were statistically significant (*Po0.050). (b) OCR/
ECAR curves for three hMSC lines exposed to 3% O2 and 20% O2. Curves were generated using a FX96 Flux Analyzer and Seahorse technology (see Materials and Methods
section). The first four points on the graphs indicate the basal OCR/ECAR ratio (expressed in pmoles/mpH); the green line indicates background correction of the blank.
Oligomicin was added at time point A and the mitochondrial uncoupler at time point B. (c) Average OCR/ECAR ratios (pmoles/mpH) for three hMSC lines grown at 3% O2 and
20% O2 (*Po0.050). Bars represent means±S.E.M; experiments were performed with eight replicates for each time point. (d) Intracellular lactate concentration in hMSC
grown at 3% O2 and 20% O2. Cells cultured at 3% O2 contained more lactate than cells cultured at 20% O2 (*Po0.050). Experiments were performed in triplicate with the four
independent lines. Data are means±S.E.M. The color reproduction of this figure is available at the Cell Death and Differentiation journal online
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shortening. Previous reports indicated that telomere shorten-
ing can be accelerated by growth under hyperoxic conditions,
which generates oxidative stress.17,18,29 In our experiments,
culture at low O2 reduced the rate of telomere shortening per
cell division by 24%, indicating that the increased lifespan
might reflect better maintenance of telomere length. This
increased lifespan is probably independent of telomerase
activity because in hMSC this activity was low and insensitive
to changing O2 concentration. These observations suggest
that growth at 3% O2 leads to decreased telomere erosion
by protecting cells from oxidative stress.

The enhanced growth of hMSC observed at 3% O2

correlated with decreased levels of mutagenic oxidative
stress, with an accompanying decrease in 53BP1 foci and
structural chromosomal aberrations. The fact that the levels of
aneuploidy continuously accumulated with increasing pas-
sage, reaching a maximum of 35% in passage 15, and
were lower in cells cultured at ‘physiological’ oxygen tension
strongly suggests that oxidative stress can induce genetic
instability. In addition, we demonstrate that several cell types
(hMSC from adipose tissue and bone marrow stroma, and
skin fibroblasts) present higher levels of aneuploidy when
cultured at 20% O2 rather than 3% O2, indicating that induction
of aneuploidy by high O2 concentration might be a common
phenomenon. Notably, significant differences in aneuploidy
were not detected between the chromosomes analyzed,
suggesting that aneuploidy at early-mid passages is a random
process. A relationship between oxidative stress and aneu-
ploidy is supported by the finding that acute exposure to PQ or
H2O2, known inducers of ROS, significantly reduced cell
growth and increased aneuploidy about threefold. The dif-
ference in the effect of PQ treatment on aneuploidy and
growth reduction in cultures at 20% O2 and 3% O2 indicates
that the effects of ROS on genetic instability might be a
cumulative process.

Gene expression profiling and gene ontology analysis in
cells grown at the two oxygen tensions showed that growth at
3% O2 causes significant transcriptional upregulation of
12 glycolytic and carbohydrate metabolism genes. The fact
that many of these genes are also HIF-1 targets strongly
suggests that culture at 3% O2 maintains relatively high levels of
HIF-1 compared with ‘standard’ growth conditions. Our analysis
of respiration and glycolysis confirms that these gene expres-
sion patterns translate into bioenergetic changes; at 3% O2 the
OCR/ECAR ratio is significantly lower than at 20% O2, and
lactate levels are higher, providing compelling evidence that
glycolysis is upregulated under these conditions. Surprisingly,
higher growth at 3% O2 was reflected in only one GO category
related to cell growth, survival and apoptosis. This included the
genes BNIP3 and BNIP3L, whose expression has also been
associated with hypoxia and HIF-1a expression.30 Our results
thus strongly suggest that the main response to 3% O2 is the
transcriptional and biochemical activation of bioenergetic
genes. However, we cannot exclude the possibility that growth
at 3% O2 might affect the profile of secreted chemokines and
cytokines, influencing cell growth and senescence through
autocrine or paracrine effects.31

