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FIG. 2. Hypoxic culture maintains mesenchymal stem cell properties. hADMPCs cultured under normoxia (20% O,) or
hypoxia (5% O,) were labeled with antibodies against the indicated antigens and analyzed by flow cytometry. Rep-
resentative histograms are shown. The respective isotype control is shown as a gray line.

the Hx culture condition (Fig. 4B). Administration of the y-
secretase inhibitor DAPT at 1 pM, which was sufficient to
inhibit the proteolytic cleavage of NOTCHI1 (Fig. 4A), de-
creased the Hx-induced expression of HES1 at both mRNA
and protein levels (Fig. 4B, C). These data indicate that Hx
increased the expression of HES1 through activation of
Notch signaling. It has been reported that Notch signaling
and hypoxia-inducible factor (HIF) undergo crosstalk in

hypoxic cells [38-41]. Therefore, HIF-1o and HIF-20 pro-
tein levels in hADMPCs were analyzed by western blotting.

HIF-1o was stabilized when a chemical hypoxia-mimicking
agent, cobalt chloride, was applied in the culture; whereas
no obvious increase of HIF-lo. was observed in the Hx
culture condition (Fig. 4D). However, we did not detect any
HIF-20. expression even in the presence of cobalt chloride
(Fig. 4E). Q-PCR analysis revealed that HIF2A mRNA was
not expressed in these cells (data not shown). From these
results, we concluded that neither HIF-1o nor HIF-2a was
involved in the Hx-induced increase in the proliferative
capacity and stem cell properties of hADMPCs.
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FIG. 3. Hypoxic culture
enhances stem cell proper-
ties. hADMPCs were ex-
panded under normoxic and
hypoxic conditions. (A) Nor-
moxic (20% O,) and hypoxic
(5% 0O,) cells at passage 8
were induced for 3 weeks to
differentiate into osteoblasts
and adipocytes and stained
with Alizarin Red and Oil-Red
O, respectively. The stained
dye was extracted, and OD
values were measured and
plotted as the means of three
independent  experimentst
SD. *P<0.05. Scale bars,
200 pm. (B) Normoxic (20%
0,) and hypoxic (5% O,)
cells at passage 8 were in-
duced for 3 weeks to differ-
entiate to chondrocytes, and
immunofluorescent analysis
of collagen II (red) and
Alucian Blue staining were
performed. The blue signals
indicate nuclear staining.
Scale bars, 100 pm. Non-
induced control cultures in
growth medium without
adipogenic, osteogenic or
chondrogenic differentiation
stimuli are shown (Un-
differentiated). Color ima-
ges available online at www
Jiebertpub.com/scd
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To identify the signaling responsible for the observed
effect, we next examined the Akt, NF-xB, and p53 signaling
pathways. It has been reported that hypoxic conditions in-
duce the activation of Akt and NF-xB signaling [42,43]. In
addition, hypoxic conditions have been shown to inhibit p53
activity [44], and crosstalk between these pathways and
Notch signaling has also been demonstrated [41,45-47]. As
shown in Fig. 4F, the Hx condition increased Akt phos-
phorylation, which was not decreased by DAPT treatment.
These data demonstrate that 5% oxygen activated Akt sig-
naling but not via Notch signaling. Similarly, the hypoxic
condition induced nuclear accumulation of p65, which was

Osteoblast

Oil-Red O
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OD 520 nm (Oil-Red O)

inhibited by DAPT treatment (Fig. 4G). These data suggest
that NF-xB signaling is regulated by Notch signaling in
hADMPCs. Furthermore, p53 was not activated under the
5% oxygen condition as assessed by detection of phospho-
pS3 and a p53 reporter assay. However, DAPT treatment
significantly increased p53 activity (Fig. 4H, I).

