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GSK3p regulates physiological migration
of stem/progenitor cells
via cytoskeletal rearrangement
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Department of Immunology and 2Flow Cytometry Unit, Department of Biological Services, Weizmann Institute of Science, Rehovot, Israel.
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Regulation of hematopoietic stem and progenitor cell (HSPC) steady-state egress from the bone marrow (BM)
to the circulation is poorly understood. While glycogen synthase kinase-33 (GSK3p) is known to participate in
HSPC proliferation, we revealed an unexpected role in the preferential regulation of CXCL12-induced migra-
tion and steady-state egress of murine HSPCs, including long-term repopulating HSCs, over mature leuko-
cytes. HSPC egress, regulated by circadian rhythms of CXCL12 and CXCR4 levels, correlated with dynamic
expression of GSK3[ in the BM. Nevertheless, GSK3[ signaling was CXCL12/CXCR4 independent, suggesting
that synchronization of both pathways is required for HSPC motility. Chemotaxis of HSPCs expressing higher
levels of GSK3( compared with mature cells was selectively enhanced by stem cell factor-induced activation of
GSK3p. Moreover, HSPC motility was regulated by norepinephrine and insulin-like growth factor-1 (IGF-1),
which increased or reduced, respectively, GSK3[3 expression in BM HSPCs and their subsequent egress. Mech-
anistically, GSK3[ signaling promoted preferential HSPC migration by regulating actin rearrangement and
microtubuli turnover, including CXCL12-induced actin polarization and polymerization. Our study identifies
a previously unknown role for GSK3f in physiological HSPC motility, dictating an active, rather than a pas-

sive, nature for homeostatic egress from the BM reservoir to the blood circulation.

Introduction

Apart from self-renewal, another hallmark of hematopoietic
stem cells (HSCs) is their motility, characterized by the ability to
migrate in response to chemotactic cues and to be recruited to
target tissues, where they undergo proliferation and differentia-
tion upon demand (1). In a steady state, low levels of HSPCs are
constantly circulating as part of homeostasis, whereas in stress
situations, HSPCs are recruited in high numbers from the bone
marrow (BM) into the circulation as part of host defense and
repair mechanisms (2). Glycogen synthase kinase-38 (GSK3) is
a well-established negative regulator of the Wnt/B-catenin path-
way, implicated in self-renewal and development of human and
murine HSCs (3-11). In addition to proliferation, GSK3 has
been shown to be involved in the motility of various cells, includ-
ing microglia, epidermal stem cells, human mast cells, and breast
cancer cells (12-16), but its effect on the motility of immature
hematopoietic cells has not been addressed. On the other hand,
the chemokine CXCL12 (also termed stromal-derived factor-1,
referred to herein as SDF-1) and its major receptor CXCR4 have
well-characterized roles in directional motility and quiescence
of human and murine HSPCs (17-20). Of note, the migratory
potential of human CD34* HSPCs toward a gradient of CXCL12
in vitro correlates with the hematopoietic recovery following clin-
ical autologous transplantations (21). Furthermore, it has been
demonstrated that day and night circadian fluctuations in cir-
culating murine HSPCs reversely correlate with oscillations of
CXCL12 levels in the BM, both of which are controlled by the
sympathetic nervous system (22). We hypothesize that physiolog-
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ical egress of HSPCs is regulated by cell-intrinsic mechanisms of
migration that require cooperation with extrinsic factors, such
as CXCL12 and norepinephrine (NE). Rapid mobilization of
HSPCs is observed following administration of AMD3100, which
competes with CXCL12 binding to CXCR4, or in vivo stimula-
tion of adrenergic receptors with NE (23, 24). Catecholamines
by themselves directly augment the motility of human HSPCs
(25). Interestingly, cKit (also termed CD117), which serves as a
marker for HSPCs, and its ligand SCF (also termed Kit ligand), are
involved in human and murine HSPC motility (26-30), pointing
to a signaling pathway that uniquely regulates the migration of
immature hematopoietic cells over mature leukocytes. Moreover,
mutant mice with low serum levels of IGF-1 exhibit markedly
increased numbers of circulating HSPCs with normal numbers
of mature white blood cells (WBCs) (31), pointing to another
mechanism by which the egress of immature hematopoietic cells
is preferentially regulated. Since SCF and IGF-1 are involved in
HSPC self-renewal and proliferation (32-35), as GSK3§ is, we
wondered whether they also regulate HSPC motility via GSK3f.
All the mechanisms by which a cell moves involve control over
its cytoskeletal dynamics. CXCL12 stimulation has been shown
to induce actin polymerization and cell polarization in HSPCs
within minutes (36), and it triggers various signaling pathways
that are involved in cytoskeletal rearrangement (37, 38). Turn-
over of the microtubuli (MT) network is also essential for the
directional migration of HSPCs (39). In this study, we revealed an
unexpected role of GSK3f signaling in preferentially promoting
directional murine HSPC migration via actin and MT rearrange-
ment. GSK3P activity was not directly triggered by the CXCL12/
CXCR4 axis, but rather the synchronization of both was required
for directional HSPC migration. Strikingly, we found that GSK3f3
Number 4 1705

Volume 123 April 2013



research article

expression in BM HSPCs and the correspondingly physiological
egress rates of HSPCs were regulated by circadian rhythms, as well
as by NE stimulation and IGF-1 and SCF/cKit signaling. Addi-
tionally, we demonstrate that the egress of long-term repopulat-
ing (LTR) HSCs, which were defined by LTR assays, is also regu-
lated by cell-autonomous GSK3f-mediated signaling. Based on
our observations, we suggest that GSK3f promotes steady-state
egress of HSPCs from the BM reservoir to the circulation by con-
trolling the migratory machinery.

