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Human bone marrow multipotent mesenchymal stromal cell (hMSC) number decreases with aging. Subpopula-
tions of hMSCs can differentiate into cells found in bone, vasculature, cartilage, gut, and other tissues and
participate in their repair. Maintaining throughout adult life such cell subpopulations should help prevent or delay
the onset of age-related degenerative conditions. Low oxygen tension, the physiological environment in progenitor
cell-rich regions of the bone marrow microarchitecture, stimulates the self-renewal of marrow-isolated adult
multilineage inducible (MIAMI) cells and expression of Sox2, Nanog, Oct4a nuclear accumulation, Notch in-
tracellular domain, notch target genes, neuronal transcriptional repressor element 1 (RE1)-silencing transcription
factor (REST), and hypoxia-inducible factor-1 alpha (HIF-1a), and additionally, by decreasing the expression of (i)
the proapoptotic proteins, apoptosis-inducing factor (AIF) and Bak, and (ii) senescence-associated p53 expression
and b-galactosidase activity. Furthermore, low oxygen increases canonical Wnt pathway signaling coreceptor Lrp5
expression, and PI3K/Akt pathway activation. Lrp5 inhibition decreases self-renewal marker Sox2 mRNA, Oct4a
nuclear accumulation, and cell numbers. Wortmannin-mediated PI3K/Akt pathway inhibition leads to increased
osteoblastic differentiation at both low and high oxygen tension. We demonstrate that low oxygen stimulates a
complex signaling network involving PI3K/Akt, Notch, and canonical Wnt pathways, which mediate the observed
increase in nuclear Oct4a and REST, with simultaneous decrease in p53, AIF, and Bak. Collectively, these pathway
activations contribute to increased self-renewal with concomitant decreased differentiation, cell cycle arrest,
apoptosis, and/or senescence in MIAMI cells. Importantly, the PI3K/Akt pathway plays a central mechanistic role
in the oxygen tension-regulated self-renewal versus osteoblastic differentiation of progenitor cells.

Introduction

Human multipotent mesenchymal stromal cells
(hMSCs) are a heterogeneous population of cells present

in bone marrow [1]. The number of hMSCs with osteogenic
potential (CFU-F/ALP+) decreases during human aging [2].
Marrow-isolated adult multilineage inducible (MIAMI) cells
represent a homogeneous subpopulation of developmentally
immature MSCs [3] expressing sustained levels of plur-
ipotency markers (Oct4, Nanog, Sox2, Rex1, hTeRT, and
SSEA-4) under defined growth conditions [4]. Supporting the
immature nature of MIAMI cells, we demonstrated in a recent
proteomic analysis that MIAMI cells have more proteins in
common with embryonic stem cells (ESCs) than regular MSCs

do [5]. MIAMI cells expanded at low oxygen consistently re-
spond to osteogenic stimulation independently of donor age
[4], suggesting a sustained osteogenic capacity during normal
aging. Physiologic oxygen tension ranges from £1% in carti-
lage and regions of the bone marrow to 10%–13% in the main
arteries of most tissues [6]. Increasing evidence suggests that
oxygen tension is a key regulator of cell growth, proliferation,
senescence, and differentiation of stem and progenitor cells
[4,7–13]. We reported that low oxygen enhances MIAMI cell
pluripotency, proliferation, and maintenance of osteoblastic
differentiation capability [4]. However, little is known about
the influence of oxygen on the modulation of signaling path-
ways, particularly, those that influence the interplay between
self-renewal, proliferation, differentiation, and senescence.
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Stem cell self-renewal involves several pathways, including
Notch, Wnt, repressor element (RE)-1-silencing transcription
factor (REST), Sirtuin, and the PI3K/Akt/mTOR pathway [13–
18]. The highly conserved Notch pathway can regulate stem cell
self-renewal [13,19]. Notch releases an intracellular fragment
(notch intracellular domain, NICD) [20] that migrates to the
nucleus where it regulates expression of target genes. NICD can
also recruit HIF-1a to Notch-responsive promoters and elevate
expression of Notch downstream targets, while blocking neu-
ronal and myogenic progenitor differentiation [21]. Hypoxia
may block this differentiation program by upregulating the stem
cell transcription factor, Oct4. Covello et al. used a genetic
knock-in strategy to demonstrate that targeted replacement of
the oxygen-regulated transcription factor, HIF-1a, with its al-
ternative isoform, HIF-2a, resulted in expanded expression of
HIF-2a-specific target genes, including Oct4 [22]. Moreover,
Oct4 shRNA reduced b-catenin levels in Hif-2a KI/KI tumors
[22]. b-Catenin is a major mediator of the canonical Wnt sig-
naling pathway and is also involved in self-renewal [23].

The Wnt signaling pathway [23,24] regulates downstream
targets involved in modulating stem cell proliferation and self-
renewal, including cell cycle regulator, Cyclin D1 [25], and
pluripotency marker, Oct4 [26]. Pluripotent transcription fac-
tors, SOX2, OCT4, and NANOG, key regulators in ESCs,
maintain self-renewal and multipotency of adult stem cells
[27–30]. Specifically, maintenance of self-renewal and multi-
potency of hMSCs requires Sox2 [31,32] through mechanisms
involving sirtuin [18] and Wnt [31] signaling. Wnt signaling
can cross talk with the antiapoptotic/prosurvival pathway,
PI3k/Akt, promoting self-renewal and expansion of stem cells
[33]. Interestingly, transient hypoxia increases mouse ESC
proliferation through activation of the PI3K/Akt pathway [17].
Moreover, proapoptotic protein BAD, an upstream regulator of
Bak and others, and mitochondrial-specific caspase-9 are
downstream targets of the PI3K/Akt pathway [34].