Notch signaling is indispensable for acquisition
of the advantageous properties of hADMPCs

We next examined the roles of Notch signaling in the
proliferative capacity and stem cell properties of hADMPCs
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FIG. 4. Hypoxic culture con-
dition activates Notch signaling
but not HIF proteins. hADMPCs
were expanded under normoxic
(20% 0O,) and hypoxic (5% O,)
conditions. DAPT (1puM) was
added to inhibit Notch signaling.
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in the Hx culture condition. To inhibit Notch signaling,
DAPT was added to the medium at a final concentration of
1 uM. DAPT treatment significantly decreased the PDL
when hADMPCs were cultured under either 20% or 5%
oxygen (Fig. 5A). Intriguingly, measurement of the DNA
content in hADMPCs revealed that inhibition of Notch
signaling by 1 uM DAPT significantly attenuated the de-
crease in apoptotic cells in the Hx condition (Fig. 5B).
These data suggest that 5% oxygen increases the prolifera-
tion capacity of hADMPCs through Notch signaling by

Hypoxia
5% O,

promoting their survival. To examine whether Notch sig-
naling affects the stem cell properties of hADMPCs, dif-
ferentiation into adipocyte, osteocyte, and chondrocyte
lineages was analyzed at passage 8. Hx-cultured hADMPCs
underwent greater differentiation into all lineages as de-
scribed in Fig. 3, whereas application of a Notch inhibitor
significantly decreased the differentiation capacity to all
lineages (Fig. SC-E). In addition, SA-B-Gal staining re-
vealed that inhibition of Notch signaling by DAPT re-
markably promoted senescence in both the Nx and Hx
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FIG. 5. Notch signaling is indispensable
for acquisition of the advantageous proper-

ties of hADMPCs. hADMPCs were ex-
panded under normoxic (20% O,; Nx) and
hypoxic (5% O,; Hx) conditions. DAPT
(1 uM) was added to inhibit Notch signal-
ing. (A) Growth profiles of hADMPCs un-
der Nx (red) and Hx (blue) conditions. Solid
lines represent control cells, and dotted lines
represent DAPT-treated cells. The number
of population doublings was calculated
based on the total cell number at each pas-
sage. (B) Percentages of apoptotic cells
with sub-G1 DNA. Results are presented
as the mean of three independent experi-
ments = SD. (C, D) hADMPCs at passage 8
were induced for 3 weeks to differentiate
into adipocytes (C) and osteoblasts (D) and
stained with Oil Red O and Alizarin Red,
respectively. The stained dye was extracted,
and OD values were measured and plotted
as the means of three independent experi-
ments+SD. (E) hADMPCs at passage 8
were induced for 3 weeks to differentiate
into chondrocytes, and an immunofluores-
cent analysis of collagen II (red) was per-
formed. The blue signals indicate nuclear
staining. (F) hADMPCs were stained with
SA-B-gal. *P<0.05 and **P<0.01 indicate
significant differences (independent 7-test)
between Nx and Hx. Scale bars; 100 pm.
Color images available online at www
Jliebertpub.com/scd

culture conditions, suggesting that the suppression of rep-
licative senescence observed in the Hx condition is mediated
by Notch signaling (Fig. S5F).