Results
GSK3p expression in HSPCs correlates with their physiological egress rates
and is regulated by adrenergic signals. Circulating levels of HSPCs are
guided by circadian rhythms (22, 40). Although recent evidence
suggests that circadian regulation of CXCL12 and CXCR4 levels
affects the steady-state egress rates of HSPCs, we were looking for
an additional signaling pathway that potentiates HSPC motility
as part of this homeostatic regulation. Focusing on GSK30, we
detected several-fold higher expression in immature hemato-
poietic cells, including phenotypic (CD34 Lin-Sca-1*cKit*,
referred to herein as CD34-LSK) HSCs, as compared with mature
Lin® BM cells (Figure 1A and Supplemental Figure 1A; supple-
mental material available online with this article; doi:10.1172/
JCI164149DS1). Strikingly, GSK3f expression in the murine BM
(Figure 1B), including both the whole population and HSPCs,
was found to be correlated with the circulating levels of WBCs
and HSPCs (Figure 1, C and D). The highest expression of GSK3[3
was observed during the peak egress at zeitgeber time (ZT)
5 hours after initiation of light (ZT5), whereas the lowest expres-
sion of GSK3P was observed during the low point of egress at ZT
1 hour after initiation of darkness (ZT13) (Figure 1, B-D, and
Supplemental Figure 1B). The levels of pY216-GSK3 (i.e., the
active Tyr216-phosphorylation site) expressed in BM HSPCs cor-
related with the changes in total GSK3p levels, whereas the levels
of pS9-GSK3p (i.e., the inactive Ser9-phosphorylation site) were
unaltered (Supplemental Figure 2A), reflecting dynamic GSK3f3
activity that correlated with HSPC egress. Since circadian regula-
tion of HSPC egress and acute recruitment of HSPCs to the cir-
culation are controlled by signals from the sympathetic nervous
system (22, 41, 42), we examined the involvement of GSK3f in
the mobilization induced by in vivo stimulation of 2-adrenergic
receptors. Confirming our previous data (24), the administration
of NE induced mobilization of HSPCs within 1 hour (Figure 1F).
Milder but significant effects were observed for circulating WBC
levels (Figure 1E). In line with our hypothesis, GSK3[ expression
was preferentially elevated in BM HSPCs upon adrenergic stimu-
lation with NE, correlating with enhanced HSPC egress (Figure
1G). The elevation of GSK3p expression was higher in the more
primitive cells. The expression of pY216-GSK3f was increased as
well, while pS9-GSK3f expression was unaltered in BM HSPCs
(Supplemental Figure 2B). Notably, these changes in GSK3f
expression were observed as soon as 20 minutes after adrenergic
stimulation with NE, but not after 1 hour, when the effect on
HSPC egress is at its peak, suggesting that dynamic changes in
GSK3p expression precede changes in HSPC egress. Furthermore,
BM HSPCs that were obtained from NE-treated mice demon-
strated increased in vitro migration toward CXCL12 compared
with their PBS-treated counterparts (Figure 1H). Taken together,
GSK3p expression in BM HSPCs correlated with their egress rates
and directional migratory potential.
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GSK3B is preferentially involved in HSPC motility. In order to inves-
tigate the direct effects of GSK3f on HSPC motility, we utilized
a selective GSK3f inhibitor designated as BIO-A (see Methods).
BM mononuclear cells (MNCs) were pretreated with BIO-A prior
to subjecting them to in vitro migration, spontaneous migration,
or migration toward CXCL12. Inhibition of GSK3f had no sig-
nificant effect on their spontaneous or directional migration (Fig-
ure 2A). Nevertheless, since the aim is to specifically evaluate the
motility of HSPCs rather than mature leukocytes, we examined the
migratory capacity of HSPCs, including CFU cells, Lin-cKit* (LK)
cells, and phenotypic HSCs. Remarkably, inhibition of GSK3f in
HSPCs selectively reduced their CXCL12-induced migration (Fig-
ure 2, B and C). Of note, we observed no motility-independent
effect on the colony-forming capacity of BM cells by short pre-
treatment with BIO-A (data not shown), excluding the reduction
in CFU cell numbers due to diminished proliferation or differen-
tiation. Of importance, GSK3 was not activated in response to
CXCL12, as indicated by unaltered pS9-GSK3 and pY216-GSK3f
levels (Supplemental Figure 2C). In addition, CXCR4 levels were
unaltered following pretreatment with BIO-A (Figure 2D), imply-
ing a CXCL12/CXCR4-independent motility mechanism for
HSPCs. Next, we evaluated the effects of GSK3f inhibition on
HSPC motility in vivo. As soon as 1 hour after administration of
BIO-A, the numbers of circulating HSPCs were markedly decreased
(Figure 2, F and G, and Supplemental Figure 3A), with a nonsig-
nificant effect on circulating mature WBCs (Figure 2E). In order
to rule out possible toxic or proliferative effects as the cause for the
reduction in circulating HSPCs, BM HSPC levels were examined
and found to be unaffected by in vivo GSK3f inhibition (Supple-
mental Figure 4, A and B). To further strengthen our hypothesis
with regard to the role of GSK3f in physiological HSPC egress, we
used LTR assays to evaluate functional LTR HSCs in the peripheral
blood (PB) of mice treated or not with BIO-A. Indeed, BIO-A treat-
ment in donor mice led to a significant decrease of approximately
80% in their circulating LTR HSCs (Figure 2H and Supplemental
Figure 3B). Another assay by which migratory potential is evalu-
ated in vivo is the homing assay. BM MNCs were pretreated with
BIO-A prior to transplantation in lethally irradiated NOD/SCID
mice. The enumeration of donor HSPCs revealed that GSK3f inhi-
bition impaired their homing capacity to the BM in recipient mice
(Figure 3A). Since GSK3p was found to be associated with NE-in-
duced mobilization of HSPCs (Figure 1, E-G), mice were treated
with BIO-A prior to NE stimulation, demonstrating that GSK3f
inhibition could block NE-induced mobilization of HSPCs (Fig-
ure 3, B and C, and Supplemental Figure 3A). In conclusion, these
results suggest that both GSK3f activity and CXCL12/CXCR4
cooperate to mediate directional HSPC motility. Moreover, this
mechanism is preferentially used by immature and primitive
HSPCs, over mature leukocytes, as manifested by in vitro migra-
tion, steady-state egress, rapid mobilization, and homing capacity.