Repression of differentiation programs also maintains stem
cell self-renewal. Neuron-restrictive silencer factor/RE1-
silencing transcription factor (NRSF/REST) is an abundantly
expressed DNA-binding transcriptional repressor of several
neuronal genes in human and mouse pluripotent ESCs
[35,36]. REST has both oncogenic and tumor-suppressing
roles depending on cellular context [37]. REST may be a
component of the transcriptional network involved in main-
taining stem cell self-renewal, specifically blocking neuronal
differentiation [36], although evidence opposing this pro-
posed mechanism has also been reported [38,39].

To increase our understanding of the pathways and
mechanisms by which oxygen tension may stimulate self-
renewal of MIAMI cells, we examined the effect of low
oxygen on signaling and regulation of self-renewal mediators,
cell cycle regulation, apoptosis, and/or senescence gene ex-
pression. Furthermore, we used specific inhibitors to deter-
mine a mechanistic role of these pathways. This may help
develop molecular approaches aimed at promoting stem cell
self-renewal, thus preventing or decreasing the observed age-
related decline of stem cells and tissue function in vivo [2].

Materials and Methods

Antibodies

Oct4 was from Abcam (Cambridge, MA). FITC/rhoda-
mine secondary for Oct4 was from Invitrogen (Carlsbad,

CA). Mounting solution with DAPI was from Vector La-
boratories (Burlingame, CA). Antibodies for western blotting,
Nanog, hTeRT, Sox2, Oct4a, Oct4b, Lrp5, p53, AIF, Bak,
p21, p27, EndoG, Bax, Bid, Bcl-xl, CIAP-2, Mcl-1, XIAP,
HIF-1a, NICD, REST, Akt, and a-tubulin were from Abcam.

Isolation and culture of human MIAMI cells

We previously reported the isolation of MIAMI cells in
detail [3,4]. Briefly, we isolated MIAMI cells from commer-
cially available human whole bone marrow (BM) (Lonza,
Walkersville, MD, BM from a 20-year-old male, a 3-year-old
male, or a 7-year-old male donor). For expansion, we plated
MIAMI cells at a density of 100 cells/cm2 in expansion me-
dium in a 100% humidified atmosphere of 3% O2, 5% CO2, and
92% N2 (low oxygen tension) and one-half medium changed
twice a week. We used only MIAMI cells from passages 3 and
4. Cells receiving exogenous treatments with recombinant
mouse Wnt3a underwent a 24-h period of serum starvation
before addition of 5 ng/mL of recombinant mouse Wnt3a in the
medium. To test Akt activation (phospho-Akt), we plated
MIAMI cells in expansion medium and exposed them to at-
mospheres of 21% or 3% O2. We measured phospho-Akt and
total Akt after 30 and 60 min of incubation. We inhibited the
PI3K/Akt signaling pathway using different concentrations of
wortmannin, 20, 50, 100, 200, and 300 nM, on MIAMI cells
incubated for 30 min at 3% O2 in expansion medium.

Quantitative real-time PCR

We performed quantitative real-time PCR (RT-qPCR) as
previously described and normalized the fluorescence data
to the housekeeping genes, eukaryotic translation elongation
factor 1 alpha (EF1a) and/or ribosomal protein large subunit
13a (RPL13a) [40]. Supplementary Table S1 (Supplemen-
tary Data are available online at www.liebertpub.com/scd)
lists the DNA oligonucleotide sequences used for RT-qPCR.

Western blot

We prepared protein samples using NP-40 lysis buffer,
separated them by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE) on 10% polyacrylamide gels,
and then transferred them onto a PVDF membrane (electro-
phoresis and transfer apparatus from Bio-Rad; Hercules, CA)
for approximately 60–90 min at 100V. We incubated blots with
primary antibodies at 1:1,000 overnight at 4�C with gentle
rocking, rinsed them with TBS, and incubated them with sec-
ondary antibodies at 1:5,000 for 45 min at room temperature
with gentle rocking. We normalized protein levels to a-tubulin
and/or Coomassie blue-stained membranes. We performed
quantitation of blots using ImageJ software from NIH. We
normalized data (using either Coomassie blue total protein or
b-catenin) to correct for variations in protein loading.

Immunoprecipitation

We aliquoted 25mL of protein A/G Plus agarose beads
(Santa Cruz Biotech., Inc., Santa Cruz, CA) with 2 mg of
primary antibody to TCF4 and incubated them for 1 h at room
temperature on a rotator. We washed the protein A/G agarose
beads 3· with 1 mL PBS (Invitrogen, Carlsbad, CA) and then
centrifuged them at 3,000 g for 2 min at 4�C. We adjusted the
concentration to 200–400mg of protein sample to 200mL PBS

LOW OXYGEN MODULATES MULTIPLE SIGNALING PATHWAYS 849



and incubated the protein/bead solution overnight at 4�C on a
rotator. The next day, we washed the protein/bead solution
3· with PBS before centrifugation at 3,000 g for 2 min at
4�C. We saved the supernatants and separated the proteins
using PAGE. Samples run without primary antibody or
with isotypic nonimmune (normal rabbit) serum served as
negative controls. We incubated the blots in primary an-
tibodies (diluted in either 0.1% BSA or 5% nonfat milk)
overnight at 4�C and secondary antibodies conjugated with
horseradish peroxidase (diluted in either 0.1% BSA or 5%
nonfat milk) for 45 min at room temperature. We finally
incubated the blots with ECL chemiluminescence solution
(GE Life Sciences) as per the manufacturer’s instructions.
Final levels of proteins were normalized to Coomassie-
stained blots for total protein.

