
HEMATOPOIESIS

Biology of umbilical cord blood progenitors in bone marrow niches
Mo A. Dao,1,2 Michael H. Creer,3 Jan A. Nolta,2 and Catherine M. Verfaillie1,4

1Stem Cell Institute, University of Minnesota Medical School, Minneapolis; 2Department of Internal Medicine, Division of Oncology, Hematopoietic Development
and Malignancy Program, Washington University School of Medicine, St Louis, MO; 3Departments of Pathology and Laboratory Medicine, Saint Louis University
School of Medicine, St Louis, MO; 4Stamcel Instituut Leuven, Katholieke Universiteit Leuven, Belgium

Within the bone marrow (BM), hematopoi-
etic progenitor cells (HPCs) are localized
in poorly oxygenated niches where they
interact with the surrounding osteoblasts
(OBs) through VLA4/VCAM-1 engage-
ment, and are exposed to interleukin-6
(IL-6), stem cell factor (SCF), and chemo-
kines such as CXCL12 (OB factors). Um-
bilical cord (UC) is more highly oxygen-
ated that the BM microenvironment. When
UC-HPCs are exposed to the 2% to 3% O2

concentration found in the bone en-
dosteum, their survival is significantly

decreased. However, engagement of
VLA-4 integrins on UCB-derived CD34�

cells reduced cell death in 2% to 3% O2

conditions, which was associated with an
increase in phospho-Ser473 AKT and an
increase in phospho-Ser9 GSK3b. Consis-
tent with the role of GSK3b in destabiliz-
ing beta-catenin, there was more cytoplas-
mic beta-catenin in UC-HPCs exposed to
2% to 3% O2 on fibronectin, compared
with suspension culture. UC-HPCs cul-
tured at 2% to 3% O2 with OB factors
showed an increase in nuclear beta-

catenin and persistence of a small pool of
CD34�38� HPCs. CFU assays followed by
surface phenotyping of the plated colo-
nies showed improved maintenance of
mixed lineage colonies with both ery-
throid and megakaryocytic precursors.
These studies provide a biologic perspec-
tive for how UC-derived HPCs adapt to
the bone endosteum, which is low in
oxygen and densely populated by osteo-
blasts. (Blood. 2007;110:74-81)
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Introduction

The bone marrow (BM) endosteum has been identified as the
primary niche for primitive hematopoietic progenitor cells
(p-HPCs), while the BM microvascular region serves as the site
for committed HPCs (c-HPCs).1-5 A longitudinal cross section of
the bone shows that the endosteum is the farthest site from the
bone vasculature. Consistent with this observation, the en-
dosteum has the lowest oxygen pressure, compared with other
regions within the bone.6 It was therefore concluded that low
oxygen plays a role in the maintenance of p-HPCs. Consistent
with this notion, when p-HPCs are cultured under low oxygen
conditions, they retain their full multilineage engraftment
potential when transplanted into an irradiated recipient.7 At the
molecular level, the mechanisms by which low oxygen mitigates
this effect are not fully understood, and to further delineate it
was a major aim of the current study.

Another important feature of the endosteum is its mesenchy-
mal composition.8 Compared with other regions of the bone, the
endosteum has the highest number of osteoblasts, which play a
role in the maintenance of p-HPCs.9,10 Manipulation of osteo-
blast development in vivo directly affects the size of the p-HPC
population.11,12 Both adhesion molecules13 and soluble fac-
tors14,15 expressed by osteoblasts are important regulators of
p-HPCs. These studies collectively suggest that 2% to 3%
oxygen and osteoblast-derived factors play critical roles in
p-HPC maintenance.

Although it is not surprising that BM-derived p-HPCs are
better maintained under low oxygen, which is a natural feature
within the endosteum, it is somewhat surprising that similar
observations were noted with UCB-derived p-HPCs. Compared

with the endosteum, the fetal blood environment is significantly
higher in oxygen saturation,16 and obviously devoid of osteo-
blasts. To understand how UCB-derived p-HPCs survive and
maintain their multilineage potential in an environment dis-
tinctly different from their natural origin, we examined the
effect of conditions that recapitulate the in vivo endosteal
microenvironment—2% O2, adhesion counterparts for VLA-4
and VLA-5 integrins, and osteoblast-derived cytokines and
chemokines—on UCB p-HPC behavior. The results of our study
show that intracellular events triggered by 2% to 3% O2, integrin
engagement, and osteoblast-derived factors culminate in the
accumulation and nuclear translocation of beta-catenin in UCB-
derived CD34� progenitors, which is associated with improved
survival under hypoxic conditions.

