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Hematopoietic stem cell (HSC) transplantation therapy is one of the most effective treatments for life-threatening
hematopoietic diseases. Bone marrow (BM) and mobilized peripheral blood are the major sources of HSCs, but
these resources are limited by a paucity of human leukocyte antigen (HLA)-matched donors. Umbilical cord blood
(UCB) is the most promising alternative to obtain HSCs for transplantation therapy. However, UCB transplan-
tation therapy is limited by low numbers of HSCs per unit of UCB. In vitro HSC expansion is believed to be the
most effective and applicable strategy to address this issue. Here we report that a moderate concentration of GSK3
inhibitor promotes HSC expansion by inducing moderate levels of b-catenin activity in HSCs. However, such a
concentration of GSK3 inhibitor also stimulates myeloid cells to produce inflammatory cytokines, which attenuate
HSC expansion by inducing p38 activation. Thus, when unpurified HSCs were used in culture, inhibition of p38-
induced inflammatory cytokine signaling was required to ensure HSC expansion induced by the low concentration
of GSK3 inhibitor. Our study suggests that the combination of a moderate concentration of p38 inhibitor plus a
GSK3 inhibitor synergistically promotes the expansion of both murine BM HSCs and human UCB HSCs.
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Introduction

Hematopoietic stem cell (HSC) transplantation ther-
apy is the most effective treatment for life-threatening

hematopoietic diseases such as bone marrow (BM) failure
and leukemia. It is also a very effective supportive therapy for
many solid tumors when combined with chemotherapy and/
or radiation therapy [1]. Each year, >50,000 patients world-
wide receive HSC transplantation therapy, and many more
patients are waiting for appropriate HSC donors for such
treatment. HSCs isolated from donor BM or mobilized pe-
ripheral blood (mPB) are the major resources for HSC
transplantation therapy, but this is restricted by a lack of fully
matched human leukocyte antigen (HLA) donors [1]. Graft-
versus-host disease (GvHD) and nonrecurrence mortality are
the major problems for HLA partially matched HSC trans-
plantation despite the present availability of more effective
regimens for GvHD prophylaxis [2].

Umbilical cord blood (UCB) is an alternative resource for
HSCs. Compared to HSCs collected from adult donors,

UCB is readily available, absent donor attrition, and rela-
tively less HLA restricted (due to the significantly lower
doses and a more naive repertoire of T cells) [3]. However,
UCB HSC transplantation therapy is limited by the low
number of HSCs per unit of UCB, which results in slow
hematopoietic recovery, increased risk of graft failure, and
defective immune reconstitution [4].

Although HSCs in most UCB units are sufficient to re-
constitute hematopoiesis in a smaller patient (<20 kg body
weight), for larger patients, HSCs equivalent to 2–4 UCB
units are required. Combined transplantation of ‡2 UCBs
failed to solve this problem because it was found that only one
of the UCB units became dominant and contributed to long-
term engraftment. Thus, in vitro HSC expansion is believed to
be the most effective and applicable strategy to address these
hurdles [4–10]. As little as a three- to fivefold expansion of
functional HSCs should be sufficient to make single-unit UCB
transplantation therapy successful for almost all patients.

Significant efforts have been made during the last 50
years. However, since the key factors that promote self-
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renewal and maintain the undifferentiated state of HSCs
have not been sufficiently identified, our ability to expand
HSCs in vitro remains clinically inadequate [4]. Most
culture conditions that have been evaluated in clinical
trials for the expansion of UCB HSCs can only promote
the early recovery of blood cells without significant en-
hancement of long-term hematopoietic reconstitutive ca-
pacity [4,6–10].

Wnt/b-catenin signaling has been identified as a major
driving force for self-renewal in many types of tissue stem
cells, such as intestinal and hair follicle stem cells. Over-
activation of Wnt/b-catenin signaling induces stem cell
expansion in these tissues [11]. However, in HSCs, only
mildly increased Wnt/b-catenin activity (two- to threefold
increase over baseline) enhances self-renewal activity, while
greater than fourfold above baseline levels of Wnt/b-catenin
signaling induces differentiation or apoptosis, resulting in
HSC exhaustion [12,13].

GSK3 is a key negative regulator that represses Wnt/b-
catenin signaling by phosphorylation-triggered b-catenin
degradation. Inactivation of GSK3 induces constitutive ac-
tivation of b-catenin. Two submembers of this family of
enzymes, GSK3a and GSK3b, have been identified in
mammals and share 98% sequence identity within their
catalytic domains. CHIR99021 (CHIR here after) is a well-
known inhibitor of both GSK3a and b. We found that a
moderate concentration of CHIR promotes the expansion of
purified HSCs by inducing a moderate level of b-catenin
activity. However, in cultures of unpurified HSCs, such a
concentration of CHIR also stimulates myeloid cells to
produce inflammatory cytokines, such as IL-1b and TNFa.
These cytokines attenuate HSC activity by stimulating p38.
A moderate concentration of p38 inhibitor is required to
enhance HSC expansion when combined with a moderate
concentration of GSK3 inhibitor.