Glycolysis is enhanced in the 5% oxygen condition
through Notch signaling

Recent studies suggest that the metabolic shift from aer-
obic mitochondrial respiration to glycolysis extends the life
span possibly via reduction of intrinsic ROS production
[18,19]. Our results demonstrate that the 5% oxygen con-
dition reduced ROS accumulation in hADMPCs (Fig. 1F).
In addition, the relationship between Notch signaling and
glycolysis has been recently established [48,49]. We,
therefore, considered glycolytic flux by measuring the glu-
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cose consumption and lactate production of hADMPCs in
the Nx or Hx culture conditions. As shown in Fig. 6A,
glucose consumption and lactate production were elevated
in the Hx culture condition, indicating that a metabolic shift
to glycolysis occurred when hADMPCs were cultured in 5%
oxygen. In contrast, the Notch inhibitor DAPT markedly
reduced glycolytic flux as assessed by glucose consumption
and lactate production (Fig. 6A). To identify the genes re-
sponsible for the glycolytic change, we performed a Q-PCR
analysis. As shown in Fig. 6B, SLC2A3, TPI, and PGKI,
encoding glycolytic enzymes, were upregulated in the 5%
oxygen condition; whereas these genes were suppressed by
DAPT treatment. Interestingly, Hesl transduction by an
adenoviral vector markedly induced the mRNA expression
of the same genes (Fig. 6E). In addition, SCO2, a positive
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FIG. 6. Glycolysis is enhanced under 5% oxygen through Notch signaling. (A-D) hADMPCs were expanded under
normoxic (20% O,) and hypoxic (5% O,) conditions. DAPT (1 pM) was added to inhibit Notch signaling. (A) Glucose
consumption and lactate production of hADMPCs were measured and plotted as the means of three independent experi-
ments = SD. (B) Relative mRNA expression of SLC2A3, TPI, PGKI, TIGAR, and SCO2 in hADMPCs. Each expression
value was calculated with the AACt method using UBE2D?2 as an internal control. (C, D) Hexokinase (HK), phospho-
fructokinase (PFK), lactate dehydrogenase (LDH) (C), pyruvate dehydrogenase (PDH), and Complex IV (Cox IV) (D)
activities were measured and the value of relative activity was plotted as the means of three independent experiments + SD.
(E, F) hADMPCs were transduced with either mock (Cont) or HES1 and then cultured for 3 days. (E) Relative mRNA
expression of SLC2A3, TPI, PGKI, TIGAR, and SCO2 in hADMPCs. Each expression value was calculated with the AACt
method using UBE2D?2 as an internal control. (F) Glucose consumption and lactate production of hRADMPCs were measured
and plotted as the means of three independent experiments +SD. (G) hADMPCs were transduced with either scrambled
control RNAi (Cont) or RNAi against HES1 (HES1-KD), and then cultured for 3 days. Glucose consumption and lactate
production of hADMPCs were measured and plotted as the means of three independent experiments+SD. **P <0.01.
*0.01 < P<0.05.
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FIG. 7. Glycolysis supports proliferation of hADMPCs.
hADMPCs were treated with 0, 0.2, 0.4, and 1 mM 2-deoxy-
D-glucose (2-DG) (A) or 0, 1, and 5mM sodium azide
(NaN3) (B) for 24 h. Cells were then allowed to incorporate
EdU for 2h, and the EdU-positive cells were analyzed by
flow cytometry. The percentages for the 0 mM control were
plotted as the means of three independent experiments +SD.
*P <0.05; **P<0.01.

modulator of aerobic respiration, and TIGAR, a negative
regulator of glycolysis, were transcriptionally downregulated
in the 5% oxygen condition; whereas DAPT treatment par-
tially restored the expression level (Fig. 6B). Adenoviral
expression of Hesl dramatically reduced SCO2 and TIGAR
expression (Fig. 6E), which suggests that the Notch-Hesl
signaling modulates the metabolic pathway. We also mea-
sured the activities of key enzymes in glycolysis. Hexokinase
activity was not changed under hypoxic conditions; however,
PFK and LDH were activated in 5% oxygen condition, which
was attenuated by Notch inhibition (Fig. 6C). In addition,
pyruvate dehydrogenase (PDH) and cytochrome ¢ oxidase
(Complex IV) activity assays showed that mitochondrial
respiration decreased under the hypoxic condition and that
DAPT treatment restored it (Fig. 6D). Moreover, glycolytic
flux in Hesl-expressing hADMPCs was positively correlated
with the expression of these glycolytic genes as assessed by
glucose consumption and lactate production (Fig. 6F). In
contrast, HES1 knockdown by adenoviral transduction of
HESI RNAI resulted in a significant reduction of glycolytic
flux (Fig. 6G), demonstrating that HES1 is involved in the
regulation of glycolysis.