Materials and methods

Antibodies

The following antibodies were purchased from Santa Cruz Biotech (Santa
Cruz, CA): anti–�-tubulin (monoclonal), antilaminin (monoclonal), anti–
beta-catenin (polyclonal), anti-GSK3� (polyclonal), anti–phosphor-Tyr216
GSK3� (polyclonal), anti–phospho-Ser9 GSK3� (monoclonal), and anti-
AKT (polyclonal). The antibody against phospho-Ser473-AKT (poly-
clonal) was purchased from Cell Signaling Technology (Danvers, MA) and
the antibody against HIF-1� (monoclonal) was purchased from Upstate
Biotechnology (Lake Placid, NY). Secondary antirabbit HRP– and anti-
mouse HRP–conjugated antibodies were all obtained from Amersham
(Arlington Heights, IL). All human cytokines were purchased from R&D
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Systems (Minneapolis, MN). All antibodies for flow cytometry were
obtained from BD Pharmingen (San Diego, CA).

Primary CD34� cell culture and manipulation in 2% to 3%
versus 20% oxygen

UCB was obtained from the Cardinal Glennon Umbilical Cord Blood
Bank, St Louis, MO, under the approved protocol of the human Subjects
Committee of Washington University School of Medicine. Mononuclear
cells were isolated by layering on equal volume of Ficoll-Hypaque
Amersham Bioscience (Uppsala, Sweden) prior to centrifugation.
CD34� cell enrichment from the mononuclear buffy coat was performed
using a CD34� isolation kit and immunomagnetic column separation
techniques as specified by the manufacturer (Miltenyi Biotec, Sunny-
vale, CA). On average, a purity of more than 95% CD34� cells was
obtained after 2 column passages, as assessed by fluorescence-activated
cell sorter (FACS) analysis.

Cell culture

CD34� cells were washed twice in PBS/1% fetal calf serum (FCS;
Atlanta Biologicals, Lawrenceville, GA) prior to culture in 2% to 3%
versus 20% oxygen. BIT-9500 culture medium (Stem Cell Technologies,
Vancouver, BC) was supplemented with 40 mg/mL low-density lipopro-
tein (Sigma, St Louis, MO) and 2 different cytokine cocktails: (1) 100
ng/mL stem cell factor (SCF), 25 ng/mL fetal liver tyrosine kinase 3
ligand (FLT3L), 25 ng/mL thrombopoietin (TPO), or (2) 100 ng/mL
SCF, 50 ng/mL CXCL12, and 25 ng/mL IL-6 or leukemia inhibitory
factor (LIF) (all cytokines were from R&D Systems). Non–tissue
culture–treated plates were coated with 0.01% poly-lysine (Sigma),
25 ng/mL recombinant fibronectin (FN) fragment CH-296 (Takara,
Japan) in 1 � PBS (Gibco BRL, Gaithersburg, MD), 10 �g/mL
recombinant VCAM-1 (R&D Systems) in sterile water, for 1 hour at
room temperature and subsequently blocked with 3% BSA (Sigma) in
PBS for another hour. CD34� cells were plated on PLL-coated versus
VCAM-1–coated versus FN-coated plates incubated for 30 minutes at
20% O2 to allow attachment. For coculture with the osteoblasts cell line
MG-63 cells (ATCC, Manassas, VA), cells were plated in DMEM/20%
FCS for 24 hours, and the adherent monolayer of MG-63 cells was
rinsed twice with warm 1 � PBS and re-fed with BIT-9500–cultured
medium. Coculture experiments were performed in the absence of
exogenous growth factors. All plates were then transferred to hypoxic
biochambers (Stem Cell Technologies) and flushed with a premix gas
consisting of 97% N2 according to the manufacturer’s instruction. The
chamber was then placed in a conventional 37°C/5% CO2 incubator. A
second gas flushing was performed 6 hours later, and cells were left in
hypoxic conditions for the duration of the culture period. For all cultures
longer than 72 hours, medium with fresh cytokines was changed every
72 hours and the chamber was reflushed.

For the integrin preactivation experiments, UCB-derived CD34�

cells were prestimulated for 4 hours in BIT-9500 medium supplemented
with 40 �g/mL low-density lipoprotein, 100 ng/mL SCF, and 50 ng/mL
TPO. Cells were then washed twice with warm PBS (Hyclone, Logan,
UT) and resuspended in the appropriate culture medium prior to plating
on precoated plates. Clonogenic progenitor assessment was measured by
plating 105 cultured cells in methylcellulose media supplemented with
cytokines (Stem Cell Technologies). After 12 to 14 days at 37°C in 5%
CO2, colonies were scored.

Annexin V staining

After culture, cells were washed twice with cold PBS and resuspended in
1 � binding buffer (0.01 M HEPES, pH 7.4; 0.14 M NaCl; 2.5 mM CaCl2;
all from Sigma) and stained with 4 �L annexin V (BD Biosciences, San
Diego, CA) and 2 �L 7-AAD or propidium iodide (Sigma). After
incubating at room temperature for 15 minutes, cells were diluted 1:4 with
1 � binding buffer and evaluated using the FACSCalibur (Becton Dickin-
son, Franklin Lakes, NJ).