IGF-1 receptor signaling regulates HSPC motility in a GSK3B-depen-
dent manner. We looked for a cytokine that could affect GSK3f
activity, and since IGF-1 receptor (IGF-1R) signaling has been
shown to inactivate GSK3f (43, 44), we utilized IGF-1 admin-
istration as an approach to inactivate GSK3f in vivo. Confirm-
ing previous observations (34), mice treated with IGF-1 for 7
consecutive days had increased HSPC numbers in the BM and
spleen compared with PBS-treated mice, without affecting cel-
lularity in these organs (data not shown). On the contrary, we
observed a decrease in the numbers of circulating WBCs and
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GSK3p expression in HSPCs correlates with their physiological egress rates and is regulated by adrenergic signals. (A) GSK3[ expression levels in
MFI units were compared between mature and immature BM populations: Lin+ cells, Lin- cells, Lin—cKit* (LK) cells, Lin-Sca-1+cKit+ (LSK) cells, and
CD34-Lin-Sca-1+cKit* (CD34-LSK, i.e., phenotypic HSCs) (n = 4-6). **P < 0.01 compared with Lin* cells, and #P < 0.05 compared with Lin- cells.
(B-D) Mice were sacrificed at ZT5 (5 hours after initiation of light) and ZT13 (1 hour after initiation of darkness). (B) GSK3f expression (fold change)
was determined by flow cytometry in total BM cells, LK cells, LSK cells, and CD34-LSK cells at ZT5 and ZT13 (n = 3-5). PB was obtained to measure
circulating WBCs (C) and LSK cells, indicating HSPCs (D) (n = 6). (E-H) Mice were treated with 10 mg/kg NE or PBS and sacrificed after 1 hour. PB
was then obtained to measure circulating WBCs (E) and LSK cells (F) (n = 5-8). (G) GSK3 expression was determined by flow cytometry in total BM
cells, LK cells, LSK cells, and CD34-LSK cells 20 minutes after administration of NE (n = 4-6). (H) BM MNCs were obtained from PBS- or NE-treated
mice and loaded into transwells. Migration toward 125 ng/ml CXCL12 was assessed for 2 hours. In addition, LK cells were measured among migrating
BM MNCs (n = 3-5). *P < 0.05 and **P < 0.01 compared with control (or between ZT5 and ZT13 time points). Ctrl, control.

HSPCs following IGF-1 administration (Figure 4, A-C). These
observations suggest that IGF-1 enhances HSPC retention in
the BM, limiting their egress to the PB. Notably, GSK3f expres-
sion was downregulated preferentially in BM HSPCs, includ-
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ing phenotypic HSCs, in response to IGF-1 administration,
implying involvement of GSK3f (Figure 4D), without apparent
changes in inactive pS9-GSK3f levels (Supplemental Figure
2D). Reduced steady-state egress does not necessarily indicate
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Figure 2

GSK3p is preferentially involved in HSPC maotility. (A) BM MNCs were pretreated with 1 uM BIO-A (a selective GSK3 inhibitor) or equivalent
DMSO for 1 hour and then loaded into Transwells. Migration was assessed for 2 hours as being either spontaneous or toward 125 ng/ml CXCL12
(n = 8). (B) CXCL12-induced migrating BM MNCs were washed and then seeded into methylicellulose colony assay to measure CFU cells, indi-
cating HSPCs. (C) In addition, LK cells were measured among migrating BM MNCs (n = 3-5) (C), and CD34-LSK cells were measured among
migrating Lin- cells (n = 5-6). (D) Following treatment with 1 uM BIO-A or equivalent DMSO for 1 hour, CXCR4 expression (fold change) was
determined by flow cytometry in total BM and LK cells (n = 3). (E-G) Mice were treated with 0.6 mg/kg BIO-A or equivalent DMSO. After 1 hour,
they were sacrificed and PB was obtained to measure circulating WBCs (E), as well as circulating CFU cells (F) and LSK cells (G) (n = 4). (H)
LTR assay by PB HSCs. Donor mice were treated with 0.6 mg/kg BIO-A or equivalent DMSO, and after 1 hour the PB was collected. Congenic
recipient mice were lethally irradiated (10 Gy) 24 hours prior to transplantation. Each recipient mouse was transplanted with 500 ul of donor PB
along with 200 x 108 host-type competitive BM cells. Donor chimerism in the recipient BM was evaluated 4 months after transplantation (n = 5-6).
*P < 0.05 and **P < 0.01 in comparison with control. NS, nonsignificant.

reduced motility and might result from other non-cell-auton-
omous effects restricting the egress of cells to the circulation.
In order to overcome this bias, BM MNCs were derived from
IGF-1- or PBS-treated mice to evaluate their CXCL12-induced
migration in vitro. Notably, BM MNCs and, more strongly,
HSPCs and phenotypic HSCs that were derived from IGF-1-
treated mice, demonstrated reduced migratory capacity toward
1708
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CXCL12 compared with cells from control mice (Figure 4E),
supporting our hypothesis regarding the direct effects of GSK3f
on cell motility. Surface CXCR4 levels were unaltered on BM
MNCs and HSPCs, suggesting an independence of reduced
chemotaxis to CXCL12 on CXCR4 membrane expression (Fig-
ure 4F). It should be noted that IGF-1 may indirectly regulate
GSK3p in BM HSPCs, as in vitro treatment has no effect (data
Volume 123
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GSKS3p is preferentially involved in HSPC motility (continued). (A) NOD/SCID mice were lethally irradiated (6 Gy) to deplete host BM CFU
cells. Donor BM MNCs were pretreated with 1 uM BIO-A or equivalent DMSO for 1 hour and then transplanted 24 hours after irradiation
(5 x 108 cells per mouse). After 16 hours of homing, BM was obtained and donor CFU cells were evaluated (n = 3-5). (B and C) Mice were
injected twice with 0.6 mg/kg BIO-A or equivalent DMSO, 60 and 30 minutes before administration of 10 mg/kg NE. One hour after NE admin-
istration, mice were sacrificed and PB was obtained to measure circulating WBCs (B) and LSK cells (C) (n = 4). *P < 0.05 compared with

control; #P < 0.05 compared with NE treatment.

not shown). Altogether, we suggest that IGF-1 treatment led to
the downregulation of GSK3f expression, which in turn reduced
HSPC motility and consequently increased HSPC retention in
the BM at the expense of their egress into the circulation. In
order to further evaluate the crosstalk between IGF-1R signaling
and GSK3p, an IGF-1R antagonist (PQ401) was given to mice
and the steady-state egress of WBCs and HSPCs was assessed
after 1 hour. PQ401 was able to enhance WBC and HSPC egress
(Figure 5, A-C, and Supplemental Figure 3C), as opposed to
the effect of prolonged IGF-1 treatment, which reduced the
steady-state egress of WBCs and HSPCs (Figure 4, A-C). To
verify the involvement of GSK3p in this rapid mobilization,
the GSK3f inhibitor BIO-A was coadministered with PQ401.
Indeed, BIO-A abolished PQ401-induced mobilization of WBCs
and HSPCs, supporting the observation that GSK3p acts down-
stream of IGF-1R (Figure 5, A-C). Of note, BM HSPC levels were
also examined and found to be unaffected by PQ401 treatment
(Supplemental Figure 4, A and B). In a similar fashion to the
reduced migratory capacity of BM HSPCs from IGF-1-treated
mice (Figure 4E), HSPCs from the BM of PQ401-treated mice
demonstrated increased migration toward CXCL12 (Figure 5D).
Moreover, the homing capacity of progenitor cells was found
to be increased following PQ401 treatment (Figure SE), further
supporting increased HSPC motility following IGF-1R signaling
inhibition. Both migratory and homing capacities were partially
counteracted by BIO-A cotreatment in vivo (Figure 5, D and E).
In conclusion, our results show that upregulation or downreg-
ulation of GSK3f expression in HSPCs led to augmented or
suppressed directional motility, which is also translated into
enhanced or restricted in vivo egress rates, respectively.