Materials and Methods

Mice and genotyping

CD45.1+ and CD45.2+ mice were purchased from Shanghai
SLAC Laboratory Animal Co. Ltd. b-cateninflox (exons 2–6;
Stock No. 004152) and Mx1Cre mice were purchased from
the Jackson Laboratory and crossed to generate Mx1Creb-
cateninflox mice. All mice were maintained in a C57BL6/J
background and housed under a 12-h light/dark cycle in mi-
croisolator cages contained within a laminar flow ventilation
system. b-catenin knockout was induced in mice by five in-
jections of polyI:C as described previously [14,15]. NSG mice
were purchased from the Jackson Laboratory. All procedures
were conducted in accordance with the approved guide-
lines provided by the Laboratory Animal Resource Center of
Shanghai Normal University and the National Institutes of
Health guidelines for the care and use of laboratory animals
for research purposes and were approved by the Loyola
University Chicago’s IACUC (AU#513380).

The polymerase chain reaction (PCR) primers used for
the genotyping of experimental mice are as follows: for b-
cateninflox, forward: 5¢-aaggtagagtgatgaaagttgtt and reverse:
5¢-caccatgtcctctgtctattc; for Cre, forward: 5¢-gcggtctggcagt
aaaaactatc and reverse: 5¢-gtgaaacagcattgctgtcactt; and for
internal control, forward: 5¢-ctaggccacagaattgaaagatct and
reverse: 5¢-gtaggtggaaattctagcatcatcc.

Flow cytometry and antibodies for HSC
purification and analysis

Antibodies used in this study were purchased from
eBioscience, Inc. They include anti-murine antibodies: eFluor
450-Lin (including CD3, CD8, Ter119, B220, and Gr1), APC-
c-Kit, PE-Sca1, PE-Cyanine7-CD150, APC eFluor� 780-CD48,
PE-Mac1, APC-Gr1, APC-B220, and FITC-CD3. Anti-human
antibodies: FITC-Lin (including CD3, CD11b, CD11c, CD14,
CD19, CD24, CD56, CD66b, and CD235), PE-CD34, and
APC-CD38.

For murine HSC purification, mononuclear cells (MNCs)
were isolated from BM of mice after red blood cell lysis.
Lin- hematopoietic cells were enriched using the Easy-
Sep� Mouse Hematopoietic Progenitor Cell Isolation Kit
(eBioscience, Inc.). Lin--enriched cells were then stained with
FITC-lineage antibodies (Gr1, CD11b, CD3, B220, CD19,
and Ter119), PE-c-Kit, APC-Sca1, PE-Cyanine7-CD150, and
APC eFluor 780-CD48 surface markers. LSK hematopoietic
stem/progenitor cells (HSPCs) and LSK-CD150+48- HSCs
were purified by FACS using a BD Aria III. For murine HSC
analysis, cultured cells were suspended in FACS buffer
(1 · phosphate-buffered saline supplemented with 2% fetal
bovine serum) at a concentration of 5 · 106 cells/mL and
aliquoted into flow cytometry tubes (100mL per tube) for
indicated antibody staining. Data were collected using a BD
LSR Fortessa cell analyzer or LSR II and analyzed by
FlowJo10.0 software.

Intracellular antibody staining

To analyze the expression and activities of p38, mTor, Jnk,
Erk, and Akt, cultured cells were fixed immediately in 4%
paraformaldehyde for 5 min to protect the epitopes. The cells
were permeabilized with Cytofix/Cytoperm� (BD Bios-
ciences) and stained with antibodies to specifically recognize
pan-p38, p-p38, pan-S6, p-S6, pan-Jnk, p-Jnk, Erk, p-Erk, Akt,
and p-Akt for 1 h on ice. Cells were washed with FACS buffer
and the expression and activation of p38, mTor, Jnk, Erk, and
Akt were measured on a BD LSR Fortessa cell analyzer by
examining the intensity of fluorescent antibody staining.

Quantitative reverse transcription PCR
for gene expression

RNA was isolated from cells using TRIzol reagent
(Invitrogen). Complementary DNAs (cDNAs) were gener-
ated from RNA using SuperScript� III Reverse Transcriptase
(Life Technologies). Levels of messenger RNA (mRNA) for
Axin 2 (Mm00443610_m1), HoxB4 (Mm00657964_m1),
Myc (Mm00487804_m1), and Ccnd1 (Mm00432359_m1)
were examined by quantitative reverse transcription PCR
(qRT-PCR) using TaqMan assay following the instructions
provided by the vendors (Thermo Fisher Scientific). Gapdh
(Mm99999915_g1) was used as a control. The amount of
transcript was determined based on a standard curve spe-
cific for each gene and normalized to the amount of Gapdh
transcript in the same sample.

Murine HSC culture and phenotype analysis

The stem cell culture medium used in this study was
StemSpan� serum-free expansion medium (SFEM; Stem
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Cell Technologies) supplemented with 10mg$mL-1 heparin
(Sigma), 50 ng$mL-1 SCF, 20 ng$mL-1 TPO, and 20 ng$mL-1

Flt3 ligand (eBioscience, Inc.). For purified HSC culture, 200
LSK-CD150+48- HSCs or 1,000 LSK HSPCs from CD45.1+

mice were cultured in 150mL stem cell medium containing
the indicated inhibitors in each well of U-bottom 96-well
plates for 9 days. For MNC culture, 5 · 105 MNCs were
cultured in 1.5 mL stem cell medium containing the indicated
inhibitors in each well of a six-well plate. Cells were cultured
for 9 days with medium change every other day. At the end of
the culture period, total cell numbers were counted, and cells
were stained with indicated antibodies and analyzed or sorted
by flow cytometry.