siRNA transfections

We transfected MIAMI cells 1 day after seeding with 50,
100, or 200 nM siRNA ON-TARGET plus SMART pool
(siLrp5: CGUCAAAGCCAUCGACUAUUU, CGUCAUGG
GUGGUGUCUAUUU, GGACGGACCUACGGAGGAUUU,
GUACAGGC CCUACAUCAUUUUU; siLrp6: GCAGAUAU
CAGA CGAAUUUUU, CAGAUGAACUGGAUUGUUAUU,
CCACAGAGCGAUCACAUUAUU, GCUCAACCGUGAAG
UUAUAUU) or siCONTROL Non-Targeting pool (combi-
nation of four siRNA sequences that are not targeted to Lrp5
or 6 and found to have little off-target effects, all from
Dharmacon, Chicago, IL). We performed the transfections
with the Nucleofector electroporator (Amaxa; Walkers-
ville, MD). We trypsinized 1 to 2 · 106 cells for each
transfection procedure. We used Nucleofector solution as
our transfection reagent according to the Amaxa protocol
for the Nucleofector Kit. Immediately following transfec-
tions, we placed the cells dropwise into incubated six-well
plates containing MIAMI expansion media. Twenty-four
hours after the transfections, we replaced all media with
fresh MIAMI expansion media. Cells were left undisturbed
for 3 days before trypsinization for a second round of
transfection using the same procedure stated above. We
collected the cells for RNA and protein analysis 3 days after
the second transfection. To assess transfection efficiency,
we transfected MIAMI cells with 1 mg GFP (green fluores-
cent protein) plasmid pEGFP-C1 (Clontech, Mountain
View, CA) and visualized them on a Nikon fluorescence
microscope.

Enzyme-Linked Immunosorbent Assay

We measured Wnt3a concentrations in the media of MIAMI
cells cultured in 3% and 21% O2 using enzyme-linked im-
munosorbent assay (ELISA) as follows: we coated a 96-well
plate with capture antibody anti-Wnt3a (R&D Systems, Min-
neapolis, MN) at a 0.5mg/mL dilution with PBS. We added
media from MIAMI cells grown at 3% and 21% oxygen to the
capture antibody preparation. We added fresh media as a
negative control. We carefully washed the medium from the
plate and added the detection biotinylated anti-Wnt3a (0.5
mg/mL). We finally used a horseradish peroxidase-conjugated
streptavidin solution and stopped the colorimetric reaction with
2 M sulfuric acid. Optical density was measured at 450 nm on a
microplate reader (BioRad, Hercules, CA).

Oct4 immunofluorescence

For nuclear proteins, we fixed cells with 4% PFA at 4�C for
10 min and permeabilized them with 0.1% Triton X-100 for
10 min. Blocking and diluent solution consisted of PBS with
1% BSA. We blocked the fixed cells for 30 min and incubated
them sequentially for 1 h with the primary antibody to Oct4,
followed by a 1-h incubation of the fluorescein- or rhodamine-
conjugated secondary anti-goat IgG antibody. We used PBS
plus 0.3% BSA for the washes between each step. We used
isotypic antibodies as controls. Imaging was performed using a
Nikon Eclipse TI microscope as well as a Nikon C2 confocal
microscope (Nikon Instruments, Melville, NY).

Microarray analysis

We used the Oliogo GEArray� System (SuperArray). The
array requires biotin-labeled cRNA to hybridize to the mem-
brane. We synthesized the labeled cRNA needed for hybridiza-
tion to the array with the TrueLabeling-AMP� 2.0 (SuperArray)
system. We used a total of 3mg of RNA in the system to optimize
for the final cRNA yield. We quantified the cRNA and used the
same initial amount for both the 21% and 3% O2 samples. We
performed hybridization until chemiluminescent detection per-
formed on the ChemiGenius (Syngene, Frederick, MD) imager
and analysis with the GEArray Analysis Suite.

Senescence-associated b-galactosidase activity

We assayed the cells for senescence-associated b-
galactosidase (SA-b-Gal) activity using the Cell Signaling kit
#9860 (Cell Signaling Technology, Danvers, MA) as per the
manufacturer’s instructions. In brief, we plated the MIAMI
cells (passage 4–6) at 200 cells/cm2 in six-well plates in either
3% or 21% oxygen tension for up to 1 or 3 weeks. To assess for
SA-b-Gal, we removed the medium and washed the cells with
PBS before fixation for 10–15 min at room temperature. We
rinsed the cells again with PBS, followed by application of the
b-galactosidase staining solution and incubation at 37�C
overnight in a dry incubator in the absence of CO2. Develop-
ment of a blue color indicated SA-b-Gal activity. Ten fields of
cells were counted per sample to determine the percentage of
cells in a senescence state.

Osteoblastic differentiation conditions

We plated MIAMI cells at 2,000 cells/cm2 in 24-well plates
in a-MEM supplemented with 10% FBS (Hyclone, Logan,
UT), 100 U/mL penicillin, 1 mg/mL streptomycin, 10 nM
dexamethasone, 100 mM ascorbic acid 2-phosphate, and
10 mM b-glycerophosphate [2].

Alkaline phosphatase histochemical analysis

MIAMI cells in osteogenic medium at 3% and 21% pO2

were rinsed in PBS, fixed with a solution of 2% cold-buffered
formaldehyde and 0.2% gluteraldehyde for 30 min at 4�C,
rinsed with distilled H2O, and then stained for alkaline phos-
phatase activity at the times indicated in the corresponding
Figure legend. Briefly, we dissolved 8 mg of naphthol AS-TR
phosphate in 0.3 mL of N, N-dimethylformamide. Simulta-
neously, we dissolved 24 mg of fast blue BB in 30 mL
of 100 mM Tris-HCl, pH 9.6. We mixed these two solutions,
added 10 mg of MgCl2, and then adjusted the pH to 9.0 with 1N
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HCl. We filtered the final solution through a 0.2-mm filter. We
finally incubated the cells at 37�C for 30 min and rinsed them
with distilled H2O [2].