Cell cycle and division kinetics

To determine the percentage of cells in G0 at the end of the culture, cells
were fixed in 2% to 3% formaldehyde at room temperature for 30 minutes
and permeabilized with saponin (Sigma). Cells were then washed twice
with PBS/2% FCS containing saponin and 5 �L Ki67-PE antibody (BD
Biosciences) was added per million cells. After one hour of staining in the
dark, cells were washed twice and analyzed on a FACSCalibur. To measure
cell division kinetics, freshly isolated CD34� cells were stained with CFSE
(Sigma) at 1:2000 dilution in a 1-mL final volume for 3 minutes at room
temperature. FCS (400 �L) was added to quench the reaction for one
minute. Cells were washed 3 times in 13 mL 1 � PBS/2% FCS and once in
5 mL BIT-9500–cultured medium prior to plating at 2% to 3% O2 or 20%
O2 on FN- or PLL-coated plates. Analysis was performed using the
FL1-channel on the FACSCalibur.

Subcellular fractionation and Western blotting

Cultured hematopoietic cells were collected by cell dissociation buffer
(Gibco BRL/Invitrogen, Carlsbad, CA) and cell counts were normalized
after counting with trypan blue to exclude dead cells. On average, we
used 106 live cells for each subcellular fractionation. After washing in
ice-cold PBS, cells were washed once in ice-cold hypotonic buffer
(50 mM Hepes, 10 mM NaCl, 1 mM DTT; all from Sigma), and spun at
800g at 4°C for 15 minutes. Cells were resuspended in hypotonic buffer
and protease inhibitor tablets (Roche Diagnostics, Mannheim, Ger-
many) at 2 � per cell volume (� 50 �L/106 cells) and allowed to swell
for 10 minutes on ice, followed by 10 strokes in precooled homogenizer
with pestle B. Samples were then spun at 2000 rpm at 4°C for 15 minutes
to collect the nuclei. The supernatant (cytosolic fraction) was transferred
to a cold microcentrifuge tube. The nuclear pellets were rinsed 3 times
with hypotonic buffer. Nuclei were resuspended in ice-cold hypertonic
buffer (50 mM Hepes, 400 mM NaCl, 1 mM DTT, 0.5% NP-40) and
protease inhibitor tablets and sonicated on ice with 3 pulses of 2 seconds
each. Samples were then centrifuged at 14 000 rpm at 4°C for
15 minutes, and supernatant (corresponding to nuclear proteins) was
transferred to a new ice-cold microcentrifuge tube. An equal volume of
2 � sample buffer (2% SDS, 10% glycerol, 0.96 M 2-mercaptoetha-
nol, 0.3 M Tris; pH 6.8; all from Sigma), and 0.02% bromophenol
blue (BioRad, Hercules, CA) was added and samples were boiled
for 5 minutes. Samples were separated on 8% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) gels for HIF-1�,
beta-catenin, AKT, MAPK, tubulin, lamin, and GSK3�. Gels were
transferred to Immuno-Blot PVDF membrane (BioRad) overnight
for beta-catenin or 2 hours for all the other proteins. Membranes
were blocked using 3% or 5% nonfat dry milk in PBS-T (pH 7.6,
0.1% Tween-20 in PBS) for 1 hour at room temperature and incu-
bated for 1 hour or overnight with specific primary antibodies. Blots
were then washed 3 times for 5 minutes with PBS-T, and incubated with
secondary antibodies in 5% nonfat milk at a 1:10 000 dilution for
monoclonal antibodies, 1:20 000 for polyclonal antibodies, or according
the manufacturer’s protocol. Immunoreactive bands were visualized
using secondary horseradish peroxidase–conjugated Abs and chemilumi-
nescence (Amersham).

Statistics

Statistical analyses were performed on Excel using Student t test.

Results

Integrin engagement on fibronectin reduces cell death of
UCB-HPCs exposed to 2% to 3% oxygen.

Fetal blood is more oxygenated (� 5% O2) compared with the
bone endosteum (� 2%).16,17 It is therefore not surprising that
Ivanovic et al18 and Hermitte et al19 observed more cell death in
UCB-HPCs cultured at 2% to 3% O2 than at 20% O2. Of interest,
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however, studies have shown that UCB-HPCs injected intrafemo-
rally into immunodeficient mice efficiently engraft in primary
and secondary recipients.20 This suggests that there may be
factors produced by osteoblasts within the endosteum that
support the survival and multilineage potential of UCB-HPCs,
under hypoxic conditions. Jung et al reported that the interaction
between osteoblasts and HPCs enhances cell survival of HPCs.13