These metabolic changes may provide an additional
mechanism for lifespan extension, because increased
expression of glycolytic enzymes (PGM, PGK1 and GPI)

has been shown to favor immortal growth of mouse embryonic
fibroblasts.32 The gene expression data, the lower OCR/
ECAR ratio and the diminished ROS levels suggest that
hMSC grown at 3% O2 have a bioenergetic balance that is
less dependent on OXPHOS. This notion is consistent with
previous studies that showed that HIF-1 decreases OXPHOS
system activity (the principal endogenous inductor of ROS) by
downregulating mitochondrial ATP production and oxygen
consumption.13

Our findings indicate that growth of hMSC at physiological
oxygen tension helps maintain the bioenergetic balance
between OXPHOS and glycolysis that is disturbed at 20%
O2. We propose that the reduction of mitochondrial respiration
at 3% O2 decreases ROS levels, thereby decreasing the
incidence of DSB and limiting telomere erosion and aneuploi-
dy. These results indicate a plausible link between bioener-
getic pathways, the control of genomic stability and the life-
span of human primary stem cells in culture. Measures to
reduce oxidative stress in clinical stem cell expansion pro-
cedures, either by culture at lower O2 concentrations or other
interventions that decrease ROS levels, will enhance their
growth, viability and biosafety.

Materials and Methods
Cell and culture conditions. Four independent lines of hMSCs (listed 34,
36, 40 and 43), isolated from adipose tissue of female donors aged 35–41 years,
were acquired from Inbiobank Stem Cell Bank (www.inbiobank.org). hMSC were
cultured (1–2� 103 cells/cm2) in high glucose Dulbecco’s modified Eagle’s medium
(DMEM, Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine
serum (Sigma), glutamine (2 mM), penicillin 100 U/ml and streptomycin 1000 U/ml.
Media were changed twice a week and cells were passaged once a week. For acute
exposures to chemical oxidative stress, subconfluent cultures (70%) were exposed
to 40mM PQ (Sigma-Aldrich, St. Louis, MO, USA) every 3 days for 10 weeks, or to a
single dose of 100mM H2O2 (Foret SA, Barcelona, Spain) and were monitored
during 4 weeks. Long-term cell growth was monitored by counting cell number
with a hemocytometer. Cumulative PD was calculated with the formula PD¼ (log
(Nn/Nn�1))/log 2 (n: passage; N: cell number).

Cell differentiation assays. hMSC were seeded at 2� 104 cells/cm2 in
expansion medium, and after 24-h medium was replaced with the corresponding
induction medium. Osteogenic medium contained expansion medium supplemented
with 10 mM b-glycerolphosphate, 0.1mM dexamethasone and 0.2 mM ascorbic
acid. Adipogenic medium contained expansion medium supplemented with 0.01mM
dexamethasone, 0.5 mM IBMX (3-isobutyl-1-methyl xanthine) and 60 mM indo-
methacin. In all cases, induction medium was replaced every 3–4 days and on
day 21 cells were processed for staining analysis. For osteogenic assays, cells were
fixed with 70% ethanol (1 h, 4 1C) and stained with 40 mM Alizarin Red, pH 4.1
(15 min, RT). Cells cultured in adipogenic medium were fixed with 10% formalin
(30 min, RT) and stained with 2% Oil Red (15 min, RT).

Cell characterization by surface marker staining. hMSC at early
passage were collected by trypsin treatment and resuspended in PBS at 1.0� 106

cells/ml. The cells were blocked for 20 min with 1% (v/v) human serum (Thermo Scientific,
Waltham, MA, USA). Subsequently, the cells were incubated with surface marker-
specific antibodies and isotype-matched controls in the dark at 4 1C for 30 min.
Surface marker antibodies used were CD29 mIgG2a-PE, CD90 mIgG1-FITC, CD19
mIgG1-FITC, CD45 mIgG1-FITC, CD44 rIgG2b-PE (BD Biosciences, San Jose, CA,
USA), CD105 mIgG1-FITC, CD11b mIgG1-PE, HLADR mIgG3-FITC (AbD Serotec,
Oxford, UK) and their specific isotype-matched controls mIgG2a-PE, rIgG2b-PE, mIgG1-
FITC, mIgG1-PE, mIgG3-FITC (BD Biosciences). The cells were washed twice with PBS
and analyzed by flow cytometry in a BDFACS Canto flow cytometer (BD Biosciences),
and data were analyzed using Summit v4.3 software (Dako Inc., Carpinteria, CA, USA).