Statistical analysis

Results are presented as the mean of three independent
experiments – standard deviations (SD). We tested the dif-
ferences by one-way ANOVA and calculated the P-values
using the Newman–Keuls post hoc test. We considered a
threshold P-value £ 0.05 as significant and depicted it with
an * in the Figures.

Results

Low oxygen stimulates the expression
of transcription factors associated with stem
cell self-renewal

Previously, we reported that low oxygen (3%) upregu-
lated mRNAs for total Oct4 (isoforms a and b), Rex-1,
hTeRT, SSEA-4, and HIF-1a under expansion and osteo-

genic conditions [4]. We hypothesized that low oxygen may
also stimulate the expression of other known mediators of
self-renewal, such as Nanog, Sox2, and Oct4a (the active
Oct4 splice variant, which localizes to the nucleus [41]). In
cells grown at 3% versus 21% oxygen for 7 days, we found
increased levels of transcripts for these genes and Lrp5
(Fig. 1A), a key coreceptor and modulator of the Wnt sig-
naling pathway implicated in the maintenance of mouse
embryonic stem cell (mESC) pluripotency. To determine
whether low oxygen tension treatment would acutely in-
crease the protein level, we exposed to 21% O2 overnight
cells previously expanded at 3% O2 and then switched to 1%
O2 for 2 h (acute setting). Western blot analysis showed that
protein levels of Oct4a/b, Nanog, and, more dramatically,
Sox2 increased after acute low oxygen (Fig. 1B).

Low oxygen increases the nuclear levels of Oct4a

To determine whether Oct4 localized to the nucleus and to
distinguish between the Oct4a/b isoforms, we examined cy-
toplasmic and nuclear fractions and used immunofluorescence

FIG. 1. Low oxygen tension increases key self-renewal transcription factors and LRP5. (A) Graph depicts relative fold
change of mRNA expression of Wnt mediators and self-renewal markers (Nanog, hTeRT, Sox2, Oct4a, Oct4a/b) and Lrp5
in MIAMI cells grown for 7 days at low oxygen compared with cells kept at 21% O2 for 7 days (dashed line set to 1). (B)
Western blot of MIAMI cells after switch from 21% to 1% oxygen for 1 h. Specific antibodies to Nanog (top panel), Sox2
(second panel), and Oct4 (third panel) were used to detect proteins. (C) Western blot analysis shows increased levels of
nuclear Oct4 (45 kDa) at 3% compared with 21% O2. Coomassie blue stain (bottom panel) shown as loading control for (B)
and (C). (D) DAPI-stained nuclei and merged Oct4-FITC/DAPI image of MIAMI cells at 3% (top) and 21% (bottom)
oxygen (left). We confirmed the nuclear localization of Oct4 at 3% oxygen using confocal microscopy (right). MIAMI,
marrow-isolated adult multilineage inducible. *P £ 0.05.
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to assess subcellular Oct4 localization. Western blot analysis
demonstrated increased levels of nuclear Oct4 after 1 week at
3% versus 21% O2 (Fig. 1C). We further confirmed nuclear
localization by immunofluorescence and confocal studies that
showed stronger Oct4 nuclear staining in cells at low (3%)
versus ambient (21%) oxygen (Fig. 1D).

Low oxygen increases expression of Notch
signaling pathway mediators

To examine potential signaling pathways mediating the low
oxygen-stimulated self-renewal program of MIAMI cells, we
performed a signaling pathway array on cells cultured for
7 days at 3% versus 21% O2 (Supplementary Fig. S1). Genes
upregulated at 3% O2 are listed in Supplementary Table S2.
The data revealed upregulation of key Notch mediators among
others. RT-qPCR confirmed gene expression stimulation of
key genes: Notch2, STAT6, and Jagged 1 (Fig. 2A). To deter-
mine involvement of Notch signaling activation, we examined
low oxygen effects on NICD nuclear levels. Western blot an-
alyses demonstrated that NICD protein levels increased (3.8-
fold) in the nucleus at low oxygen along with a simultaneous
nuclear increase of HIF-1a (3.2-fold), a low-oxygen tran-

scriptional mediator and NICD cofactor for the transactivation
of specific target genes [21] (Fig. 2B).

Low oxygen increases REST/NRSF levels

MIAMI cells can be induced to differentiate into neuron-
like cells [3,42–45]. REST/NRSF repressed neuronal dif-
ferentiation in mouse ESCs [36]. Thus, we sought to
examine whether REST/NRSF may contribute to MIAMI
stem cell self-renewal by inhibiting neuronal differentiation.
RT-qPCR showed that MIAMI cell mRNA levels of REST
and co-REST increased in 3% versus 21% O2 conditions
(Fig. 2C). Furthermore, the REST protein accumulated at
3.6-fold higher levels in the nucleus of cells under low
oxygen conditions (Fig. 2D).