Here, we hypothesize that the interaction between VCAM-1
and/or fibronectin, expressed and/or secreted by osteoblasts, and
the VLA-4 integrin, expressed on HPCs, may provide a
prosurvival signal for UCB-HPCs exposed to low O2. To test
this, we plated freshly isolated UCB-CD34� progenitors onto
poly-lysine (PLL)–, VCAM-1–, or fibronectin (FN)–coated
plates in the presence of a cytokine cocktail (SCF � FLT3L �
TPO), shown previously to be optimal for HPC cultures21; the
plates were then immediately placed in a 20% (Figure 1A left) or
2% to 3% (Figure 1A middle) O2 environment, and cell death
was assessed after 48 hours. Compared with 20% O2 culture, we
observed a more than 2-fold increase in cell death in 2% to 3%
O2 culture. Surprisingly, we saw no attenuation of cell death
when UCB-CD34� cells were cultured at 2% to 3% O2 on
VCAM-1– or FN-coated plates.

The fact that adhesion to fibronectin did not lead to improved
survival led us to investigate the following possibilities. First,
hypoxia may suppress the surface expression of VLA-4 integrins.
However, we saw no differences in the levels of VLA-4 integrin on
UCB-CD34� cells at 20% or 2% to 3% O2 by FACS (data not
shown). Alternatively, hypoxia may interfere with the activation of
VLA-4 integrins. To address this hypothesis, we pretreated UCB-
CD34� progenitors with 100 ng/mL SCF � TPO to activate the
integrins,22 prior to exposure to 2% to 3% O2 for 48 hour. We
observed a significant reduction in cell death when UCB-CD34�

cells were preactivated with these cytokines prior to 2% to 3% O2

culture on VCAM-1– or FN-coated plates; this preactivation step
did not attenuate cell death of UCB-CD34� cells plated on PLL
plates at 2% to 3% O2 (Figure 1A right panel). Of note, in these
studies, we used a recombinant fibronectin fragment, CH-296,
which includes the CS-1 domain and the RGD domain as binding
sites for VLA-4 and VLA-5 integrins, both of which are expressed
on HPCs. We did not see a further reduction of cell death on FN,
compared with VCAM-1, suggesting that VLA-4 engagement
alone was sufficient for the prosurvival effect under 2% to 3% O2.
We used fibronectin (FN)21 as the ligand throughout the remaining
part of the current studies.

To explore the biologic mechanism for this prosurvival effect
mediated by integrins in 2% to 3% O2 culture, we assessed the
phosphorylation state of AKT and MAPK, 2 signaling molecules
commonly activated downstream of integrin engagement and
implicated in cell survival.23,24 We found that in 20% O2 culture,
AKT phosphorylation on Ser473 was detected at equal levels
between UCB progenitors cultured on PLL- and on FN-coated
plates (Figure 1B). However, in 2% to 3% O2 culture, this
phosphorylation was detectable only in cells maintained on FN-
coated plates and not on PLL-coated plates. This observation is
consistent with the reduced cell death when cells were maintained
on FN. In contrast, we did not detect phosphorylated MAPK, in
cells cultured on either PLL- or FN-coated plates at 2% to 3% O2

(Figure 1B). Consistent with the absence of MAPK activation,
which is important for cell proliferation,25 more cells were in G0

(Ki-67 negative) when cultured at 2% to 3% O2 compared with
20% O2, and CFSE-labeling studies demonstrated that cells
maintained at 2% to 3% O2 had undergone significantly fewer cell
divisions than when maintained at 20% O2 (Figure 1C), consistent
with previous reports.19 Thus, engagement of integrins on cells
placed under hypoxic conditions results in phosphorylation of

Figure 1. Assessment of cell death and proliferation of UCB-derived CD34� cells cultured in the presence of SCF, FLT3L, TPO in 2% to 3% versus 20% O2. (A) Freshly
isolated CD34� progenitors were either plated directly (left and middle) or prestimulated with SCF � TPO for 2 to 4 hours (right) prior to plating on non–tissue culture–treated
plates coated with PLL (white bar), or VCAM-1 (gray bar), or FN (black bar). Annexin V/PI staining was done on cultured cells after 48 hours of culture. A total of 4 to 5 separate
cord blood samples was used for each experiment and statistics were done using Student t test. *P � .05. (B) Total protein levels and phosphorylated AKT and MAPK were
assessed by immunoblotting from lysates for cells cultured in 20% (left) versus 2% to 3% (right) O2 on PLL- versus FN-coated plates for 48 hours. (C) CD34� progenitors
harvested after culture in 20% and 2% to 3% O2 on fibronectin were stained with Ki-67 antibody to assess the percentage of cells that was in G0 (left). FACS analysis of
CFSE-labeled CD34� cells after culture for 7 days on fibronectin in 20% and 2% to 3% O2 to measure cell division kinetics.
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AKT, which is associated with enhanced survival of UCB-HPCs
maintained at 2% to 3% O2.