Aneuploidy analysis. Cells were incubated with 10mg/ml colcemid for 4 h at
37 1C, and then treated with 0.56% KCl for 15 min at 37 1C and fixed in
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metanol:acetic acid (3 : 1). Cell suspensions were dropped onto clean slides and air-
dried for 24 h. Centromere Evaluation Probe for chromosomes 8, 11 and 17, from
the Breast Aneusomy Multi-Color Probe kit (Abbott Laboratories, Libertyville, IL,
USA), were applied (in 3 ml) to the cells according to the manufacturer’s instructions.
At least 100 cells per line were analyzed for each time-point and oxygen
concentration. For chromosome analysis, metaphase cells were dropped onto clean
wet slides, aged overnight and stained with DAPI (4,6 diamidino-2-phenylindole) in
Vectashield H-1200 mounting medium (Vector Laboratories, Burlingame, CA, USA).
Chromosome counts were performed on at least 100 metaphases per oxygen
concentration. Fluorescence images were acquired with a Nikon 90i microscope
(Nikon Instruments, Melville, NY, USA) fitted with a 100� planfluor 1.3 N/A objective,
appropriate filters, and an Hg Intensilight fluorescence unit. Digital images were
acquired with Cytovision Genus software (Genetix, Boston, MA, USA) coupled to
a JAI monochrome CCD cooled camera (Kushima City, Miyazaki, Japan).

Telomere length quantification by Q-FISH. Q-FISH was carried out
using a Cy3-labeled LL(CCCTAA)3 PNA telomeric probe (Eurogentec, Liège,
Belgium) as described33 with the following modifications. After hybridization, slides
were washed three times with PBS-0.1% Tween for 10 min at 60 1C and dehydrated
through an ethanol series (70, 90 and 100%; 5 min each). Slides were then
counterstained and mounted in Vectashield H-1200 mounting medium. Digital
images were acquired as described above. Telomere signals were captured with the
same exposure time in all samples. Telomere length (in kb) was extrapolated from
the fluorescence of hTert-immortalized 82-6 fibroblasts expressing either TIN2
or TIN2-13 proteins with known and stable telomere lengths (3.4 and 8.4 kb,
respectively; see Rubio et al.34), kindly provided by Dr. Judith Campisi. Telomere
signals from at least 20–30 nuclei per group were quantified using TFL-Telo
(version 2) (Vancouver, BC, Canada), kindly provided by Dr. Peter Lansdorp (British
Columbia Cancer Centre, Vancouver). All images were captured and analyzed in
parallel on the same day by an experimenter blinded to the treatment groups.

Chromosomal aberrations. FISH was carried out as described above,
using a Cy3-labeled LL(CCCTAA)3 PNA telomeric probe and a FITC-labeled
LL(ATTCGTTGGAAACGGGA) PNA alpha satellite probe (Eurogentec). Structural
chromosomal aberrations were detected by superimposing telomere and centro-
mere images on the DAPI stained chromosomes in imageJ program supported
by National Institutes of Health Image (Bethesda, MD, USA). At least 20 meta-
phases of each cell line and condition were analyzed. Chromosomal aberrations
were identified as follows: chromatid or chromosomal breakages: gaps in one or two
chromatids whose corresponding centromere was identified; chromosomal fusions:
two chromosomes joined without telomere signals at the fusion point with one
centromeric signal; dicentrics: chromosomal fusions between two chromosomes
joined without telomere signals at the fusion point with two centromeric signals. The
percentage of each type of aberration in each cell line and condition was used for
statistical analysis.

TRAP assay. Telomerase assays were performed on 5000 hMSC as described,16

with the following modifications. In all, 2ml of the extension reaction was added to
23ml PCR reaction mix containing 1� PCR Master Mix power SYBR Green, 5 mM
EGTA, 4 ng/ml Oligo ACX and 2 ng/ml Oligo TS. PCR was carried out over 40 cycles
of 94 1C for 10 min; 94 1C for 15 s and 60 1C for 1 min. PCR products were quantified
with an ABI PRISM 7900 quantitative PCR apparatus (Applied Biosystems, Foster City,
CA, USA) and analyzed with SDS v2.3 software (Applied Biosystems).