Competitive hematopoietic reconstitutive assay
and secondary transplantations for functional
analysis of expanded HSCs

To study the functional hematopoietic reconstitutive ca-
pacity of the expanded HSCs, as described above, all cells
from each well were collected separately on day 9 of cul-
turing and suspended into 1 mL of serum-free medium and
mixed with 1 mL of support BM cells (2 · 106/mL) for
competitive hematopoietic reconstitutive (CHR) assay. Cells
from each well were proportionally transplanted into 10
lethally irradiated (10 Gy) recipient mice (CD45.2+), 200mL
per mouse. Therefore, each recipient received expanded
cells from 20 input LSK-CD150+48- HSCs, or 100 input
LSK HSPCs or 5 · 104 input BM MNCs together with
2 · 105 support BM cells. Two hundred freshly isolated
LSK-CD150+48- HSCs, 1,000 freshly isolated LSK HSPCs,
or freshly isolated 5 · 104 BM MNCs were mixed together
with 1 mL of support BM cells (2 · 105/mL) and trans-
planted in parallel as controls.

Long-term engraftment of cultured cells was examined
by detecting CD45.1+ cells in the PB of recipient mice 4
months after transplantation. The multilineage differentia-
tion capacity of the cultured cells was examined by de-
tecting the percentage of Gr1+Mac1+ granulocytes, CD3+ T
cells, and B220+ B cells among CD45.1+ PB MNCs. To
examine the durable engraftment capacity of the cultured
HSCs, secondary transplantation was conducted to evaluate
second engraftment capacity. For each group, BM MNCs
were collected from six of the first recipient mice 4 months
after transplantation, combined, and then transplanted into
lethally irradiated (10 Gy) mice (CD45.2+), 107 MNCs per
recipient. Secondary engraftment capacity of the expanded
HSCs was examined by detecting CD45.1+ cells in the PB of
recipient mice 4 months after transplantation.

Human UCB culturing and transplantation

An IRB protocol for the use of human UCB cells was
approved in advance by Loyola University’s Institutional
Review Board. MNCs of UCB were obtained from the Stem
Cell Bank at the Cardinal Bernardin Cancer Center, Loyola
University Chicago. The UCB samples had been previously
collected and stored under liquid nitrogen. Before use, cells
were thawed at 37�C, and the MNCs were purified by a
Ficoll-Paque gradient. For flow cytometric analysis, MNCs
were cultured in 106/mL StemSpan serum-free medium
supplemented with 50 ng each of human (h) SCF, hTPO,

and hFLT3L at 37�C, 5% CO2 with or without 0.5 mM/mL
CHIR and 0.5 mM/mL SB. Cells were cultured for 12 days
with medium change every third day. At the end of the
culture period, total cell numbers were counted and cells
were stained with indicated antibodies and analyzed or
sorted by flow cytometry.

For in vivo transplantation, 2 · 107 MNCs were seeded at a
density of 106 cells/mL of medium with or without 0.5mM/
mL CHIR and 0.5mM/mL SB. All cells from each well were
collected separately and suspended into 1 mL of serum-free
medium for CHR assay. Cells from each well were equally
transplanted into 10 sublethally radiated (3 Gy) NSG mice,
200mL per mouse. Therefore, each recipient received expanded
cells from 2 · 106 input MNCs. Two million uncultured MNCs
were transplanted in parallel as controls. Long-term en-
graftment of cultured cells was examined by detecting hu-
man CD45+ cells in the PB of recipient mice 4 months after
transplantation. The multilineage differentiation capacity of
the cultured cells was examined by detecting the percentage
of CD33+ granulocytes, CD3+ T cells, and CD19+ B cells in
CD45+ PB MNCs.

Statistical analysis

Data are expressed as mean – standard deviation. One-
way analysis of variance (multiple groups) and Student’s t-
test (two groups) were performed to determine the statistical
significance of differences among and between experimental
groups at a significance level of P < 0.05.

Results

A moderate concentration of GSK3 inhibitor
promotes expansion of purified HSCs in vitro

Inhibition of GSK3 to promote in vitro expansion of HSCs
has been tested but has achieved minimal success, which can
possibly be explained by the high concentration of inhibitor
used in previous studies [16,17]. We predicted that a moderate
concentration of GSK3 inhibitor, which induces a moderate
level of b-catenin activity, may help to promote HSC ex-
pansion. To test such an idea, we first determined the corre-
lation of CHIR concentration with b-catenin activity in HSCs.
To do so, we isolated c-kit+ HSPCs (a mixture of HSCs and
HPCs) from the BM of wild-type (WT) C57Bl57/J mice and
treated them with increasing concentrations of CHIR. Fol-
lowing 3 h of treatment, cells were collected for western
blotting to detect the nonphosphorylated (active) form of b-
catenin (AC-b-catenin).

We found a concentration-dependent b-catenin activation
function, which is stimulated by CHIR (Fig. 1A). To study
whether CHIR induces b-catenin activation in HSCs, we
treated Lin-Sca1+c-kit+ CD48-CD150+ (LSK-150) LT-
HSCs isolated from mouse BM with various concentrations
of CHIR, and then evaluated b-catenin activity after 3 h of
treatment using flow cytometry for AC-b-catenin (Fig. 1B)
and qRT-PCR assay for the expression of b-catenin tar-
get genes, including Axin2, HoxB4, Ccnd1, and c-Myc
(Fig. 1C). We found a CHIR concentration-dependent acti-
vation function for b-catenin in HSCs. Moreover, we de-
termined that, compared with vehicle-treated controls,
0.1 mM CHIR only slightly induced HoxB4 expression but
did not induce Axin2, Myc, and Ccnd1 at all, while 0.5 mM
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CHIR induced a two- to fourfold increase in both Axin 2 and
HoxB4 expressions but not in Ccnd1 and Myc. Significantly
increased expression of all four target genes was detected
when higher concentrations of CHIR were used (Fig. 1C).