SCF preferentially enbances HSPC motility by activating GSK3p in
HSPCs. We wondered how GSK3p signaling preferentially pro-
motes HSPC motility over mature leukocytes, apart from the
observation that they express higher GSK3p levels. Since cKit is
a common marker for HSPCs (32), and its ligand SCF is involved
in both human and murine HSPC motility (28-30), we investi-
gated a possible crosstalk with GSK3p. Pretreatment with SCF
had no effect on the spontaneous or CXCL12-induced migration
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of BM MNCs, as expected, since the vast majority of BM MNCs
do not express cKit (Figure 6A). On the contrary, the migratory
potential of cKit-expressing HSPCs, including phenotypic HSCs,
toward CXCL12 was increased following pretreatment with SCF
(Figure 6B). Importantly, cotreatment with GSK3f inhibitor
could block this enhanced migratory effect only in HSPCs, reduc-
ing directional migratory potential back to normal levels (Figure
6B). Furthermore, GSK3p expression was specifically increased in
HSPCs, including phenotypic HSCs (Figure 6C), together with
upregulation of pS9-GSK3p and pY216-GSK3p levels (Supple-
mental Figure 2E), indicating increased activity of GSK3p. There
was a positive correlation between the effect of SCF on GSK3f
expression and its effect on migratory potential, as phenotypic
HSCs showed a higher increase in GSK3f expression and migra-
tory potential compared with less primitive HSPCs. Of note,
CXCR4 levels were unaltered in HSPCs following short-term treat-
ment with SCF (Figure 6D). Interestingly, we observed downregu-
lation of SCF in BM sections of IGF-1-treated mice compared with
PBS-treated mice (Figure 6E, see also Figure 4, A-C), suggesting a
possible IGF-1-mediated mechanism that results in GSK3f down-
regulation and consequently lower HSPC motility (Figure 4, D and
E). Taken together, these results suggest that SCF/cKit signaling
uniquely promotes directional migratory potential of HSPCs in a
GSK3f-dependent manner.

GSK3p signaling regulates actin and MT rearrangement in HSPCs.
The findings so far suggest that GSK3f signaling promotes direc-
tional HSPC migration in response to chemotactic stimuli, such
as CXCL12. Thus, it is logical to assume that the downstream
mechanisms involve nongenomic effects, such as regulation of cell
cytoskeletal dynamics. HSPCs quickly polymerize actin filaments in
response to CXCL12 (36), allowing chemotaxis. We therefore exam-
ined whether inhibition of this pathway could abolish this rapid
response. Indeed, inhibition of GSK3f by BIO-A prior to stimula-
tion by CXCL12 reduced the capacity of cKit* HSPCs and pheno-
typic HSCs to polymerize actin (Figure 7, B and C). Of note, GSK3
inhibition had a minor and nonsignificant effect on CXCL12-in-
duced actin polymerization in BM MNCs compared with HSPCs
(Figure 7A), strengthening the concept of a preferential role for a
Number 4 1709
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(n = 4-8). (E) BM MNCs were obtained from PBS or IGF-1 treated mice and loaded into Transwells. Migration toward 125 ng/ml CXCL12 was
assessed for 2 hours. In addition, LK cells were measured among migrating BM MNCs (n = 4-6), and CD34-LSK cells were measured among
migrating Lin- cells (n = 5-7). (F) CXCR4 expression (fold change) was determined by flow cytometry in total BM cells and LK cells (n = 4).

GSK3p signaling pathway in immature cells. Moreover, we tested
actin polarization and formation of protrusions in response to
CXCL12 following inhibition of GSK3p. HSPCs were isolated from
murine BM and were pretreated with GSK3p inhibitor prior to stim-
ulation with CXCL12. We examined the cKit* cell population and
the phenotypic HSCs and found that fewer cells exhibited polar-
ized actin and formation of protrusions (Figure 7, D-F) compared
with CXCL12-only stimulated cells, supporting the observation that
reduced CXCL12-induced actin polymerization occurs upon GSK3f
inhibition. Examples of polarized versus nonpolarized CD34- LSK
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HSCs and CD34*'LSK HSPCs are presented in Figure 7F and Sup-
plemental Figure 5. Since turnover of the MT network is also essen-
tial for cell migration, we hypothesized that GSK3f promotes MT
turnover as well. Acetylation of MT filaments is associated with their
stability (45), thus we evaluated the content of acetylated tubulin
in BM HSPCs and phenotypic HSCs upon GSK3f inhibition. Sut-
prisingly, an increased amount of acetylated tubulin was found in
HSPCs, and an even larger amount in phenotypic HSCs (Figure 8A),
suggesting that the MT filaments were overstabilized in GSK3f-in-
hibited HSPCs. Nocodazole is applied as a depolymerization agent
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Figure 5

IGF-1R antagonist promotes hematopoietic progenitor cell motility in a GSK3p-dependent manner. Mice were treated with 10 mg/kg PQ401
(IGF-1R antagonist) with or without 0.6 mg/kg BIO-A or equivalent DMSO. After 1 hour, they were sacrificed and their PB was obtained to mea-
sure circulating WBCs (A), as well as circulating CFU cells (B) and LSK cells (C) (n = 4-6). (D) BM MNCs were obtained from DMSO/PQ401/
PQ401 plus BIO-A-treated mice and loaded into Transwells. Migration toward 125 ng/ml CXCL12 was assessed for 2 hours. In addition, LK cells
were measured among migrating BM MNCs (n = 6-8). (E) NOD/SCID mice were lethally irradiated (6 Gy) to deplete host BM CFU cells. Donor
BM MNCs were obtained from DMSO/PQ401/PQ401 plus BIO-A-treated mice and then transplanted 24 hours after irradiation (5 x 106 cells
per mouse). After 16 hours of homing, BM was obtained and donor CFU cells were evaluated (n = 5-7).*P < 0.05 and **P < 0.01 compared with

control; #*P < 0.05 and #P < 0.01 compared with PQ401 treatment.