GSK3�/beta-catenin signaling cascade in UCB-CD34�

progenitors is modulated by integrin engagement
and osteoblast-derived factors at 2% to 3% O2

One of the downstream targets of AKT is GSK3�, a serine
threonine kinase that becomes inactivated by AKT-mediated phos-
phorylation on Ser9.26,27 GSK3� activity has been directly corre-
lated to the degradation of beta-catenin.28,29 Forced expression of
beta-catenin enhances stem cell activity,30,31and a recent study has
suggested that in vivo administration of a GSK3� inhibitor
enhances recovery of HPCs with transplantation/engraftment poten-
tial,32 further highlighting the GSK3�/beta-catenin axis as a
prominent signaling cascade in the fate of HPCs. As we observed
AKT phosphorylation in UCB-CD34� progenitors on FN in 2% to
3% O2, we hypothesized that GSK3� Ser9 phosphorylation and
levels of beta-catenin may both be differentially regulated by
integrin engagement. We compared the phosphorylation of GSK3�
on Ser9 versus Tyr-216 (identified as a site that enhances its
activity)33 in cells plated on FN or PLL, in a 2% to 3% O2

environment (Figure 2A). Compared with cells plated on PLL, we
detected more Ser9 phosphorylated GSK3� in cells plated on FN,
consistent with the higher AKT phosphorylation. Although the
levels of Ser9 phospho-GSK3� were higher in response to integrin
engagement, the levels of Tyr-216 phospho-GSK3� and the total
amount of GSK3� protein were identical whether integrins were
engaged or not. Consistent with the higher degree of phospho-Ser9-
GSK3�, we observed a small but detectably higher amount of
beta-catenin in UCB-CD34� cells cultured on FN. However,
beta-catenin was predominantly cytoplasmic under these condi-
tions. Levels of HIF-1�, a hypoxia-inducible factor, were similar in
cells plated in 2% to 3% oxygen on PLL- or FN-coated plates
(Figure 2B). HIF-1� protein was not detectable at 20% oxygen
(data not shown). These observations suggest that in 2% to 3%
oxygen, integrin engagement exerts a specific effect on AKT,
GSK3�, and beta-catenin and that this effect was likely not due to
differential sensitivity to low oxygen as nuclear HIF-1� did not
differ between cells on PLL- or on FN-coated plates.

In studies described, the cytokine cocktail used consisted of
SCF, FLT3L, and TPO. Although SCF is secreted by osteoblasts,34

FLT3L and TPO have not been reported to be produced by
osteoblasts. To more closely mimic the BM hematopoietic stem
cell (HSC) niche, we substituted FLT3L and TPO with IL-6 and
CXCL12, both of which are secreted by osteoblasts and are known
to influence p-HPCs.14,15,34,35 We again assessed the levels of
cytoplasmic and nuclear beta-catenin in UCB-CD34� cells plated
on FN in 20% versus 2% to 3% O2 in the presence of SCF � IL-6
� CXCL12 (OB factors). Although beta-catenin was readily
detectable when either cytokine cocktail was used for cells cultured
on FN in 2% to 3% O2, significantly more nuclear beta-catenin was
present when cells were cultured with OB factors (Figure 3). These
observations suggest that integrin engagement by FN and HPC
stimulation by OB factors collaborate in the enhanced detection of
nuclear beta-catenin.

Integrin engagement, OB factors, and hypoxia preserve
primitive CD34�CD38� progenitors with multilineage
myeloid differentiation potential

To evaluate the functional repercussions of the integrin- and
cytokine-mediated activation of AKT-GSK3�-beta-catenin path-
way, we determined whether more primitive HPCs were preserved
when cells were plated on FN, in hypoxic conditions (Figure 4).
One surface marker that is present on HPCs and not on differenti-
ated hematopoietic cells is CD34.36,37 We first assessed the
percentage of CD34� cells within cultures at 2% to 3% O2 on PLL-
or FN-coated plates versus cultures of CD34� progenitors at 20%
O2 on FN-coated plates, with as cytokine cocktail SCF, FLT3-L,
and TPO. When we analyzed all cells (live and necrotic cells), we
observed no significant differences between the percentage of
CD34� cells. However, when we gated exclusively on the live
cells, we saw a higher percentage of CD34� cells in the 2% to 3%
O2 culture than in the 20% O2 culture. We noted more CD34dim

cells in cultures at 20% O2 than in cultures at 2% to 3% O2,
suggesting that the more mature progenitors poorly tolerate the low
oxygen ambiance. When comparing the cultures on PLL versus on
FN at 2% to 3% O2, we observed a similar percentage of CD34�

cells; however, there were substantially more cells in cultures on

Figure 2. GSK3�/beta-catenin phosphorylation and levels in UCB-derived
CD34� cells cultured in 2% to 3% O2 on PLL- versus FN-coated plates.
(A) Integrin-preactivated CD34� progenitors from different cord blood donors
were pooled and plated at 1 million cells per 3 mL medium containing SCF, FLT3L,
TPO, on PLL- versus FN-coated plates for 48 hours at 2% to 3% O2. Viable cell
numbers were normalized by Trypan blue count and then subfractionated for
protein analysis. Immunoblots were probed with antibodies against beta-catenin,
phospho-Ser9-GSK3�, phospho-Tyr216-GSK3�. Blots were stripped and re-
probed with GSK3� antibody. (B) Upper part of the blots (higher than 70 kDa) was
immunoblotted with antibodies against HIF-1 alpha. All blots were reprobed with
antibodies against laminin and tubulin, which served as nuclear and cytoplasmic
control, respectively.

Figure 3. Nuclear beta-catenin detection in UCB-CD34� progenitors exposed to
2% to 3% O2 on PLL- versus FN-coated plates in the presence of osteoblast-
derived cytokines and chemokine. CD34� progenitors were cultured in SCF,
IL-6, and CXCL12 for 48 hours on FN-coated plates in 2% to 3% versus 20% O2.
Cells were normalized by cell count with Trypan blue to exclude dead cells. An
average of 2 to 3 million cultured cells was subfractionated for protein analyses in
the presence of NEM or ubiquitin aldehyde enzyme, to preserve the ubiquitinated
form of beta-catenin. Tubulin and laminin were used as cytoplasmic and nuclear
control, respectively.
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FN than on PLL, consistent with the higher cell death in the
absence of integrin engagement. Thus, low oxygen appears not to
promote expansion of CD34� pool but loss of the CD34dim

committed mature progenitors.
As nuclear translocation of beta-catenin required that cells were

not only cultured on FN but also in the presence of osteoblast-
derived cytokines, we next determined if more CD34�CD38	 cells
persisted in cultures supported with SCF, IL-6, and CXCL12 at 2%
to 3% O2 or cultured with SCF, FLT3-L, and TPO at 2% to 3% O2

(Figure 5A-B). We consistently detected significantly more
CD34�CD38	 cells in UCB-HPC cultures at 2% to 3% O2 with
SCF � IL-6 � CXCL12 on 7 day than in cultures maintained at 2%
to 3% O2 but with SCF, Flt3-L, and TPO. We also cultured
UCB-HPCs with a human osteoblast cell line, MG-63, previously
reported to secrete SCF, IL-6, and SDF-1,38,39 an additional method
to recapitulate the “bone marrow niche.” Maintenance of
CD34�CD38	 cells in cultures on FN with SCF, IL-6, and
CXCL12 versus cultures on the MG-63 monolayer at 2% to 3% O2

(Figure 5C) was similar. Thus, the combination of OB factors and
hypoxia preserved the more primitive subfraction of CD34� cells,

consistent with our finding that significantly more beta-catenin
could be detected in the nucleus under these conditions (Figure 3).

We next cultured UCB-CD34� progenitors on FN-coated
plates for 3 weeks in 2% to 3% versus 20% O2 in the presence of
OB factors and enumerated colony-forming units. As was seen
in short-term cultures (Fig 5), significantly more CD34�CD38	

and CD34�CD133� cells were present after the 3-week culture
in 2% to 3% than 20% O2 cultures (Figure 6A). In addition,
significantly more CFUs could be recovered from the 2% to 3%
than 20% O2 cultures (Figure 6B, with in addition more
CFU-Mix in the 2% to 3% than 20% O2 cultures). Next, we used
FACS to phenotype and confirm the presence of more CFU-Mix
in 2% to 3% oxygen. We noted no differences in the proportion
of granulocytes (CD15 and CD16), monocytes (CD14), or
myeloid progenitors (CD33) (data not shown) between 2% to
3% and 20% O2 cultures, but erythroid (GlycoA) and megakaryo-
cytic (CD41 and CD61) cells were detectable only in the
progeny of UCB-CD34� progenitors cultured in 2% to 3% O2,
and not progenitors cultured in 20% O2 (Figure 6C). These
observations further confirm that hypoxia combined with OB
factors contribute to the maintenance of multilineage myeloid
potential of UCB-CD34� progenitors.