To test which concentration of CHIR best enhances HSC
expansion, we sorted LSK-150 (Lin-Sca1+Kit+CD48-CD150+)
HSCs (as described in Supplementary Fig. S1) into a 96-well
plate, 200 cells per well, containing 150mL of stem cell culture

medium [StemSpan serum-free medium supplemented with
50 ng of murine (m) SCF, mTPO, and mFLT3L]. Cells were
incubated at 37�C, 5% CO2 with various concentrations of
CHIR and half medium change every 3 days for 9 days
(Fig. 1D). The percentages and numbers of phenotypic
HSCs were examined by flow cytometry for LSK HSPCs and
LSK-150 HSCs (Supplementary Fig. S1b). We found that the
numbers of both types of cells were significantly increased in

FIG. 1. Determining the optimal concentration of CHIR99021 (CHIR) for HSC expansion. (A) c-Kit+ HSPCs were isolated
from BM of WT mice and treated with increasing concentrations of CHIR for 3 h. b-catenin activity was examined by western
blotting for non-p-b-catenin. (B, C) LSK-CD150+48- HSCs were isolated from BM of WT mice and treated with indicated
concentrations of CHIR for 3 h. b-catenin activity was assessed by FACS for intracellular non-p-b-catenin staining (B) and
Axin 2, HoxB4 cyclin D1, and c-myc expression (C). (D–F) LSK-CD150+48- HSCs were cultured in stem cell medium with
indicated concentrations of CHIR. Two hundred HSCs were sorted for each group by FACS. Cells were cultured for 9 days
with medium change every other day. The percentages and numbers of LSK HSPCs and LSK-CD150+48- HSCs were
examined by FACS (D); functional HSCs were evaluated by CHR assay (E) and serial transplantation (F). In (E, F), freshly
isolated (uncultured) LSK-CD150+48- HSCs were studied as controls. BM cells used for second transplantations in (F) were
mixtures of BM cells collected from all nine recipient mice from the first transplantation in each group in (E). The percentage
of CD45.1+ cells among mixed BM cells was 5.7% for the uncultured group, 19.2% for the 0mM CHIR group, and 67.5%
for the 0.5 mM CHIR group, respectively. Data in (A–D) are representative of three independent experiments. *P < 0.05;
**P < 0.01. BM, bone marrow; CHR, competitive hematopoietic reconstitutive; HSC, hematopoietic stem cell; HSPCs,
hematopoietic stem/progenitor cells; NS, not significant; WT, wild type. Color images are available online.
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the 0.1 and 0.5mM CHIR groups with the greatest increase in
the 0.5mM CHIR group (greater than threefold increase of
LSK-150 HSCs compared with vehicle group), while such
numbers were reduced by further increases in CHIR con-
centration (Fig. 1D). To determine which concentration of
CHIR best promotes the expansion of functional HSCs, we
sorted LSK-150 HSCs (CD45.1+ background) directly into a
96-well plate at 200 cells per well.

Cells were treated with various concentrations of CHIR as
described above. On day 9 of treatment, all cells from each
well were collected and mixed with 2 · 106 freshly isolated
support BM cells (CD45.2+ background). These mixed cells
were equally transplanted into lethally irradiated mice
(CD45.2+ background). Thus, each recipient received cul-
tured cells from exactly 20 input HSCs and 2 · 105 support
BM cells. Two hundred freshly isolated LSK-150 LT-HSCs
(CD45.1+ background) were mixed with 2 · 106 support
BM cells (CD45.2+ background) and were transplanted into
10 recipient mice in parallel as controls (Fig. 1E). The
percentage of donor cells was analyzed 4 months post-
transplantation by examining the percentage of CD45.1+

cells in the PB of recipient mice. Compared with freshly
isolated HSCs, the % of donor cells in the vehicle-treated
group was increased by threefold; such values were further
increased in groups with low-concentration CHIR.

Among all groups, the % of donor cells was highest in
0.5 mM CHIR (11-fold compared with the uncultured group
and 3.5-fold compared with the vehicle-only group) (Fig. 1E).
However, further increases in CHIR concentration resulted

in reduced % of donor cells. In addition, the cultured HSCs
showed a multipotent differentiation ability as demon-
strated by examining the percentages of Gr1+/CD11b+ my-
eloid cells, CD3+ T lymphocytes, and B220+ B lymphocytes
in the CD45.1+ population 4 months post-transplantation
(Supplementary Figs. S2 and S3). Most importantly, HSCs
in the vehicle-treated group only subtly improved hemato-
poietic reconstitution capacity (HRC) in the second trans-
plantation, while a 20-fold increase in secondary HRC was
observed in the 0.5 mM CHIR group compared with the
uncultured group (Fig. 1F). In addition, we found that the
numbers of LSK HSPCs and LSK-150 HSCs were accu-
rately correlated to the % of donor cells in the first trans-
plantation. These data suggest that 0.5 mM CHIR induces a
moderate level of b-catenin activity and promotes the
expansion of durable functional HSCs.