Glycolysis supports the proliferation of hADMPCs

To determine whether aerobic glycolysis is important for
the proliferation of hADMPCs, hADMPCs were treated with
the glycolytic inhibitor 2-deoxy-D-glucose (2-DG) or the
respiration inhibitor sodium azide (NaN;). We found that
hADMPCs were sensitive to treatment with 2-DG even at a
low concentration of 0.2mM (Fig. 7A). In contrast, treat-
ment of hADMPCs with NaN; rather increased their pro-
liferation at the concentration of 1 mM and supported their
proliferation even at the concentration of 5mM (Fig. 7B).
These data suggest that the proliferation of hADMPCs is
compromised when aerobic glycolysis is blocked.

Discussion

Recent evidence suggests that hypoxic culture conditions
confer a growth advantage, prevent premature senescence,
and maintain undifferentiated states in ESCs, iPSCs, and
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somatic stem cells. However, the molecular mechanism
underlying the beneficial effects of culturing these cells at
low oxygen conditions remains unclear. Our findings
prompted us to hypothesize that Notch signaling in physi-
ological hypoxic conditions (5% O,) contributes to these
effects on hADMPCs by modulating glycolytic flux.

We found that 5% O, significantly increased the prolif-
eration capacity, decreased apoptosis, and inhibited senes-
cence of hADMPCs (Fig. 1). Moreover, 5% O, improved
the differentiation of hADMPCs without affecting the ex-
pression of their cell surface markers (Figs. 2 and 3). Wel-
ford et al. reported that HIF-1a delays premature senescence
of mouse embryonic fibroblasts under hypoxic conditions
(2% O,) [50]. Tsai et al. reported that hypoxia (1% O;)
inhibits senescence and maintains MSC properties through
accumulation of HIF-lo [26]. Hypoxia was recently re-
ported to enhance the undifferentiated status and stem cell
properties in various stem and precursor cell populations via
the interaction of HIF with the Notch intracellular domain to
activate Notch-responsive promoters [38]. In the current
study, the effects observed in 5% O, condition were inde-
pendent of HIF proteins, because accumulation of HIF-1a
and HIF-2o was not observed (Fig. 4). Instead, our find-
ings suggest that 5% O, activated Notch signaling, which
contributed advantageous effects of hypoxic culture on
hADMPCs. A pharmacological inhibitor of Notch signaling,
DAPT, abrogated the hypoxic-induced Notch activation,
increased proliferation capacity and lifespan, maintenance
of stem cell properties, and prevention of senescence (Figs.
4 and 5). Moreover, we also found that 5% O, enhanced
glucose consumption and lactate production, and these ef-
fects were also attenuated by Notch inhibition (Fig. 6A) and
knockdown of HES1 (Fig. 6G). Previously, it has been re-
ported that Notch signaling promotes glycolysis by acti-
vating the PI(3)K-Akt pathway [48,49]. However, our
results indicate that Akt signaling was not activated by
Notch signaling, because DAPT did not attenuate hypoxia-
induced Akt phosphorylation (Fig. 4F). Although Akt is
unlikely to be regulated by Notch signaling in hADMPCs, it
is obvious in our data that Akt signaling was activated by
5% O,. Therefore, we could not rule out the possibility that
the promotion of glycolysis in the 5% O, condition was
caused by Akt signaling.

Recent evidence suggests that Notch signaling acts as a
metabolic switch [48,51]. Zhou et al. demonstrated that
hairy, a basic helix-loop-helix transcriptional repressor
regulated by Notch signaling, was upregulated and genes
encoding metabolic enzymes, including TCA cycle enzymes
and respiratory chain complexes, were downregulated in
hypoxia-tolerant flies. Intriguingly, they also found that
hairy-binding elements were present in the regulatory region
of the downregulated metabolic genes. Their work, thus,
provides new evidence that hairy acts as a metabolic switch
[51]. Landor et al. demonstrated that both hyper- and hy-
poactive Notch signaling induced glycolysis, albeit by dif-
ferent mechanisms. They showed that Notch activation
increased glycolysis through activation of PI3K-AKT sig-
naling, whereas decreased Notch activity inhibited mito-
chondrial function in a p53-dependent manner in MCF7
breast cancer cell lines [48]. Consistent with their reports,
our findings that Notch signaling promoted activity of some
glycolysis enzymes and inhibited mitochondrial activity