for MT and is able to restore cell migration, in which there isno MT
turnover (39). According to our hypothesis, the GSK3p inhibitor
attenuates MT turnover, resulting in reduced motility and partial
depolymerization of overstabilized MT filaments that would re-
facilitate MT turnover, while full depolymerization of MT filaments
would not. We therefore added nocodazole to BM MNCs prior to
subjecting them to a Transwell migration assay. Indeed, the addition
of nocodazole at a low concentration to GSK3f-inhibited HSPCs
and phenotypic HSCs restored their CXCL12-induced migratory
capacity, whereas the addition of nocodazole at a high concentra-
tion did not (Figure 8, B and C). Nocodazole at these concentrations
had nonsignificant subtle effects over BM MNC migration (data
not shown), once again showing preferential effects on immature
hematopoietic cells. These data suggest that GSK3f signaling pro-
motes directional HSPC migration by controlling the rearrange-
ment of the actin and MT cytoskeleton.

Discussion

Homeostatic egress of HSPCs from the BM to the blood circula-
tion is necessary for surveillance as part of host defense and repair
mechanisms (1, 46). HSPCs constitutively egress and home back
to their BM niches. Furthermore, circulating HSPCs display cir-
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cadian oscillations, which are driven by adrenergic signals from
the sympathetic nervous system (22). This egress is substantially
enhanced during stress conditions or upon clinical administration
of mobilizing agents (2). Accumulating evidence contradicts the
concept of passive release for steady-state egress of HSPCs and
instead supports the notion of highly regulated active and durable
egress. For example, inhibition of sphingosine-1-phosphate recep-
tor 1 (S1P1) (47) or CXCL12/CXCR4 neutralization by antibodies
(24) results in reduced steady-state egress of HSPCs, suggesting
that active signaling is required for homeostatic egress from the
BM to the circulation. Additionally, the mere concept of a circa-
dian molecular clock controlling HSPC egress supports the notion
of highly regulated homeostasis of HSPC trafficking (48). Sev-
eral reports have described a function for GSK3p in cell motility
(13-16), but it has not been determined whether it plays any role
in immature hematopoietic cell motility.

GSK3 signaling promotes HSPC motility. Apart from its role in
HSC self-renewal (3-6), we revealed an unexpected role of GSK3
in preferentially regulating directional motility mechanisms
of murine HSPCs over mature leukocytes, as demonstrated in
the current study by in vitro migration of these HSPCs toward
CXCL12 and their steady-state egress, rapid mobilization, and
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Figure 6

SCF selectively enhances HSPC motility by activating GSK3p in HSPCs. (A-D) Indicated cells were pretreated or not with 100 ng/ml SCF
together with 1 uM BIO-A or equivalent DMSO for 4 hours. (A) BM MNCs were loaded into Transwells. Migration was assessed for 2 hours
as being either spontaneous or toward 125 ng/ml CXCL12 (n = 5-6). (B) In addition, LK cells were measured among migrating BM MNCs

(n = 3—4), and CD34- LSK cells were measured among migrating Lin-

BM cells (n = 8). (C) GSK3p expression (fold change) was determined

by flow cytometry in LK cells (n = 5-6), and in CD34- LSK cells (n = 4-5). (D) CXCR4 expression (fold change) was determined by flow cytom-
etry in LK cells (n = 6). (E) Immunohistochemistry for SCF (brown) in the BM after administration of PBS or IGF-1 for 7 consecutive days.
Representative images are shown from 3 independent experiments. Original magnification, x600. Arrows point to SCF-expressing cells. BV,
blood vessel or sinusoid. *P < 0.05 compared with control; #P < 0.05 compared with SCF treatment; **P < 0.01 compared with control; and

#P < 0.01 compared with SCF treatment.

homing (summarized in Figure 9). It was also demonstrated that
the physiological egress of functional LTR HSCs is controlled by
GSK3p activity. However, since we did not perform an analysis
of multilineage donor cell repopulation, we cannot exclude the
possibility that GSK3f inhibition caused skewing of the donor
HSC repopulating capacity. Our findings suggest that GSK3 sig-
naling in a synchronized fashion with the CXCL12/CXCR4 axis
allows directional migration of HSPCs, which is also manifested
in their physiological egress. CXCL12 stimulation by itself did
not activate GSK3f, and GSK3f inhibition did not alter CXCR4
expression. GSK3p activity, therefore, increases the sensitivity
of immature cells to chemotactic cues (i.e., CXCL12) without
affecting or being directly affected by CXCL12/CXCR4 signaling.
The crosstalk between GSK3f and CXCR4 pathways therefore
requires further clarification, hinting at a possible convergence
through unknown downstream mediators.
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SCF enhances HSPC migration via GSK3f. Notably, higher GSK3[
expression was seen in immature hematopoietic cells, including
progenitor cells and phenotypic HSCs, an observation that was
also recently supported by others (49), and suggests that HSPCs
would be more sensitive to GSK3 inhibition. The preferential
effect of GSK3p inhibition on immature versus mature hemato-
poietic cells is intriguing and led us to search for a unique GSK3§-
mediated signaling pathway involved in the motility of immature
hematopoietic cells. In line with reports on enhanced migration
and homing potential following exposure to SCF (28-30) and
the reduced migratory potential of cKit-deficient immature
hematopoietic cells (27), we studied cKit signaling as a potential
upstream regulator of GSK3 activity. Indeed, we observed that
exposure to SCF enhanced the in vitro migration of HSPCs, espe-
cially the more primitive phenotypic HSCs, toward CXCL12 in
a GSK3f-dependent manner. Prolonged in vitro treatment (2-5
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Figure 7