Low oxygen regulates expression of specific
apoptosis/senescence pathway genes

We examined whether the expression of cell cycle control,
apoptosis, and senescence pathway-associated genes was af-
fected by low oxygen. The tumor suppressor p53 is a master
regulator of these programs by differentially modulating

FIG. 2. Low oxygen activates Notch signaling in MIAMI cells and increases REST and co-REST expression. (A) Relative
fold change of Notch mediator (Notch2, Stat6, and Jagged1) mRNA levels after 7 days at 3% compared with 21% O2 measured
by RT-qPCR and normalized to housekeeping genes, EF1a and RPL13a. (B) Western blot analysis: lane 1 shows protein lysates
from MIAMI cells grown at 21% O2, lane 2 cells were grown at 3% O2. Top panel shows HIF-1a protein, center panel shows
NICD protein. (C) mRNA levels of REST and co-REST as measured by RT-qPCR from MIAMI cells grown at high and low
oxygen for 7 days. (D) Protein levels of REST and co-REST were measured by western blot from the nuclear fraction of MIAMI
cells grown at high and low oxygen for 7 days (top panel). Coomassie blue staining used as loading control (bottom panel).
REST, repressor element-1-silencing transcription factor; RT-qPCR, quantitative real-time PCR. *P £ 0.05.
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target genes controlling cell cycle arrest, apoptosis, or senes-
cence [46,47]. We found that low oxygen decreased protein
expression of p53 by approximately fourfold (Fig. 3A), while
p21 and p27 levels did not appear to be affected. Furthermore,
expression of the proapoptotic proteins, apoptosis-inducing
factor (AIF) and Bak, was reduced five- and threefold, re-
spectively (Fig. 3A). Expression of endoG, Bax, Bid, Bcl-xL,
and cIAP-2 was not affected, while the inhibitors of apoptosis,
XIAP and Mcl-1, appeared to increase slightly (Fig. 3A).
These results are consistent with an overall cell prosurvival
program at low oxygen. To further assess an effect on cell
senescence, we quantified the number of cells with detectable
senescence-associated b-galactosidase (SA-bgal) activity and
determined that 3% O2 dramatically decreased positive cells
versus 21% O2 (5% – 2% vs. 48% – 8% at 3 weeks, respec-
tively, P £ 0.01; Fig. 3B).

Low oxygen stimulates the canonical Wnt pathway

Since we observed 3% O2 stimulation of Lrp5 (Fig. 1A)
and frizzled 1 and 2 (Supplementary Fig. S1B), we further
examined canonical Wnt pathway activation. Western blot
analysis of nuclear and cytoplasmic extracts of MIAMI cells
demonstrated that 3% oxygen stimulated cytoplasmic b-
catenin (1.5-fold) and, to a larger extent, nuclear b-catenin
(2.3-fold, Fig. 4A). Once in the nucleus, b-catenin binds a

member of the high mobility group (HMG) DNA-binding
protein family of transcription factors. We investigated ca-
nonical Wnt signaling specific protein–protein interaction in
MIAMI cells. We pulled down proteins bound by T-cell
Factor 4 (TCF4) antibody with protein-A/G beads. Subse-
quently, we size separated, blotted, and probed the im-
munoprecipitated proteins with b-catenin antibody. Samples
from cells at 3% O2 displayed more than twofold greater
association between b-catenin and TCF4 versus 21% O2

(Fig. 4B). Subsequently, we examined downstream targets
of canonical Wnt activation. The cell cycle protein and di-
rect Wnt target, Cyclin D1, was increased by 3% O2 about
2.2-fold in the cytoplasm and by more than 80-fold in the
nucleus (Fig. 4C).

To determine the magnitude of the canonical Wnt sig-
naling activation by low oxygen, we compared b-catenin
nuclear localization at 3% and 21% O2 in the absence and
presence of recombinant Wnt3a. Both 3% O2 and Wnt3a
increased to similar levels of cytoplasmic (1.5 vs. 1.4-fold)
and nuclear (2.3-fold) b-catenin, while the combination did
not have an additive effect (Fig. 4D). To determine the ef-
fect of Wnt3a on the nuclear localization of a different low
oxygen-sensitive protein, we examined the levels of Oct4 in
the cytoplasm and nucleus at 3% and 21% O2 in the pres-
ence and absence of Wnt3a. Surprisingly, we found that
in contrast to low oxygen that stimulated nuclear Oct4

FIG. 3. Low oxygen de-
creases markers of cell cycle
arrest, apoptosis, and senes-
cence. (A) Left panels show
increased proapoptotic pro-
teins; p53, AIF, and Bak in
high (21% O2) versus low
oxygen (3% O2). Right panels
show no change in cell cycle
proteins, p21 and p27, and
apoptosis-related proteins,
EndoG, Bax, Bid, Bcl-XL,
CIAP-2, Mcl-1, and XIAP, at
high versus low oxygen. Coo-
massie blue staining was used
as loading control for west-
ern blots. (B) MIAMI cells
were stained for senescence-
associatedb-galactosidase (SA-
bgal) activity after 1 and 3
weeks at 3% O2 versus 21%
O2. As early as after 1 week of
culture, a blue stain was ob-
served in a significant fraction
of the cells exposed to 21%
O2 (48% – 8% positive cells)
compared with the cells ex-
posed to 3% O2 (5% – 2%
positive cells). Black arrows
point to positive cells. After 3
weeks of culture, almost all of
the cells exposed to 21% O2

expressed SA-bgal (bottom).
AIF, apoptosis-inducing factor.
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localization by 1.5-fold (Fig. 1C), Wnt3a increased Oct4
nuclear translocation by 8.6-fold at 21% O2 and by 6.2-fold
at 3% O2 (Fig. 4D).