MESENCHYMAL STEM CELLS UNDER HYPOXIA

(Fig. 6) also suggest that Notch signaling functioned as a
metabolic switch. While our data showed that Notch inhi-
bition by DAPT resulted in reduced glycolysis (Fig. 6A-C),
induction of mitochondrial function (Fig. 6D) and activation
of p53 (Fig. 4H, 1) are not consistent with the report of
Landor el al. This contradiction might be explained by the
expression level of endogenous Notch. Landor et al. showed
that in breast cancer MDA-M-231 cells, which showed
higher endogenous Notch activity, high glucose uptake, and
lactate production than MCF7 breast cancer cell lines, Notch
inhibition by DAPT significantly reduced glucose consump-
tion and lactate production [48]. As shown in Fig. 4A, we
observed that hADMPCs in 5% O, displayed high Notch
activity. Moreover, the lactate-to-glucose ratio was 1.8-1.9 in
hADMPCs, suggesting that hADMPCs largely rely on gly-
colysis for energy production (Fig. 6A). In addition, it was
reported that hMSCs showed a higher glycolytic rate than
primary human fibroblast [52]. It appears that hADMPCs
cultured under hypoxic conditions might possess cell prop-
erties similar to MDA-M-231 cells or MCF7 cells, in which
stable expression of constructs NICD1-GFP produces high
Notch activity.

Nuclear translocation of p65 was observed in hypoxic
conditions, demonstrating that NF-xB is a direct target of
Notch signaling (Fig. 4G). Intriguingly, the hypoxic culture
conditions in this study upregulated several genes encoding
glycolytic enzymes (SLC2A3, TPI, and PGK1I); whereas the
expression of these genes was suppressed by Notch inhibi-
tion. In addition, Hesl transduction induced mRNA ex-
pression of the same genes (Fig. 6). It was previously
reported that SLC2A3 expression was regulated by p65/NF-
kB signaling, and that Notch/Hesl is able to induce the
activation of the NF-kB pathway in human T-ALL lines and
animal disease models [53]. Espinosa et al. demonstrated
that Hesl directly targeted the deubiquitinase CYLD, re-
sulting in deubiquitination and inactivation of TAKI! and
IKK, degradation of IkBa, and activation of NF-kB signaling
[53]. In our systems, however, we did not observe repression
of CYLD mRNA in Hesl-overexpressing hADMPCs (data
not shown). While PGKI mRNA has been reported to be
upregulated by NF-xB, it has not clearly been shown to be
controlled by NF-xB despite the presence of an NF-xB site in
the promoter [54]. Although modulation of TPI expression by
NF-xkB has not been reported, we found several NF-xB
binding sites on the human TPI promoter (data not shown).
Since NF-kB is likely to be one of the responsible signals for
hypoxic-induced glycolysis [53], further analysis will be re-
quired to determine the mechanism by which NF-xB sig-
naling is induced by Notch signaling. In addition, it will be
important to investigate whether NF-«B is really responsible
for the observed glycolysis and whether it regulates the ex-
pression of SLC2A3, TPI, and PGKI in hADMPCs under 5%
oxygen.

In addition, SCO2, a positive modulator of aerobic res-
piration, and TIGAR, a negative regulator of glycolysis,
were transcriptionally downregulated in the 5% oxygen
condition; whereas DAPT treatment partially restored ex-
pression (Fig. 6B). We observed some glycolysis and mi-
tochondrial enzyme activity and found that the activities of
COX IV and PFK were consistent with gene expression data
(Fig. 6C, D). Adenoviral expression of Hesl dramatically
reduced SCO2 and TIGAR expression (Fig. 6E), which
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suggests that Notch-Hes]1 signaling modulates the metabolic
pathway. Intriguingly, our results also indicate that Hesl
could suppress the expression of TIGAR and SCO2, a p53
target gene. It has been reported that Notch signaling sup-
presses p53 in lymphomagenesis [46]. Moreover, Kim et al.
reported that NICD1 inhibits p53 phosphorylation and re-
presses p53 transactivation by interacting with p53 [47]. In
addition, DAPT treatment resulted in the enhancement of
p53 activity in the hypoxic conditions (Fig. 4H, I). There-
fore, it is possible that p53 activation was regulated by
Notch signaling in hADMPCs, although we did not observe
a decrease in p53 activity in hypoxic conditions in this study
(Fig. 4). Further analysis will be required to determine
whether p53 activity is suppressed in hypoxic conditions
over a longer period of culture.