Discussion

The goal of the current studies was not to establish another ex vivo
expansion culture for UCB-HPCs, but rather to address a fundamen-
tal biologic question: how do environmental factors in the BM of a
preconditioned recipient affect the fate of the bone-engrafted
UCB-HPCs? Under normal physiological conditions, the O2 con-
centration in the BM endosteum is approximately 2%,17 whereas it
is approximately 5% in UCB.16 Consistent with the notion that the
fate of cells is determined in part by their microenvironment, ex
vivo culture of BM progenitors and CB progenitors in 2% and 5%
O2, respectively, has been reported to maintain and/or increase their
severe combined immune deficiency (SCID) repopulating cells
and/or CFU potential.40-42 When CB progenitors were cultured in
2% O2, there was an increase in cell death.18,19 At the same time,
xenotransplantation models of human UCB-HPCs into irradiated
adult murine recipients show that these cells can lodge within the
BM niches and give rise to all blood lineages.20 These studies
suggest that UCB progenitors can adapt themselves to a nonnative
environment, in this case, the adult BM.

Figure 4. CD34 expression on UCB-derived CD34� progenitors cultured in the
presence of SCF, FLT3L, TPO in 2% to 3% versus 20% O2. FACS staining for
surface CD34 was performed on cells cultured for 48 hours in 2% to 3% versus 20%
O2 on PLL- versus FN-coated plates. (A) Mean percentage of CD34� cells 
 SEM
after culture at 20% on FN (white bar), 2% to 3% on PLL (gray bar), and 2% to 3% on
FN (black bar) from 3 independent experiments based on ungated (left) versus gated
on live cells (right). (B) We show a representative FACS analysis; analysis was gated
on live cells only.

Figure 5. Similar preservation of CD34�CD38� cells when UCB progenitors are cultured at 2% to 3% O2 on FN with OB factors or in contact with the osteoblast cell
line MG-63. CD34� progenitors were cultured in (A) SCF, FLT3L, and TPO or in (B) SCF, IL-6, and CXCL12. (C) CD34� progenitors were cultured for 7 days at 2% to 3% O2

either on FN-coated plates and SCF, IL-6, and CXCL2 or on the MG-63 osteoblast feeder. FACS analysis was done on CD45� gated fractions in the coculture. Shown here is a
FACS plot representative of 1 of 3 independent experiments.
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A number of groups have already evaluated the effect of
hypoxia on UCB-HPCs. Ivanovic et al have explored the possibil-
ity of using a 2% to 3% O2 culture for ex vivo expansion of
UCB-HPCs and noted a reduction in cell cycle kinetics but
retention of CFU potential.42 Consistent with these reports, we
observed a reduction in cell division kinetics and a higher
percentage of G0 cells in 2% to 3% O2 than in 20% O2. The authors
also noted a higher degree of cell death of UCB-HPCs in 2% to 3%
O2 culture but that included IL-3–attenuated cell death. IL-3 is a
cytokine produced by activated T cells,43 which are not the
predominant cells within the bone endosteum.1 Furthermore, IL-3

promotes the commitment of HPCs to the myeloid lineage and acts
as a survival factor for myeloid progenitors.44,45 It is therefore
likely that the inclusion of IL-3 reduces cell death at 2% O2 by
increasing survival of more committed (eg, CD34dim) cells that
develop during culture.

By contrast, we tested the factors thought to be present in the
hypoxic HSC niche near the bone endosteum. Jung et al have
demonstrated that the physical interaction between osteoblasts and
HPCs promotes the survival of HPCs.13 Osteoblasts express
VCAM-1, the ligand for the VLA-4 integrin,46 and secrete fibronec-
tin,47 which has binding sites for the VLA-4 and VLA-5 integrins,
both of which are present on HPCs.48 We demonstrate that
engagement of the VLA-4 integrin UCB-HPCs by VCAM-1 and/or
fibronectin activates a prosurvival signal in UCB-HPCs exposed to
2% to 3% O2 that is associated with AKT phosphorylation, but not
phosphorylation of MAPK.

Aside from its prominent role in cell survival,49 AKT is the
serine threonine kinase that phosphorylates GSK3� on Ser9,
inactivating its activity.26 Inactive GSK3� loses its ability to
promote the degradation of beta-catenin.50,51 Consistent with the
increase in phospho-Ser473-AKT, we detected more phospho-Ser9-
GSK3� and more beta-catenin in UCB-HPCs cultured on FN at 2%
to 3% O2, compared with cultures in suspension. The change in
beta-catenin is particularly interesting in the context of our current
studies, as overexpression of beta-catenin in murine HSCs has been
reported to increase their self-renewal and engraftment potential.30

However, changes in beta-catenin levels were confined to the
cytoplasmic compartment, with no modulation in the nuclear
beta-catenin detection level. Hence, it is unlikely that the greater
UCB-CD34� progenitor engraftment potential following expan-
sion under 2% to 3% O2 conditions is simply due to hypoxia/
integrin-engagement mediated activation of the beta-catenin path-
way, and other factors likely play a role.