GSKB3p signaling regulates actin rearrangement in HSPCs. (A—C) BM MNCs or Lin- BM cells were pretreated with 1 wM BIO-A or equivalent DMSO for
1 hour and then stimulated with 200 ng/ml CXCL12 for 30 seconds. CXCL12-induced actin polymerization rates were assessed by measuring F-actin
content in fixed/permeabilized cells using phalloidin-FITC and flow cytometry. The percentage difference in actin content between nonstimulated cells
and stimulated cells equals the actin polymerization rate. CXCL12-induced actin polymerization in BM MNCs (A), cKit* cells (B), and CD34- LSK cells
(C) (n=5). (D—F) Isolated cKit* BM cells (D and E) or Lin- cells (F) were pretreated with 1 uM BIO-A or equivalent DMSO for 1 hour and then stimulated
or not with 200 ng/ml CXCL12 for 5 minutes. Actin polarization was assessed in fixed/permeabilized cells using phalloidin-FITC. (D) Quantification of
polarized cKit* BM cells by assessing 20 random fields per sample in 2 independent experiments. (E) Representative images of cKit+ cells are shown.
Actin is shown in green; arrows point to cell protrusions in response to CXCL12 stimuli. Hoechst indicates cell nuclei (blue). Scale bars: 20 um. (F) Rep-
resentative flow cytometry—based single-cell images of CD34- LSK cells as obtained by ImageStream. DMSO: 3 of 3 nonpolarized cells; CXCL12: 2 of
3 polarized cells; BIO-A plus CXCL12: 1 of 3 polarized cells. Asterisks point to cell protrusions in response to CXCL12 stimuli. Original magnification,
x600. *P < 0.05 compared with control; **P < 0.01 compared with control; and ##P < 0.01 compared with CXCL12 stimulation.

days) with SCF also augments the CXCL12-induced migratory
potential of murine and human HSPCs (50, 51). Furthermore,
prolonged SCF treatment of human CD34* HSPCs increases
CXCR4 surface expression, resulting in their enhanced homing
potential toward the BM of recipient NOD/SCID mice (51). Addi-
tionally, W/Wv mice, having defective cKit kinase activity, do not
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mobilize in response to AMD3100 administration and demon-
strate low expression of surface CXCR4 on HSPCs (26). Neverthe-
less, the major difference between these GSK3f pathway findings
(days or constant deficiency) and our findings (hours) is noted
in the CXCR4 expression-dependent effects versus the CXCR4
expression-independent effects, respectively.
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Adrenergic signals control physiological egress of HSPCs via GSK3.
While it is believed that circadian NE levels regulate HSPC egress
rates via regulation of CXCL12 synthesis in the BM and CXCR4
expression (22, 40), our results point to additional CXCL12/
CXCR4-independent regulation of homeostatic HSPC traffick-
ing. We demonstrate that GSK3 expression levels in BM HSPCs
correlate with their circadian egress rates, and stimulation with
the sympathetic nervous system neurotransmitter NE induces
rapid HSPC mobilization in a GSK3p-dependent manner. Inter-
estingly, the elevation in GSK3f expression after NE stimulation
was detected only in HSPCs, and the more primitive the HSPCs,
the higher the GSK3f elevation. This observation implies a yet
unknown mobilization mechanism that is selective for HSPCs.
Mature leukocytes may use other mechanisms for their mobili-
zation, such as protease activation (24) and chemokine release in
addition to CXCL12. Hence, we suggest that circadian adrenergic
signals guide HSPC trafficking via GSK3B-mediated cell-autono-
mous motility mechanisms in addition to non-cell-autonomous
mechanisms (e.g., CXCL12 levels). It has yet to be determined
how GSK3p activity is regulated by circadian rhythms and how it
affects HSPC egress.

IGF-1 signaling controls HSPC motility via GSK3f. We were able
to manipulate GSK3f activity in HSPCs by treating mice with
agonists or antagonists, consequently affecting HSPC egress.
For example, the administration of IGF-1 for 7 consecutive
days, which downregulated GSK3f expression in BM HSPCs,
led to reduced egress due to a diminished migratory potential
toward CXCL12, regardless of CXCR4 expression. Intriguingly,
we observed the downregulation of SCF expression in the BM
following IGF-1 administration, which might suggest thatalack
of SCF lowers HSPC motility in these mice. On the contrary,
administration of the IGF-1R antagonist, which rapidly altered
this homeostatic signaling cascade, resulted in GSK3f-depen-
dent HSPC mobilization due to their increased motility. Higher
migratory and homing capacities were observed following
administration of the IGF-1R antagonist in a GSK3p-depen-
dent manner, further supporting the role for GSK3f upstream
1714

The Journal of Clinical Investigation

http://www.jci.org

IGF-1R signaling in HSPC motility. Since IGF-1 promotes HSPC
expansion (34) and IGF-R blockage may affect HSPC develop-
mental potential (52), IGF-1 signaling has an impact on stem
cell development, apart from its effects on HSPC motility. Thus,
repopulation assays could not be conducted to determine circu-
lating LTR HSC levels following in vivo treatment with IGF-1 or
the IGF-1R antagonist.

GSK3p regulates HSPC motility via cytoskeletal rearrangement. We
observed that CXCL12-induced actin polymerization and polar-
ization, which are integral to cell movement, including movement
of HSPCs (36, 53), are perturbed upon inhibition of GSK3p. Not
only were actin dynamics found to be controlled by GSK3§,
but MT turnover was as well. GSK3f inhibition attenuated MT
turnover, and acceleration of MT turnover by using nocodazole
at a low concentration was able to restore the migratory poten-
tial of GSK3f-inhibited HSPCs. Involvement of MT turnover in
response to CXCL12 has already been shown in human CD34*
HSPCs (39). Of interest, GSK3p, together with CDC42 and APCs,
exert cell polarity and MT reorganization in migrating rat astro-
cytes (54), suggesting that similar mechanisms may occur in
murine HSPCs as well.