Cells undergoing active proliferation utilize large amounts
of glucose through glycolysis, producing pyruvate for use in
substrates (amino acids and lipids) and the pentose shunt for
use in nucleic acid substrates, and also producing NADPH as
a reducing agent to counter oxidative stress [18,55]. In the
current study, 5% O, actually increased proliferation and
decreased the accumulation of ROS, which may be involved
in the reduction of senescence (Fig. 1). Since accumulation
of endogenous ROS might be a major reason for replicative
senescence [20], enhancing glycolysis in cultured cells may
improve the quality of the cells by suppressing premature
senescence. Kondoh et al. demonstrated that enhanced
glycolysis is involved in cellular immortalization through
reduction of intrinsic ROS production [14,18,19]. Therefore,
it is possible that the extension of lifespan observed in our
experimental conditions was caused by the reduction of
intracellular ROS levels through enhanced glycolysis by
Notch signaling. Our data indicate that aerobic glycolysis is
utilized for proliferation of hADMPCs, because the glyco-
Iytic inhibitor 2-DG attenuates the proliferation rate of
hADMPCs (Fig. 7A). Intriguingly, the aerobic respiration
block by NaN; did not decrease the proliferation; rather, it
increased proliferation at a low concentration (Fig. 7B),
which may support our data indicating that the metabolic
switch from mitochondrial respiration to glycolysis provides
a growth advantage to hADMPCs. However, the question of
whether the enhanced glycolysis really contributes to the
prolonged lifespan in hADMPCs remains to be determined
in this study.

In the current study, the molecular mechanism for how
Notch signaling is activated in 5% O, conditions was ex-
plored. It has been reported that Notchl activity is influ-
enced by oxygen concentration [40,41,56]. In melanoma
cells, hypoxia (2% O,) resulted in increased expression of
Notchl by HIF-1o and also by Akt through NF-xB activity
[41]. Similarly, in hypoxic breast cancer cells, Notch ligand
JAG2 was shown to be transcriptionally activated by hyp-
oxia (1% O,) in an HIF-lo-dependent manner, resulting in
an elevation of Notch signaling [40]. In contrast, in hESCs
continuously cultured in 5% O,, alteration of the Notch
pathway seems to be independent of HIF-1a [56]. In our
system, Notchl activation was not likely dependent on HIF-
1o and HIF-20, because these proteins did not accumulate in
the Hx condition. In contrast, our results indicate that the
5% O, condition activated Akt and NF-xB signaling (Fig.
4), which suggests that these molecules may activate Notch
signaling in hADMPCs. NF-kB was previously shown to
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increase Notchl activity indirectly by increasing the ex-
pression of Notch ligand Jagged! in HeLa, lymphoma, and
myeloma cells [57]. In addition, Akt regulated Notchl by
increasing Notchl transcription through the activity of NF-
kB in melanoma cells [41]. Further analysis is required to
clarify the mechanism underlying this phenomenon.

In conclusion, the 5% oxygen condition conferred a
growth advantage through a metabolic shift to glycolysis,
improved the proliferation efficiency, prevented the cellular
senescence, and maintained the undifferentiated status of
hADMPCs. These observations, thus, provide new regula-
tory mechanisms for the maintenance of stemness observed
in 5% oxygen conditions. In addition, our study sheds new
light on the regulation of replicative senescence, which
might have an impact for quality control of hADMPC
preparations used for therapeutic applications.
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