Since low oxygen induced canonical Wnt pathway stim-
ulation, we sought to determine whether this was a paracrine
effect accomplished through a low oxygen-stimulated secre-
tion of canonical Wnt signaling activators. We found that 3%
O2 significantly stimulated Wnt3a mRNA (20-fold), while
Wnt7 and Wnt11 mRNAs were only minimally stimulated
(Supplementary Table S2). Interestingly, low oxygen failed to
stimulate Wnt3a secretion, quantified by ELISA (Fig. 4E).
Furthermore, we demonstrated that either low oxygen or
Wnt3a stimulation increased cell numbers to similar extents;
however, when combined, the effect was additive (Fig. 4F).

Lrp5-mediated inhibition of the canonical Wnt
signaling pathway decreases self-renewal capacity
of MIAMI cells, self-renewal marker mRNAs,
and Oct4a nuclear accumulation

Canonical Wnt activity requires receptors, Lrp5/6. Basal
mammary cells express both Lrp5 and Lrp6 similarly.

Interestingly, high Lrp5 expression identifies the stem cell-
enriched population and is required for maintenance of the basal
cell layer. The absence of Lrp5 specifically depletes adult re-
generative stem cell activity to less than 1% [48]. It has been
shown that an increased expression of Lrp5 is sufficient for
activation of the canonical Wnt signaling pathway [49]. In light
of our data showing that low oxygen increased Lrp5 mRNA
transcript levels (Fig. 1A) and our ELISA data showing equal
secretion of Wnt3a at low and high oxygen tension (Fig. 4E), we
sought to examine the possibility that Lrp5 could be the rate-
limiting step in the low oxygen-stimulated Wnt activity we
observed in our cells and that it may be essential for MIAMI cell
self-renewal. We found that exposure of cells to siLrp5 (100-
nM) decreased Lrp5 protein levels (Fig. 5A) as well as Oct4a,
Sox2, and Lrp5 mRNA levels, although only the last two with
statistical significance (Fig. 5B, *P £ 0.05 and **P £ 0.01, re-
spectively). The number of cells was decreased by 50% after
comparing the cell number of cells exposed to siControl versus
siLrp5 for 2 consecutive periods of 3 days each (not shown).
Since the results for Oct4 were not conclusive, we used im-
munofluorescence to determine the effect of siLrp5 on the
subcellular localization of the Oct4 protein. We observed

FIG. 4. Low oxygen tension stimulates the canonical Wnt pathway. Low oxygen increases (A) nuclear accumulation of b-
catenin. (B) b-Catenin/TCF4 interactions: immunoprecipitation of 200 mg protein samples with TCF4, which were size
separated and probed with b-catenin Abs in MIAMI cells grown at 3% oxygen (lane 1) and 21% oxygen (lane 2). Isotypic
negative controls (normal rabbit serum); 3% samples (lane 3) and 21% (lane 4) Coomassie blue stain (bottom panel) as
loading control. (C) CyclinD1 cytoplasmic (lanes 1–2) and nuclear proteins (lanes 3–4) at 3% and 21% oxygen. Coomassie
stain is loading control. (D) Changes in the levels of cytoplasmic and nuclear b-catenin in response to oxygen and Wnt3a
stimulation. Changes in the levels of cytoplasmic and nuclear Oct4 in response to oxygen and Wnt3a stimulation. (E) Low
oxygen fails to stimulate Wnt3a secretion: ELISA from MIAMI cell-conditioned media taken from cells grown for 7 days at
3% and 21% oxygen. A media-only sample was run to determine baseline levels of Wnt3a. (F) Exogenous Wnt3a increased
the cell number at low and high oxygen tension: total cell numbers of cells seeded at 100 cells/cm2 and grown at 3% or 21%
oxygen with or without rmWnt3a treatment for 7 days. **P £ 0.01 and ***P £ 0.001.
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nuclear localization of Oct4 in siControl cells (Fig. 5C) con-
sistent with untreated cells in Fig. 1D. In siLrp5-treated cells,
Oct4 protein did not appear to accumulate in the nucleus or
cytoplasm (Fig. 5C); an indication that Oct4a-specific nuclear
levels decrease in the absence of Lrp5. We sporadically ob-
served a diffuse area of Oct4 protein outside the nucleus in cells
transfected with siLrp5 compared with the negative siControl
(Fig. 5C) with an overall reduced Oct4 signal similar to that seen
in untreated cells grown at 21% O2 in Fig. 1D.

Low oxygen transiently upregulates Akt expression

Akt is a cytosolic serine/threonine kinase critical for cell
survival under adverse conditions [34]. Akt blocks apo-
ptosis induced by many death stimuli and is required for
growth factor-mediated cell survival in different cell types
[34]. Akt may therefore play a key role in promoting self-
renewal, and thus we assessed whether oxygen tension af-
fects Akt signaling. We incubated cells at 3% and 21% O2

for 30 and 60 min and observed strong Akt activation
(phospho-Akt) by low oxygen after a 30-min transient ex-
posure, which then returned to basal levels. Total Akt was
unaffected (Fig. 6A). Furthermore, we assessed the effect of
PI3K/Akt inhibitor, wortmannin, on MIAMI cells. We
tested different concentrations of wortmannin, 20, 50, 100,
200, and 300 nM, and demonstrated that 100 nM is most
effective to inhibit phospho-Akt protein (Fig. 6B) without
cell damage (not shown).