In addition to the physical interaction between osteoblasts and
HPCs, soluble factors secreted by the osteoblasts play an important
role in the fate of HPCs. In preconditioned irradiated murine
recipients, osteoblasts increase synthesis and secretion of CXCL12,39

a chemokine important in retention of endogenous HPCs within the
niches,52 and in attracting transplanted HPCs to the BM niche.14,17

In addition, osteoblasts are the primary source of IL-6 and SCF in
the bone endosteum.15,53 We hypothesized that a better representa-
tion of the in vivo preconditioned irradiated BM environment
would be a combination of the OB factors CXCL12, IL-6, and SCF,
and fibronectin. When UCB-CD34� cells were cultured at 2% to
3% O2 in the presence of these OB factors and FN, levels of nuclear
beta-catenin were elevated compared with cells maintained at 20%
O2. This result is highly reminiscent of mechanisms underlying the
regulation of self-renewal of intestinal stem cells where at least 2
signals are also required to promote nuclear beta-catenin localiza-
tion and enhance its activity,54 namely the transient presence of
Noggin combined with the inactivation of Pten, with, as a result,
the activation of AKT. The nuclear localization of beta-catenin in
our system is interesting and surprising as the nuclear translocation
of beta-catenin is reported to result from Wnt proteins binding to
Frizzled receptors.28 Throughout our studies, we omitted the use of
fetal calf or human serum to rule out the interference of other
factors present in serum; instead, we used a serum-substitute
BIT-9500, which to date has not been reported to contain any Wnt
proteins. Wnt proteins may also originate from nonhematopoietic
cells such as fetal liver stroma,55 but none of our current experi-
ments included the use of feeders, thus negating that possible

Figure 6. Surface phenotype of CD34� progenitors after 3-week culture in 2% to
3% versus 20% O2 in osteoblastic-derived factors. CD34� progenitors were
plated on FN-coated plates in the presence of SCF, IL-6, and CXCL12 for 3 weeks,
with half medium changes every 72 hours. (A) A representative phenotype of one
experiment (above) and mean 
 SEM (below) of 3 independent cord blood
experiments comparing 20% (gray) versus 2% to 3% (black) O2. (B) Cells recovered
from the 20% (gray) and 2% to 3% (black) O2 cultures were plated in methylcellulose
medium with complete cytokines, and scored after 12 to 14 days. (C) CFU colonies
were harvested and labeled with antibodies against CD34, GlyA, CD41, and CD61.
FACS plot of representative example is shown (above), as well as mean 
 SEM from
3 independent experiments (below).
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source. Another potential source of Wnt proteins is HPCs them-
selves, which have been shown to secrete Wnt-5a.56 This last
possibility deserves further investigation and might add to our
understanding of how UCB-derived CD34� progenitors engraft in
the bone endosteal environment.

CD34�CD38	 cells, representing the more primitive subpopu-
lation of CD34� cells,57,58 could be readily detected following
7 days and 3 weeks of culture on fibronectin- and the osteoblast-
derived factors CXCL12, SCF, and IL-6 under hypoxic but not
normoxic conditions. The importance of osteoblast-derived factors
was confirmed further in cultures wherein CD34� cells were
cocultured with MG-63 cells, an osteoblast cell line known to
express SCF, IL-6, and CXCL12. It should be noted that the
percentage of CD34�CD38	 was slightly but not significantly
higher when CD34� cells were maintained in the presence of FN
and OB factors compared with the osteoblast cell line. It is possible
that factors secreted by osteoblast cells in vitro yield a lower final
concentration than when purified OB factors are added to the
cultures, or are less efficient than recombinant exogenous factors
until activated. For instance, SCF has been shown to be synthesized
as a membrane-bound isoform and requires appropriate cleavage to
exert maximal activity.59 Nevertheless, in general the effect of
culture under hypoxia on FN with OB factors was highly similar to
culture on the osteoblast cell line.

When cells from 3-week-old cultures were replated in standard
14-day CFU assays, significantly more CFU-GEMMs were de-
tected in progeny of 2% to 3% than 20% O2 cultures. FACS
analysis of the secondary colonies demonstrated significantly more
glycophorin A–positive erythroid cells, and CD41� and CD61�

megakaryocyte cells in progeny of hypoxic cultures with OB
factors and on fibronectin. In earlier studies where UCB cells were
cultured under 5% O2, the concentration found in umbilical cord,
greater numbers of BFU-Es and CFU-GEMMs were also noted, in
comparison with controls maintained under 20% O2.40 Further-

more, low oxygen culture has been shown to be favorable for
maintenance of erythroid progenitors as well as megakaryocyte
progenitors.60,61

We therefore conclude that although the 2% to 3% O2 in the BM
endosteum might be stress-inducing to UCB cells that originate
from a more highly oxygenated ambience, the other BM microenvi-
ronmental components (ie, adhesion ligands and osteoblast-derived
factors) can make the BM endosteum into a permissive environ-
ment for UCB-HPCs, maintaining both survival and possible
self-renewal and multilineage differentiation properties.
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