GSK3 inhibitor-induced HSC expansion
is dependent upon b-catenin

To determine whether CHIR-induced HSC expansion is
dependent upon b-catenin, we treated Mx1Cre+b-cateninflox

mice with poly I:C every other day for 5 days to induce b-
catenin deletion. One month following induction, after
verifying b-catenin deletion in HSCs by PCR (Fig. 2A),
LSK-150 HSCs were purified from the BM of b-catenin
knockout mice (b-catenin-/-) and incubated in stem cell
medium with 0.5 mM CHIR as described above. LSK-150
HSCs isolated from WT mice were studied in parallel as

FIG. 2. CHIR-induced HSC expansion is dependent upon b-catenin. (A) c-Kit+ HSPCs were isolated from BM of b-
catenin-/- and WT mice. b-catenin knockout was examined by PCR assay for D-b-catenin. DNA from tail tissue was
collected from the same mice for genotype analysis by PCR for Cre gene and b-cateninfx/fx. (B, C) LSK-CD150+48- HSCs
were isolated from BM of WT and b-catenin-/- mice and cultured in stem cell medium with or without 0.5 mM CHIR. Two
hundred HSCs were sorted in each group by FACS. Cells were cultured for 9 days with medium change every other day.
The percentages and numbers of LSK HSPCs and LSK-CD150+48- HSCs were examined by FACS (B) and functional
HSCs were evaluated by CHR assay (C). Freshly isolated (uncultured) LSK-CD150+48- HSCs were studied as controls.
Data in (B) are representative results of three independent experiments. **P < 0.01. PCR, polymerase chain reaction. Color
images are available online.

1490 LI ET AL.



controls. After 9 days of culturing, we found a significant
expansion of WT HSCs as shown by significantly increased
LSK and LSK-150 populations treated with 0.5 mM CHIR
compared with the vehicle-treated control group (Fig. 2B).
However, both b-catenin-/- LSK HSPCs and LSK-150 LT-
HSCs were comparable between the control group and the
CHIR group (Fig. 2B). In addition, 0.5 mM CHIR did not
induce the expansion of functional b-catenin-/- HSCs as
demonstrated by transplantation assay (Fig. 2C). This sug-
gested that GSK3 inhibitor-induced HSC expansion is de-
pendent upon b-catenin.

GSK3 inhibitor-induced HSC expansion
is attenuated by inflammatory cytokines
in unpurified BM cells

Since significant numbers of HSCs are usually lost dur-
ing the purification procedures, we asked whether we could
expand HSCs in the absence of the purification process. To
do so, we first tested whether 0.5 mM CHIR can still induce a

two- to fourfold increase of Axin 2 and HoxB4 expression in
HSCs when they are mixed with other progenitor cells and/
or mature hematopoietic cells. We treated LSK HSPCs
(Fig. 3A) and BM MNCs (Fig. 3E) with the indicated
concentrations of CHIR for 3 h, followed by purification of
LSK-150 HSCs from the cultured cells by FACS. b-catenin
activity was evaluated by qRT-PCR for b-catenin target
genes. We observed a CHIR concentration-dependent activa-
tion of b-catenin in HSCs regardless of their purification status.

In addition, we detected a consistent 2-4-fold increase in
Axin 2 and HoxB4 expression but without induction of Myc
and Ccnd1 in 0.5 mM CHIR-treated groups (Fig. 3A, B).
Further increased CHIR concentration induced expression of
all 4 target genes. However, compared with the purified
LSK-150 HSC culture (Fig. 1), HSC expansion was atten-
uated in the LSK cell cultures (Fig. 3C, D) and was further
compromised in BM MNC cultures (Fig. 3E, F). In LSK
cultures, *2- and *2.5-fold increases in LSK HSPCs and
LSK-150 HSCs were observed in the 0.5 mM CHIR group
compared with the control group (Fig. 3C, D). The % of

FIG. 3. GSK3 inhibitor-induced HSC expansion is attenuated when unpurified BM cells were used in culture. (A, B) LSK
HSPCs (A) or BM MNCs (B) were cultured for 6 h in stem cell medium with indicated concentrations of CHIR. LSK-
CD150+ HSCs were purified by FACS. b-catenin activity was examined by qRT-PCR for target gene expression. (C–F)
LSK HSPCs (1,000 cells per group) (C, D) or BM MNCs (500,000 cells per group) (E, F) were cultured for 9 days in stem
cell medium with indicated concentrations of CHIR with medium change every other day. The percentages and numbers of
LSK HSPCs and LSK-CD150+48- HSCs were examined by FACS (C); HSPCs were examined by CFU assay (E).
Functional HSCs were evaluated by CHR assay (D, F). *P < 0.05; **P < 0.01. MNCs, mononuclear cells; qRT-PCR,
quantitative reverse transcription polymerase chain reaction. Color images are available online.
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donor cells in the control group was increased by 2.1-fold
compared with the uncultured group, while the % of donor
cells in the 0.5 mM CHIR group was increased by 5.3- and
2.5-fold compared with the uncultured group and the control
group, respectively (Fig. 3D). However, in BM MNC cul-
ture, less than twofold increases in LSK HSPCs and LSK-
150 HSCs were observed in the 0.5mM CHIR-treated group
(Fig. 3E, F), which correlated to a 1.5-fold increase in the %
of donor cells compared with the vehicle-only group (Fig. 3F).
Thus, we concluded that some factors produced by mature
cells repress HSC expansion.

Several inflammatory cytokines, such as TNFa, IL-6, IL-1b,
IFN-a, and IFN-g, have been implicated as negative regu-
lators of HSC self-renewal [18]. To identify which of these
cytokines repress HSC expansion in our culture system, we
compared the cytokine profile in the supernatants of our
cultures using the cytokine 23-Plex assay [19]. We found
that, compared with the supernatant collected from purified
HSC culture, the supernatant from our BM MNC culture
contained significantly higher concentrations of TNFa and
IL-1b, which were further increased in CHIR-treated BM
MNCs (Supplementary Table S1).