Blocking the Akt signaling pathway reverses the
osteogenic inhibition induced by low oxygen tension

Akt plays central mechanistic roles in the regulation of
proliferation, differentiation, and survival, in addition to

cell survival, in several systems. This is achieved, in part,
through functional cross talk with other signaling pathways
(including canonical Wnt). We assessed whether the Akt
pathway played a mechanistic role in maintaining the
oxygen-dependent balance between MIAMI cell self-
renewal and differentiation. To accomplish this, we as-
sessed its role in the osteoblastic differentiation program of
MIAMI cells. We previously demonstrated that MIAMI
cells fail to progress toward the osteoblastic differentiation
program under low oxygen tension conditions [4]. Thus,
we sought to determine if blocking Akt activation reversed
the effect of low oxygen tension on osteoblastic differen-
tiation. We grew cells at 21% and 3% O2 in osteogenic
differentiation medium for 14 days in the presence or ab-
sence of wortmannin (100 nM). Cells grown at 21% O2

showed high levels of alkaline phosphatase activity
(Fig. 6Ca). We did not detect alkaline phosphatase activ-
ity in cells grown at 3% O2 (Fig. 6Cb). However, when
we added 100 nM wortmannin to cells growing at low
oxygen, blocking Akt activation reversed the low oxygen-
dependent osteogenic inhibition and alkaline phosphatase
activity was high (Fig. 6Cd) with no detectable effect on
cells grown at 21% O2. To further confirm the Akt/PI3K
functional role, we analyzed the expression of key osteo-
blastic gene markers on cells grown for 1, 3, and 7 days
under osteogenic conditions at 21% and 3% O2 in the
presence or absence of wortmannin. Osteoblastic marker
(Runx-2, collagen type I-a1, and osteopontin) expression
increased in cells at 21% O2, while in cells at 3% O2, the
markers did not increase (Fig. 6D, left panels). Blocking
Akt activation using 100-nM wortmannin in cells grown at
low oxygen reversed the inhibition of Runx-2, collagen I-
a1, and osteopontin genes induced by 3% O2 (Fig. 6D,
right panels).

FIG. 5. LRP5 knockdown
by siLRP5 decreased mRNA
of self-renewal markers and
nuclear accumulation of Oct4a.
(A) Western blot of LRP5
(top panel) from siLrp5-treated
cells at 3% oxygen: Non-
transfected cells (NT, lane 1).
Cells electroporated with no
siRNA (lane 2); siControl
(siCo, lane 3); and siLRP5
(lane 4). Tubulin (bottom pan-
el) is used as loading con-
trol. (B) RT-qPCR determined
mRNA levels for Lrp5, Oct4a,
Sox2, Nanog, Cyclin D1, and
hTeRT in siLRP5 cells treated
for 3 days compared with
siControl-treated cells (siCo,
set as 1 arbitrarily, *P £ 0.05
and **P £ 0.01). All genes
normalized to EF1a and
RPL13a. (C) ICF of cells trea-
ted with siControl or siLrp5
with anti-Oct4-FITC; DAPI-
stained nucleus; images mer-
ged as indicated.
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Discussion

Stemness of a cell can be defined as the capability of self-
renewal and developing into more differentiated cell types
[50]. This distinctive state of the cell is assigned to various
cell types, including ESCs, cancer stem cells, and adult stem
cells such as the stromal MIAMI cells studied here. Decline
in tissue homeostasis and repair during adult life may indeed
be associated with a decrease in the number and/or function
of stem cells [51]. Thus, a better understanding of the mo-
lecular drivers regulating the balance between self-renewal
and proliferation of primitive MSCs can help design strat-
egies to maintain a stem cell pool capable of tissue repair as
we age as well as implement needed improvements in cur-
rent stem cell culture techniques for proper ex vivo expan-
sion and subsequent clinical use. MSCs are multipotential

cells giving rise to various differentiated cells [52–57] and
display in vivo functional reconstitution of injured tissues
[58–60]. The development of strategies to prevent decline of
endogenous MSCs in the bone marrow during adult life will
have a positive impact in delaying age-related tissue func-
tion decline.

Oxygen is a key regulator of gene expression programs
and a potential modulator of the balance between stemness
and differentiation [7]. Oxygen homeostasis is maintained
by complex mechanisms that have evolved to sense oxygen
levels and alter physiological responses accordingly [61].
Distribution of hematopoietic progenitor cells is not random
throughout the marrow space as many interrelated spatial
and temporal cues regulate their proliferation and differen-
tiation [62]. Committed precursors localize in close prox-
imity to oxygen-rich blood vessels (vascular niche), while

FIG. 6. The Akt/PI3K pathway plays a central mechanistic role in the oxygen tension-regulated osteoblastic differenti-
ation of MIAMI cells. (A) Akt was activated (phospho-Akt) by low oxygen after 30 min and p-Akt was back to the basal
condition after 60 min. Akt did not change at 21% pO2. Total Akt did not show any changes in both conditions. (B) MIAMI
cells were cultured in the presence of expansion medium at 21% and 3% O2 for 30 min in the presence and absence of
wortmannin (PI3K/AKT inhibitor). (C) Wortmannin reverses the osteogenic inhibition induced by low oxygen. MIAMI
cells were grown in 21% and 3% O2 in the presence or in the absence of 100 nM wortmannin in osteogenic differentiation
medium for 14 days. (a) MIAMI cells at 21% O2 showed a high level of alkaline phosphatase. (b) In contrast, no alkaline
phosphatase activity was detected in cells grown in the absence of the 100 nM PI3K/AKT inhibitor at 3% O2. (c) 100 nM
wortmannin did not have any effect on MIAMI cells grown in 21% O2. (d) MIAMI cells grown at 3% O2 in the presence of
100 nM wortmannin showed high alkaline phosphatase activity. (D) Left panels: the expression of Runx-2, collagen type I-
a1, and osteopontin genes was inhibited in MIAMI cells exposed to osteogenic induction at low oxygen tension (3% O2).
(D) Right panels: Wortmannin (100 nM)-mediated inhibition of the Akt/PI3K pathway released the low oxygen tension-
mediated inhibition of osteoblastic gene expression.
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less mature progenitors preferentially reside in areas of lower
oxygen tension [63]. A model suggesting that human stem
cells can self-renew without engaging in differentiation when
located in a specific anatomical area with a unique architec-
ture defines what is known as the stem cell niche [64].