Transduction with hTert lentiviral vector. Primary hMSC at passage
5 in 20% O2 were infected with lentivirus (pRRL.SIN18) encoding the human
telomerase reverse transcriptase catalytic subunit (hTert), as described.34 The hTert
lentivirus was a generous gift from Dr. Judith Campisi (Buck Institute for Age
Research, Novato, CA, USA).

Immunohistochemistry. DNA damage was evaluated by immunofluorescence
staining for 53BP1. For this, sham-treated or -irradiated cells (10 Gy Gamma
irradiation) were fixed in acetone at 4 1C for 10 min, permeabilized in 0.5% Tx-100,
blocked in 10% horse serum, and stained overnight with a 1 : 500 dilution of
IgM-mouse antibody against 53BP1 (clone 05725, Cell Signaling Technology, Danvers,
MA, USA) in 1% horse serum in PBS-1%Tween; 1% horse serum in PBS-1%Tween
was used as a negative control. Stain was developed with an Alexa 546-conjugated
goat antibody, and nuclei were counterstained with DAPI. Quantification of positive
cells for 53BP1 foci was performed by fluorescence microscopy at � 40 magnification.

At least 100 nuclei were imaged for each cell line and culture condition in randomly
selected fields using Cytovision Genus software (Newcastle Upon Tyne, UK).

Flow cytometry detection of ROS. Early passage (p5) hMSC cultures were
washed in PBS, trypsinized and incubated in phenol-red-free, reduced-serum OptiMEM
medium containing 5mM DHE (Molecular Probes, Carlsbad, CA, USA) for 30 min in
the dark. ROS were detected by flow cytometry in a BDFACS Canto flow cytometer
(BD Biosciences), and data were analyzed using Summit v4.3 software (Dako Inc.).

Microarray gene expression profiling
Sample labeling and microarray hybridization. The One-Color Microarray-
Based Gene Expression Analysis Protocol (Agilent Technologies, Palo Alto, CA,
USA) was used to amplify and label RNA. Briefly, 400 ng of total RNA was reverse
transcribed using T7 promoter primer and MMLV-RT. cDNA was then converted to
aRNA using T7 RNA polymerase, which simultaneously amplifies target material
and incorporates cyanine 3-labeled CTP. Cy3-labeled aRNA (1.65mg) was
hybridized to a Whole Human Genome Microarray 4� 44K (G4112F, Agilent
Technologies) for 17 h at 65 1C in 1� GEx Hybridization Buffer HI-RPM in a
hybridization oven (G2545A, Agilent Technologies) set to 10 r.p.m. Arrays were
washed according to the manufacturer’s instructions, dried by centrifugation, and
scanned at 5 mm resolution on an Agilent DNA Microarray Scanner (G2565BA,
Agilent Technologies), with the default settings for 4� 44 K format one-color
arrays. Scanned images were analyzed with Feature Extraction software (Agilent
Technologies).
Data processing. Data were read into R and processed using the
Agi4x44PreProcess Bioconductor package as follows. Agi4x44PreProcess
options were set to use the MeanSignal and the BGMedianSignal as foreground
and background signals, respectively. Data were then background corrected by
the half, which produces a positive background-corrected signal by subtracting
the background signal from the foreground signal, assigning intensities below
0.5 to 0.5 to produce positive corrected intensities. Data were normalized
between arrays by the quantile method.35 A constant value of 50 was added to
the intensities before the log transformation in order to reduce the signal
variability for genes expressed at low intensity. The AFE image analysis soft-
ware attaches to each feature a set of flags that identify different quantification
properties of the signal. Agi4x44PreProcess uses these flags to filter out
features that (1) are controls (2) are out of the dynamic range of the scanner and
(3) are outliers. To keep features within the dynamic range three independent
levels of filtering can be performed to ensure that (1) the signal is distinguishable
from the background, (2) the signal is found and (3) that the signal is not
saturated. In each filtering step, we required that more than the 75% of the
replicates of each feature in at least one experimental condition had a
quantification flag denoting that the signal was within the dynamic range. In
addition, for each replicated feature across the whole set of samples, we filtered
out those probes for which 425% of the replicates in at least one experimental
condition were flagged to indicate the presence of outliers. After the completion
of all pre-processing steps, there were 26 670 (T20 versus T3 data set) features
available for the statistical analysis. Finally, Agi4x44PreProcess maps each
Agilent probe identifier to its corresponding accession number, gene symbol,
gene description and GO identifiers (The Gene Ontology Consortium) using the
Bioconductor annotation hgug4112a.db.
Statistical analysis. Differential expression analysis was done using the linear
modeling features implemented in the Bioconductor limma package, which
incorporates empirical Bayes methods36 to obtain moderated statistics. To estimate
differential expression between the different experimental conditions in the two data sets
(T20 versus T3 and P21 versus P2), the following linear model was fitted to each gene:

yij ¼ ti þ eij

where yij is the observation of the i th treatment for individual j, tij is the effect of the i th
treatment and eij is the experimental error, assumed to be normally distributed with
0 mean and variancese

2. Genes differentially expressed in the two oxygen concentrations
were identified by testing the null hypothesis (no differences in signal) for each gene ti.

To reduce the number of genes used for multiple testing correction without
missing relevant information, genes that showed either constant expression
between samples (IQRo0.50) or a low expression signal (log2 expression o5 in
all samples) were removed using a nonspecific filter in the Bioconductor genefilter
function. As the eBayes function estimates the average variability of genes on the
microarray, this nonspecific filtering was done after the eBayes correction. Multiple
comparisons of genes were then taken into account by controlling for the false
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discovery rate, which was estimated in terms of the q-value statistic37 using the
Bioconductor qvalue package.

To integrate significant expression profiles into functional categories we
performed a GO-based statistical analysis using the hyperGTest function of the
GOstats package.38 hyperGTest computes hypergeometric P-values to test for
over-representation and under-representation of each GO term in a given subset of
genes compared with its distribution in a defined universe of genes. The universe
included all genes with an above-background signal and that had a known GO term
in the corresponding database. Duplicated genes were removed before GO analysis.

TaqMan assays. hMSC RNA was extracted with TRIzol by standard methods.
The RT reaction was carried out with the SuperScript III Reverse Transcriptase kit
(Invitrogen, Carlsbad, CA, USA). In all, 10 ng of cDNA per reaction was added to
10ml of 2� PCR Master Mix (Applied Biosystems). TaqMan Gene Expression
Assays (Applied Biosystems) were used for all mRNA quantifications.

Detection of protein carbonyls and MDA. Carbonyl derivatives in hMSC
were measured by an adaptation of the method of Levine.39 Cell suspensions were
mixed with 30% (v/v) trichloroacetic acid. Protein precipitates were resuspended
in 10 mM 2,4-dinitrophenylhydrazine (DNPH) and incubated for 60 min at 37 1C.
Samples were then precipitated with 20% trichloroacetic acid, and centrifuged for
10 min at 1000� g at 4 1C. The precipitate was washed twice with ethanol-ethyl acetate
(50% v/v) to remove free DNPH, and resuspended in 6 M guanidine, 2 mM phosphate
buffer, and pH 2.3. Samples were incubated for 40 min at 37 1C and centrifuged for 5 min
at 3000� g at 4 1C. The levels of protein carbonyls, expressed as mmols/103 cells,
were calculated from the absorbance of supernatants at 360 nm. MDA was detected
by HPLC as described by Wong et al.,40 and results expressed as nmols/103 cells.

OCR and ECAR measurement. The XF96 Flux analyzer and Prep Station
(Seahorse Bioscience XF96 Instrument, North Billerica, MA, USA) were used
according to the manufacturer’s instructions. Briefly, hMSC were seeded in XF96
cell culture plates at 2500 cells per well at 20% O2 or 3% O2 and cultured for 48 h.
The XF96 sensor cartridges were hydrated overnight with 200ml of Seahorse
Bioscience XF96 Calibrant at ph 7.4 and stored at 37 1C without CO2 for 24 h. The
culture medium was replaced with serum-free high glucose DMEM supplemented
with glutamine and pen/strep and lacking bicarbonate (pH 7.4). Cells were then
incubated for 15 min at 37 1C without CO2 and measurements were performed.
Drugs (1 mM oligomicin and 130 mM 2,4 dinitrophenol) were added according to the
supplier’s technical specifications.

Lactate measurement. Cellular lactate was measured with the Lactate
Colorimetric Assay Kit (Abcam, Cambridge, MA, USA). Lactate concentration was
expressed relative to cell number.
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