To examine whether TNFa and IL-1b repress HSC ex-
pansion in our BM MNC culture, we blocked TNFa and IL-
1b signaling using the anti-TNF antibody and an IL-1
blocker, IL-1RA, respectively. We found that inhibition of
either TNFa or IL-1b signaling failed to restore the HSC
expansion induced by CHIR (data not shown). However,
inhibition of both cytokine signals largely restored HSC ex-
pansion capacity (Fig. 4A and B). Furthermore, the addition
of conditioned medium collected from the BM MNC culture,
recombinant TNFa, or recombinant IL-1b attenuated the
expansion of the purified HSCs (Supplementary Fig. S4).
These data suggested that both TNFa and IL-1b produced by
mature cells repressed HSC expansion in our cultures.

Inflammatory cytokines repress HSC
expansion by inducing p38 signaling

Akt-mTor signaling negatively regulates HSC self-
renewal by inducing proliferation and differentiation [20].
It was reported that genetic inactivation of Gsk3b not only
induces b-catenin activation but also stimulates mTor sig-
naling. Thus, HSCs in Gsk3b-knockout mice are only
transiently expanded, followed by their exhaustion [21]. We
first tested whether CHIR induces mTor signaling in HSCs
in our cultures. We found that a high concentration of CHIR
induces the activation of mTor signaling in HSCs as shown
by an increased p-S6 level, while 0.5 mM CHIR did not do
so, regardless of whether purified or unpurified HSCs were
used (Fig. 5A, B). We also found that a combination of the
mTor inhibitor, rapamycin, plus 0.5 mM CHIR did not en-
hance HSC expansion in MNC culture (Fig. 5C, D), sug-
gesting that the compromised HSC expansion in MNC
culture is not due to the activation of mTor signaling.

To study the downstream pathway that mediates inflam-
matory cytokine signaling, we examined the activities of the
major cytokine signaling pathways, including ERK, JNK,
NF-kB, p38, and JAK-STAT. We found that only p38 was
increased in CHIR-treated BM MNC culture compared with
vehicle-only treatment (Fig. 6A, B). To test whether acti-
vation of p38 compromises HSC expansion in MNC culture,

we added increasing concentrations of the p38 inhibitor
SB203580 (SB hereafter) to the cultures. We found that SB
at ‡0.5 mM can repress p38 activity as demonstrated by a
reduction of p-MK2, the substrate for p38 (Fig. 6C). How-
ever, SB treatment did not alter the levels of TNFa and IL-
1b in the supernatant of the culture (Supplementary Fig. S5),
supporting the idea that p38 is downstream of TNFa and IL-
1b signaling. Consistently, 0.5–1mM SB showed synergistic
effects on HSC expansion when used in combination with
0.5 mM CHIR in MNC culture (Fig. 6D–F). The combina-
tion of 0.5–1mM SB and 0.5 mM CHIR resulted in 3-fold,
2.8-fold, and 3.1-fold expansion of LSK HSPCs, LSK-150
HSCs, and functional HSCs, respectively, when compared
with a 0.5 mM CHIR-only group (Fig. 6D, E). More

FIG. 4. GSK3 inhibitor-induced HSC expansion is atten-
uated in unpurified BM MNCs by inflammatory cytokines.
BM MNCs (300,000 cells in each group) were cultured for
9 days in stem cell medium containing 0.5 mM CHIR with or
without anti-TNF and IL-1RA with medium change every
other day. DMSO-treated cells were studied in parallel as a
control. The percentages and numbers of LSK HSPCs and
LSK-CD150+48- HSCs were examined by FACS (A).
Functional HSCs were evaluated by CHR assay (B). Data in
(A) are representative results from three independent ex-
periments. *P < 0.05; **P < 0.01. DMSO, dimethyl sulfox-
ide. Color images are available online.
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importantly, HSCs in 0.5 mM SB plus 0.5 mM CHIR1 were
able to reconstitute hematopoiesis in secondary transplant
recipients, suggesting an expansion of long-term, durable
HSCs (Fig. 6F). However, any further increase in SB con-
centration repressed HSC expansion (Fig. 6D).

The combination of a low concentration of GSK3
inhibitor and p38 inhibitor promoted the expansion
of human UCB HSCs

To study whether GSK3 inhibitor+p38 inhibitor combi-
nation treatment could also promote the expansion of human
UCB HSCs, we collected MNCs from human UCB and
cultured them in StemSpan serum-free medium supple-
mented with 50 ng each of human (h)SCF, hTPO, and
hFLT3. Equal numbers of MNCs (106) were seeded into
each well of six-well plates. These were treated with 0.5 mM
SB, 0.5 mM CHIR, or both in combination, with splitting and
medium change every 3 days. After 12 days of culturing,
cells were collected for HSC analysis by flow cytometry to
detect Lin-CD34+ HSPCs and Lin-CD34+CD38- HSCs. We
found that HSPC and HSC numbers were only slightly in-
creased in the 0.5 mM CHIR-treated group compared with
the vehicle-only group, while a significant increase in HSPC
and HSC numbers was detected in the SB-treated group
(Fig. 7A, B). The number of HSPCs and HSCs in the com-
bination treatment group was significantly greater than all
other groups (Fig. 7A, B), suggesting a synergistic effect of
both p38 and GSK3 inhibitors in promoting HSC expansion.