We here demonstrated that Nanog, Sox2, Oct4a, and Wnt
coreceptor Lrp5 increased at low oxygen (Fig. 1A). Our
results suggest that low oxygen maintains MIAMI cell
stemness, in part, by increasing Sox2 expression and Oct4a
nuclear localization. Additionally, the data suggest that both
transcriptional and post-transcriptional events may be me-
diating these low oxygen-stimulated effects, and transient
exposure (£2 h.) to atmospheric oxygen appears to be at
least partially reversible (Fig. 1B–D). Moreover, we found
that multiple pathways appear to mediate the low oxygen-
stimulated self-renewal maintenance. Notch pathway acti-
vation is suggested by increased nuclear NICD levels and
target genes (ie, Hes1). Additionally, HIF-1a costimulation
raises possible HIF-1a/NICD interactions in targeting gene
promoters, which may mediate self-renewal [21].

It is generally accepted that self-renewal mechanisms
require increased expression of stemness genes with re-
pression of differentiation programs. MIAMI cells develop
an immature neuronal phenotype in response to neuro-
trophic factors at higher oxygen levels [43], while at low
oxygen, neuronal differentiation is inhibited. REST appears
to block neuronal differentiation of stem cells as a compo-
nent of the transcriptional network maintaining stem cell
self-renewal [36]. We observed a low oxygen-dependent
stimulation of both REST/NRFS transcripts and nuclear
localized protein (Fig. 2), suggesting that low oxygen acti-
vates pathways stimulating repressors of differentiation.

Furthermore, low oxygen appears to contribute to a pro-
survival program in MIAMI cells, evidenced by the activation
of the prosurvival Akt pathway and the downregulation of
proapoptotic factors, p53, AIF, and Bak, with a concomitant
dramatic decrease in SA-bgal activity, increasing self-renewal,
while decreasing cell cycle arrest, senescence, and apoptosis.

Low oxygen simultaneously activates the canonical Wnt
pathway through increased Lrp5 expression, which in turn

FIG. 7. Oxygen tension modu-
lates multiple signaling pathways
regulating self-renewal, differenti-
ation, senescence, and apoptosis in
MIAMI cells. Diagrammatic repre-
sentation of the pathways, targets,
and biological responses modulated
by oxygen tension in MIAMI stem
cells, leading to functional changes.
Color images available online at
www.liebertpub.com/scd
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may play a key role in self-renewal. Other studies provide
precedence for an Lrp5-directed activation of the canonical
Wnt signaling [49], suggesting that the low oxygen-stimulated
Lrp5 gene expression may be sufficient for the observed acti-
vation of this pathway in MIAMI cells. Wnt signaling is par-
ticularly complex, involving a large number of mediators,
some of which may be directly involved in different aspects of
cellular physiology, including self-renewal and differentiation.
Thus, the specific mechanistic context of these specific mo-
lecular mediators, together with their interaction with other
simultaneously activated signaling pathways, will ultimately
result in the final phenotypic or functional outcome.

An intracellular regulatory protein central to mediating the
effect of complex extracellular signaling pathways (ie, canon-
ical Wnt), self-renewal, and differentiation, p53, senescence,
and apoptosis is the serine/threonine kinase, Akt. The strong
transient activation of Akt in response to low oxygen tension
(Fig. 6A) provides evidence that it may be playing a central
mechanistic role. Having established that low oxygen tension
inhibited osteoblastic differentiation under strong cytokine-
mediated stimulatory conditions [4], it sets the stage to test such
a role. We found that inhibition of Akt activation released the
low oxygen-mediated block of the osteoblastic gene expression
program and phenotypic determination (Fig. 6C, D). Thus,
these results place Akt as a central mechanistic player in reg-
ulating the oxygen tension-controlled balance between self-
renewal and osteoblastic differentiation in MIAMI cells.

Importantly, a recent study performed in the context of
cancer stem cells suggests that nuclear localization of Akt is a
key factor promoting cell stemness [65]. Our study corrobo-
rates this observation, and future studies will examine the
distribution of Akt in MIAMI cells when exposed to low ox-
ygen tension. Future studies will extend our analysis to dif-
ferentiation pathways other than the osteoblastic lineage and
will examine the role of Akt in mediating other processes in-
volved in maintaining a stem cell pool during adult life. It has
recently been reported that PFKFB3 plays a critical role in
controlling the cell cycle entrance decision [66], and it would
therefore be interesting to assess changes of PFKFB3 expres-
sion in MIAMI cells when exposed to various levels of oxygen.

In summary, we demonstrate that low oxygen stimulates the
activity of the Notch, Akt/PI3K, and canonical Wnt pathways.
The latter appears to be mechanistically dependent on Lrp5
function. Low oxygen also increased the nuclear localization of
the transcriptional repressor REST/NRSF. We have identified
key pathways activated in MIAMI cells that are similar to those
responsible for ESC self-renewal and stemness. Collectively,
Notch and canonical Wnt pathways, in association with REST,
may lead to increased self-renewal and concomitant decreased
differentiation, cell cycle arrest, apoptosis, and/or senescence
in MIAMI cells in which Akt appears to play a convergence
role, setting the stage for further analyses of mechanistic roles
and potential cross talk of these pathways (Fig. 7). Importantly,
we demonstrated that the PI3K/Akt pathway plays a central
mechanistic role in the oxygen tension-regulated self-renewal
versus osteoblastic differentiation of MIAMI cells.
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