Conclusions and future directions. We assume that ongoing steady-
state hematopoiesis requires strict retention of HSPCs in their BM
niches, and that the loss of retention is thus associated with defects
in hematopoiesis. There are few mechanisms, such as inducible
genetic deletions of CXCR4 (19, 55), CXCL12 (20), RAC1, and
CDC42 GTPases (56, 57), that result in increased numbers of
HSPCs in the circulation and reduced repopulation potential. On
the other hand, we demonstrate that FGF-2 or IGF-1 administra-
tion expanded HSPC numbers in the BM (data not shown and refs.
34, 58), and consequently reduced their numbers in the PB. This is
supported by the observation that both treatment with FGF-2 or
IGF-1 and direct GSK3p inhibition trigger HSPC proliferation in
vitro (6,59, 60). Obviously, many signaling molecules are essential
for HSPC motility and development, however, the functional link-
age between HSC retention (i.e., restriction of motility) and self-re-
newal could be an important foundation for future studies. Pro-
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Flow chart shows how GSK3p signaling cooperates with CXCL12/CXCR4 signaling in murine HSPCs by governing their preferential and direc-
tional motility. At ZT5, GSK3p expression is at its peak as is the number of circulating HSPCs, whereas at ZT13, GSK3p expression is at its lowest
point, as is the number of circulating HSPCs. GSK3g inhibition by BIO-A rapidly impairs HSPC steady-state egress and migratory potential. NE
induces rapid mobilization of HSPCs and enhances their motility, demonstrating upregulated GSK3p expression. IGF-1 administration for 1 week
limits the egress of HSPCs and reduces their motility, demonstrating downregulated GSK3p expression. PQ401, which is an IGF-1R antagonist,
induces rapid HSPC mobilization in a GSK3p-dependent manner. In vitro SCF treatment enhances HSPC migratory capacity, demonstrating
upregulated GSK3p expression. GSK3p signaling thereby promotes HSPC motility by controlling the rearrangement of cytoskeletal machinery
(i.e., control over actin and MT dynamics). Short-term denotes hours; long-term denotes days.

moting directional migration by controlling the basic machinery
of the cytoskeleton preferentially in immature cells is intriguing
and suggests that physiological egress and recruitment of HSPCs
from the BM to the PB is simply turned on by cell-autonomous
mechanisms of movement. In our study, the functional links that
connect GSK3p control over actin dynamics and MT turnover are
still undefined and should be explored in future studies. Signaling
that controls cytoskeletal rearrangement eventually terminates at
machinery that directly regulates assembly or disassembly, stabil-
ity, branching, and turnover of actin and MT filaments. In other
words, inhibition of the GSK3p pathway renders a cell (i.e., HSPC)
less motile due to interference with the dynamics of the cytoskel-
eton, thereby directly influencing its migratory potential toward
chemotactic cues such as CXCL12. Deciphering the downstream
and upstream mechanisms by which GSK3p signaling promotes
directional motility of HSPCs will enable the understanding of
how physiological egress and retention of HSPCs are regulated.
These mechanisms may be used to improve clinical mobilization
and transplantation protocols.

Methods

Cells. BM or PB MNCs were separated using Ficoll-Hypaque (Amersham
Biosciences) density gradient centrifugation. All media for culturing cells
were supplemented with 10% heat-inactivated FCS (Biological Industries),
L-glutamine (Biological Industries), and penicillin and streptomycin anti-
biotics (Gibco; Invitrogen), and are thus described as full media unless
otherwise indicated. Primary mouse cells were cultured in full RPMI 1640
(Biological Industries). Lineage-negative BM cells were enriched using a
mouse lineage depletion kit (BD), according to the manufacturer’s instruc-
tions. cKit* BM cells were positively isolated using anti-CD117 microbeads
and midi-MACS LS columns (Miltenyi Biotec).

Mice. C57BL/6 and B6.SJL mice (8-12 weeks) were purchased from Har-
lan. The B6.SJL mice were self-maintained in the facility. Immune-deficient
NOD/SCID mice were bred and maintained under defined flora condi-
tions in individually ventilated (high-efficiency, particle-arresting filtered
air) sterile microisolator cages (Techniplast) at the Weizmann Institute
of Science (Rehovot, Israel) as described (51). Mice were sacrificed by
CO; inhalation. BM cells were obtained by flushing long bones with PBS,
whereas PB was collected from the heart using heparinized syringes.
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Reagents. The selective GSK3f inhibitor (2'Z,3'E)-6-bromoindiru-
bin-3'-acetoxime, BIO-A (Calbiochem) dose for in vitro treatment was
1 uM, and 0.6 mg/kg for in vivo treatment. The IGF-1R antagonist
PQ401 (Sigma-Aldrich) dose for in vivo treatment was 10 mg/kg.
These reagents were dissolved in DMSO. Mouse SCF (Prospec-Tany
TechnoGene) dose for in vitro treatment was 100 ng/ml. The NE
(Sigma-Aldrich) dose for in vivo treatment was 10 mg/kg. In vitro treat-
ments with these reagents were administered for 1 to 4 hours prior to
the assay, whereas in vivo treatments were administered by i.p. injec-
tion and mice were sacrificed between 20 minutes to 2 hours afterward,
depending on the experiment. Human IGF-1 (Reprokine) was given
i.p. at a dose of 5 ug per mouse for 7 consecutive days and mice were
sacrificed approximately 4 hours after the last injection. Nocodazole
(Sigma-Aldrich) was used as a microtubuli depolymerization agent.

Flow cytometry analyses. Phenotypes of murine cells were examined by
immunostaining followed by flow cytometry analysis on FACSCalibur
(BD) or on MacsQuant (Miltenyi Biotec) instruments. A single-cell sus-
pension was prepared in PBS containing 0.01% sodium azide and 1%
FCS. Each staining step was performed at 4°C for 30 minutes. Pheno-
typic HSPCs were identified by staining with FITC-conjugated antibod-
ies indicating the lineage-positive phenotype (anti-CD4, NK, CD8, B220,
CD11b, and GR-1), the PE-conjugated/PE-Cy7-conjugated anti-Sca-1 and
APC-conjugated anti-cKit antibodies (all from Biolegend), and the eFlour
450-conjugated anti-CD34 antibody (eBioscience). Additional primary
antibodies were: PE-conjugated anti-CD45.1 and FITC-conjugated anti-
CD45.2 (eBioscience); rabbit anti-CXCR4 (Torrey Pines Biolabs); rabbit
anti-GSK3 (R&D Systems); rabbit anti-phospho-Ser9-GSK3p (Cell Sig-
naling); mouse anti-phospho-Tyr216-GSK3f (BD), and mouse anti-acet-
ylated tubulin (Sigma-Aldrich). Secondary antibodies were: minimally
cross-reactive R-PE-conjugated donkey anti-rabbit and anti-mouse (Jack-
son ImmunoResearch). Rat anti-CD16/32 antibody (eBioscience) was used
to block endogenous Fc receptors when primary murine antibodies were
used. In order to fix and permeabilize cells for intracellular staining follow-
ing extracellular staining, the Cytofix/Cytoperm kit (BD) was used.