To study whether the combination of inhibitors also
promotes functional HSCs, we transplanted the cultured
cells into sublethally irradiated (3 Gy) NSG mice. Each

mouse received cultured cells derived from 106 initial
MNCs (Fig. 7C). An equal number of uncultured MNCs
from the same UCB unit was transplanted as a control.
Compared with uncultured controls, the % of donor cells of
UCB cells in the vehicle-treated group was slightly increased.
p38 inhibitor or GSK3 inhibitor treatment only subtly en-
hanced the % of donor cells of UCB cells. However, the p38+
GSK3 inhibitor combination treatment significantly enhanced
the % of multilineage donor cells by 9- to 11-fold in the first
transplantation (Fig. 7C). In secondary transplantation, only
2/8 recipients of uncultured cells demonstrated low levels of
human hematopoietic cells (0.7% and 1.1%); no HRC were
detected in mice that received vehicle- or individual inhibitor-
treated cells. However, 7/8 of mice that received combined
inhibitor cells showed >1% human hematopoietic cells.

Discussion

Although GSK3 inhibitors had been tested individually
for in vitro HSC expansion, previous studies used relatively
high concentrations of these inhibitors, which almost com-
pletely repressed GSK3 activity [16,22–24]. We found that a
moderate concentration of GSK3 inhibitor is required to
enhance HSC expansion. Such a concentration of GSK3 in-
hibitor only partially represses GSK3 activity and stimulates
a precisely appropriate level of b-catenin activity, resulting
in the regulation of a special slow-cycle type of self-renewal
proliferation in HSCs. However, myeloid cells in the culture
produced inflammatory cytokines, including TNF and IL-1.
The GSK3 inhibitor promotes production of such cytokines,
compromising HSC expansion by stimulating p38 signaling.
Our study suggested that inhibition of inflammatory cytokine-

FIG. 5. Inflammatory cytokines repress GSK3 inhibitor-induced HSC expansion independent of Akt-mTor signaling. (A, B)
BM MNCs were cultured for 2 days in stem cell medium at the indicated CHIR concentrations. DMSO-treated cells were
used as a control. Protein lysates were collected for western blotting for p-S6 (A). LSK HSPCs were sorted and stained with
p-S6 antibodies. mTor activity was examined by FACS for p-S6 (B). (C, D) BM MNCs were cultured for 9 days in stem cell
medium with 0.5 mM CHIR99021 plus indicated concentrations of rapamycin with medium change every other day. The
percentages and numbers of LSK HSPCs and LSK-CD150+48- HSCs were examined by FACS (C) and functional HSCs
were evaluated by CHR assay (A). *P < 0.05. Color images are available online.
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stimulated p38 signaling is required to promote the HSC ex-
pansion induced by a modest concentration of GSK3 inhibitor.

Wnt/b-catenin signaling plays critical roles in both normal
and disease hematopoiesis by regulating HSC self-renewal.
The role of Wnt/b-catenin signaling in the initiation of early
embryonic hematopoiesis has been well documented. In-
activation of Wnt/b-catenin signaling during fetal life leads
to defective HSCs [25–29]. A detailed study has elucidated
that a transient activation of Wnt/b-catenin signaling is essential
for the emergence of HSCs from aorta-gonad-mesonephros
(AGM) endothelial precursors [30]. However, in adult BM
hematopoiesis, there might be a dose-dependent effect of
Wnt/b-catenin signaling on HSC activity. Studies suggested
that a two- to threefold increase in Wnt/b-catenin signaling
enhances HSC expansion, while a further elevated Wnt/b-
catenin signaling will drive HSCs toward myeloid differ-
entiation, T cell differentiation, or apoptosis [13].

Consistent with such a conclusion, we found that 0.5 mM
CHIR promotes HSC expansion when purified HSCs were

used. Such a concentration of CHIR selectively induces a
two- to fourfold increase of expression of b-catenin target
genes Axin2 and HoxB4 in HSCs. However, a further in-
crease in CHIR concentration compromises HSC expansion,
which is correlated with increased expression of other b-
catenin target genes such as Ccnd1 and Myc.

GSK3 is a negative regulator of b-catenin signaling and
plays a pivotal role in HSC homeostasis and self-renewal [21].
Inhibition of GSK-3b activates Wnt/b-catenin signaling and
preserves functional HSCs in long-term culture when cultured
on a BM stromal feeder layer [16]. Pretreatment of in vitro-
expanded HSCs with a GSK3 inhibitor 24 h before trans-
plantation restores Wnt/b-catenin signaling and enhances
HRC [17,22,31]. In vivo administration of GSK-3b inhibitors
improves the early HRC of donor HSCs in recipient mice [32].
However, these studies used a high concentration of GSK3
inhibitor, which not only induces Wnt/b-catenin-mediated
self-renewal signaling but also induces the activation of Akt/
mTOR signaling [21,33]. Akt/mTOR signaling attenuates