LTR assay. Repopulation was performed with whole blood from donor
C57BL/6 (CD45.2) mice, which were treated with BIO-A or equivalent
DMSO prior to sacrifice. Recipient B6.SJL (CD45.1) mice were lethally
irradiated (10 Gy) 24 hours prior to transplantation. Each recipient mouse
was i.v. injected with 500 ul PB together with 2 x 10% host-type competitive
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total BM cells. Donor chimerism was assessed after 4 months using flow
cytometry to detect the expression of CD45.1/CD45.2 congenic alleles.

Immunobistochemistry. Sterna were fixed (4% paraformaldehyde in PBS for
24 hours), decalcified (10% EDTA at pH 7.5 for 7 to 10 days), and paraffin
embedded. Bone sections underwent de-paraffinization, antigen retrieval,
blocking with 10% horse serum (Vector Laboratories) and immune-labeled
using 5 mg/ml goat anti-mouse SCF antibody (R&D Systems). Immunore-
activity was detected using biotinylated goat-specific secondary antibody
(Dako) followed by an LSAB2 avidin-biotin DAB detection kit (Dako)
according to the manufacturer’s instructions.

CFU assay. Murine PB MNCs (2 x 105/ml) or BM MNCs (103/ml) were
seeded for the progenitor colony assay as described (61). The cells were
plated in 0.9% (wt/vol) methylcellulose (Sigma-Aldrich), 30% (vol/vol) FCS
(Gibco, Invitrogen), 50 ng/ml murine SCF (PeproTech), 5 ng/ml murine
IL-3 (Kirin), 5 ng/ml murine granulocyte-macrophage CSF (GM-CSF;
R&D Systems), and 2 U/ml erythropoietin (Janssen Biotech). Colonies
were scored 7 days after plating according to morphological criteria.

Chemotaxis assay. Chemotaxis experiments were assayed using Costar
Transwells (6.5 mm diameter, 5 um pore; Corning) as previously described
(51). Murine BM MNCs or Lin™ BM cells were treated with BIO-A as indi-
cated above or with equivalent DMSO control for 1 hour prior to the
chemotaxis assay. In indicated experiments, the cells were additionally
treated with nocodazole or equivalent DMSO for 15 minutes. Alterna-
tively, they were treated with 100 ng/ml mouse SCF (ProSpec), with or
without BIO-A for 4 hours. The cells were then loaded onto Transwells
(2 x 105 cells per well). Medium (RPMI supplemented with 10% FCS and
125 ng/ml CXCL12; PeproTech) was placed in the bottom chamber. Migra-
tion was allowed for 2 hours at 37°C and 5% CO,. Migrating cells from the
bottom chambers were applied for cell counting by FACSCalibur.

Chemotaxis assay of HSPCs. In order to evaluate HSPC migration toward
CXCL12, media were collected from the bottom wells (duplicates per sam-
ple), some of which was taken to assess BM MNC/Lin" BM cell migration
by flow cytometry as described above, and some of which was taken to mea-
sure HSPC percentage. Migrating HSPCs were measured by staining for
Lin-cKit* cells or by performing CFU assays. Migrating phenotypic HSCs
were measured by staining for CD34-Lin-Sca-1*cKit* cells. HSPCs were also
measured among treated cells that were not subjected to chemotaxis assay
for evaluation of the HSPC index prior to migration. Th migratory per-
centage of HSPCs = (% BM MNCs or Lin- BM cell migration) x (% HSPCs
among migrating BM MNCs or Lin- BM cells)/(% HSPCs among BM
MNCs or Lin~ BM cells prior to migration).

Immunofluorescence staining for microscope. Cells were immunostained in
a similar fashion to that of flow cytometry, however, they were first fixed
with 2% PFA for 20 minutes. Cells were permeabilized using the Cytofix/
Cytoperm kit (BD) and then stained for intracellular antigens. In the
final step, Hoechst 33342 Molecular Probes (Invitrogen) were used for
nuclear staining. Immunostained cells were placed on coverslips previ-
ously coated with polylysine (Sigma-Aldrich) and then mounted on slides
using immunomount medium (Thermo Scientific). Immunofluorescence
images were acquired using an Olympus BX51 fluorescence microscope
and an Olympus DP71 camera. Images were processed using ImageJ 1.44
software (NIH) and Adobe Photoshop CSS5 (Adobe Systems).

CXCL12-induced actin polymerization and polarization. BM MNCs or iso-
lated Lin-/cKit* BM cells were treated or not with BIO-A for 1 hour and
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then stimulated or not with 200 ng/ml CXCL12 (PeproTech) for 30 sec-
onds (to examine polymerization) or for S minutes (to examine polariza-
tion), while kept at 37°C in a thermo block. The cells were immediately
fixed and either stained or not for additional markers (CD34, Lin mark-
ers, Sca-1, cKit) as indicated in the immunofluorescence methodology.
Phalloidin-FITC (1 ug/ml; Sigma-Aldrich) was used to bind and stain for
F-actin. CXCL12-induced actin polymerization was measured using the
FACSCalibur and calculated as the difference in F-actin content between
CXCL12-stimulated and nonstimulated cells. Polarization and formation
of cell and actin protrusions were observed by fluorescence microscopy as
described in the immunofluorescence methodology or by ImageStream,
as described below.

I'mageStream analysis. Isolated Lin~ BM cells that underwent actin polar-
ization assay as indicated above were collected with the ImageStreamX
(Amnis). Samples were visualized and analyzed for the expression of mark-
ers and proteins with IDEAS 4.0 software (Amnis) (62). Single-stained con-
trol cells were used to compensate for fluorescence intensity between chan-
nel images. Cells were gated for single cells, with the area and aspect ratio
features, and for focused cells, with the gradient RMS features, as described
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Homing assay of hematopoietic progenitor cells. NOD/SCID mice were lethally
irradiated (6 Gy) 24 hours prior to transplantation in order to diminish
host CFU cells. BM MNCs were treated in vitro or obtained from in vivo-
treated mice and then transplanted (5 x 10¢ cells per mouse) into the
recipient NOD/SCID mice. Sixteen hours after injection, BM cells were
harvested from femurs and seeded into semisolid cultures to identify CFU
cells, as described above. Donor CFU cells were equivalent to approxi-
mately 95% of the cultured CFU cells. Homing of hematopoietic progeni-
tor cells is calculated as CFU cells per femur.

Statistics. Significance levels of the data were determined by 2-tailed Stu-
dent’s ¢ tests using Microsoft Excel 2007. P values less than 0.05 were con-
sidered significant. Error bars represent standard error of the mean.
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