FIG. 6. Moderate concentration of GSK3 inhibitor plus p38 inhibitor promotes HSC expansion in MNC culture. (A, B) BM
MNCs were cultured in stem cell medium with 0.5mM CHIR for either 1 or 2 days. DMSO treatment was used as a negative
control. TNFa (50 ng)- plus IL-1b (50 ng)-stimulated BM MNCs (30-min stimulation) were used as positive controls. p38
activity was examined by western blotting for p-p38 levels (A). LSK HSPCs from the culture were then purified by FACS. p38
activity was examined by FACS for p-p38 (B). (C) BM MNCs were cultured for 2 days in stem cell medium containing
0.5mM CHIR with indicated concentrations of SB203580 (SB). p38 activity was examined by western blotting for p-p38
levels. (D–F) BM MNCs were cultured for 9 days in stem cell medium with indicated concentrations of SB plus 0.5mM CHIR
with medium change every other day. The percentages and numbers of LSK HSPCs and LSK-CD150+48- HSCs were
examined by FACS (D) and functional HSCs were evaluated by CHR assay (E) and second transplantation (F). The BM cells
used for the second transplantation in (F) were mixtures of BM cells collected from all nine recipient mice from the first
transplantation in each group in (E). The percentage of CD45.1+ cells among mixed BM cells was 4.9% for the uncultured
group and 56.6% for the CHIR+SB group, respectively. *P < 0.05; **P < 0.01. Color images are available online.
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HSC activity by promoting proliferation and differentiation.
Thus, a high concentration of GSK3 inhibitor might stimulate
only a short-term expansion of HSCs followed by their ex-
haustion. This hypothesis is supported by hematopoietic-
specific GSK3b-/- mouse studies [32,34]. Interestingly, full
inhibition of both GSK3 and mTor signaling preserves HSCs
for at least 7 days in a cytokine- and serum-free medium, but
does not enhance HSC expansion [33].

We found that addition of a moderate concentration of
GSK3 inhibitor in serum-free medium together with he-
matopoietic cytokines promoted the expansion of purified
HSCs for up to 9 days. However, such HSC expansion was
repressed by myeloid cells that produce TNFa and IL-1,
which stimulate p38 signaling. Thus, the use of a GSK3
inhibitor alone promotes the expansion of purified HSCs
over the short term. In long-term culture, due to the pro-
duction of myeloid cells, HSC expansion is attenuated (data
not shown). In addition, because the procedure for HSC
purification is complicated, which increases the risk of con-
tamination and loss of HSCs, it is clinically more practical
to expand HSCs using unpurified MNCs. Our study demon-
strated that blocking TNF/IL-1 signaling or inhibition of p38
signaling should allow us to effectively expand HSCs without
purification when combined with a precise concentration of
GSK3 inhibitor.

p38 signaling is a well-established negative regulator of
HSC self-renewal. It is activated in response to inflammatory

cytokines and oxygen stress, which repress HSC self-renewal
by inducing cell cycle entry, differentiation, apoptosis, and/
or senescence. Inhibition of p38 can largely prevent oxygen
stress-induced HSC exhaustion as shown by Atm-/- and
FoxO3-/- animal studies [35]. Inhibition of p38 may also pro-
mote the expansion of murine and human HSCs in vitro [36,37].

We found that in our serum-free culture system, p38 is
stimulated by inflammatory cytokines produced by myeloid
cells. We also found that a proper concentration of p38
inhibitor is required to facilitate GSK3 inhibitor-induced
HSC expansion in MNC culture by protecting HSCs from
inflammatory cytokine-stimulated stress, while a high con-
centration of p38 inhibitor represses HSC proliferation and
attenuates HSC expansion. In support of this notion, Karigane
et al. recently demonstrated that p38a is required for HSC
cycle entry by regulating purine metabolism. p38a deletion
significantly compromises the long-term hematopoietic re-
constitution capacity of HSCs [38].

The mammalian GSK3 isoforms GSK-3a and GSK-3b
are ubiquitously expressed. Despite their structural redun-
dancy, GSK3a and GSK3b have distinct functional activ-
ities, as shown by knockout studies. Gsk3b-deficient embryos
die in midgestation due to severe liver degeneration, whereas
Gsk3a-/- mice are viable [39]. Hematopoietic-specific
GSK3b-/- mice develop a myelodysplastic syndrome (MDS)
phenotype due to the activation of both b-catenin and mTor
signaling in HSCs. Deletion of GSK3a results in defects in

FIG. 7. Modest concentra-
tion of GSK3 inhibitor plus
p38 inhibitor promotes the
expansion of human UCB
HSCs. MNCs were collected
from 2 U of UCB separately
and were cultured in stem
cell medium with 0.5 mM SB,
0.5 mM CHIR, or a combi-
nation of both for 12 days
with medium change every
3 days. (A, B) The percent-
ages and absolute numbers of
CD34+ and CD34+CD38-

HSCs were determined by
FACS. (C) The LT-HRC of
the cultured cells was ana-
lyzed by CHR assay. UCB,
umbilical cord blood. Color
images are available online.
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mitochondrial metabolism in HSCs. Genetic deletion of both
Gsk3a and Gsk3b leads to aggressive acute myeloid leuke-
mia. CHIR was used in this study because it is an inhibitor of
both Gsk3a and Gsk3b. It will be critical to determine in the
future whether such an inhibitor induces genetic mutations in
HSCs and whether isoform-specific inhibitors can also pro-
mote HSC expansion. Furthermore, in MDS patients, p38 is
constitutively activated in hematopoietic cells, contributing
to increased HSC apoptosis and TNF/IFN-induced hemato-
poietic repression [40–43]. Inhibition of p38 signaling can at
least partially restore normal hematopoiesis in MDS mice
and showed promising treatment effects for MDS patients. It
will be important to determine whether p38 is also activated
in the hematopoietic cells of Gsk3b-/- mice, and if so, whether
it contributes to the observed hematopoietic defects.

In this study, although only the competitive transplanta-
tion assay was used to compare functional HSCs among the
experimental groups, such experiments fully addressed our
questions and hypothesis. In the future, to compare the fre-
quency and fold changes of functional HSCs between the
treatment group and the control group, more detailed limiting
dilutions and competitive assays will be performed.
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