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Although self-renewal is the central property of stem cells, the underlying mechanism remains inadequately
defined. Using a hematopoietic stem and progenitor cell (HSPC)-specific conditional induction line, we generated
a compound genetic model bearing both Pten deletion and b-catenin activation. These double mutant mice
exhibit a novel phenotype, including expansion of phenotypic long-term hematopoietic stem cells (LT-HSCs)
without extensive differentiation. Unexpectedly, constitutive activation of b-catenin alone results in apoptosis of
HSCs. However, together, the Wnt/b-catenin and PTEN/PI3k/Akt pathways interact to drive phenotypic LT-HSC
expansion by inducing proliferation while simultaneously inhibiting apoptosis and blocking differentiation,
demonstrating the necessity of complementary cooperation between the two pathways in promoting self-renewal.
Mechanistically, b-catenin activation reduces multiple differentiation-inducing transcription factors, blocking
differentiation partially through up-regulation of Inhibitor of differentiation 2 (Id2). In double mutants, loss of
Pten enhances the HSC anti-apoptotic factor Mcl-1. All of these contribute in a complementary way to HSC self-
renewal and expansion. While permanent, genetic alteration of both pathways in double mutant mice leads to
expansion of phenotypic HSCs, these HSCs cannot function due to blocked differentiation. We developed
a pharmacological approach to expand normal, functional HSCs in culture using factors that reversibly activate
both Wnt/b-catenin and PI3K/Akt signaling simultaneously. We show for the first time that activation of either
single pathway is insufficient to expand primitive HSCs, but in combination, both pathways drive self-renewal and
expansion of HSCs with long-term functional capacity.
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Self-renewal allows stem cells to replicate throughout an
organism’s life span without losing developmental poten-
tial (Orkin 2000). Preventing differentiation is required for
self-renewal (Ying et al. 2008). Conversely, imposing dif-
ferentiation on proliferating stem cells—or apoptosis for
stem cells that fail to properly differentiate—is critical to
hematopoietic stem cell (HSC) homeostasis and cancer
prevention (Reya et al. 2001). The stem cell pool is not static,
however. During development or in response to acute
stress, stem cells may transiently expand by symmetric
division, where both daughter cells remain undifferenti-

ated stem cells (Morrison and Kimble 2006; Orkin and
Zon 2008).

Wnt signaling is important for self-renewal of stem cells
from multiple tissues (van de Wetering et al. 2002; Reya
et al. 2003; Ying et al. 2008; Blanpain and Fuchs 2009).
However, the role of Wnt/b-catenin signaling in HSCs is
particularly complex and cannot be generalized, leading
to controversy in the field (Malhotra and Kincade 2009).
b-catenin has been reported to be dispensable for HSC
function, with loss of b-catenin and even simultaneous loss
of both b-catenin and its closely related paralog, g-catenin,
failing to affect homeostatic hematopoiesis and repopula-
tion capacity of HSCs from adult mice (Cobas et al. 2004;
Jeannet et al. 2008; Koch et al. 2008). Others have reported
that loss of b-catenin at the embryonic stage—during which
the HSC pool undergoes substantial expansion—impairs
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the long-term growth and maintenance of adult HSCs fol-
lowing transplantation (Zhao et al. 2007). Addition of
Wnt proteins or retroviral expression of constitutively ac-
tive b-catenin has been reported to expand HSCs with at
least short-term functional activity in culture (Murdoch
et al. 2003; Reya et al. 2003; Willert et al. 2003; Baba et al.
2005; Nemeth et al. 2007); however, despite being first
reported more than a decade ago, these methods have not
been translated to the clinic. Similarly, in vivo administra-
tion of a chemical inhibitor of GSK3b, a factor involved in
degradation of b-catenin, improves hematopoietic repopu-
lation and survival of HSC transplant recipients (Trowbridge
et al. 2006). However, genetic disruption of Gsk3 leads to
progressive depletion of HSCs (Huang et al. 2009). In vivo
studies of mice expressing a stabilized, active allele of
b-catenin also resulted in hematopoietic failure and loss
of HSC repopulating activity (Kirstetter et al. 2006; Scheller
et al. 2006). This was proposed to be due to blocked dif-
ferentiation and enforced cell cycle entry, leading to HSC
exhaustion. More recently, the role of Wnt signaling from
the HSC osteoblast niche was examined. Osteoblast-specific
expression of the pan-canonical Wnt signaling inhibitor
Dickkopf1 (Dkk1) inhibited Wnt signaling in HSCs in vivo
and surprisingly resulted in increased cell cycling and
progressive loss of repopulation capacity. This indicated
that Wnt signaling from the niche serves to enforce HSC
quiescence and thereby preserve long-term functional
potential (Fleming et al. 2008). It is notable, however, that
Dkk1 transgenic mice exhibited significantly reduced
trabecular bone volume—an area enriched in the HSC
niche—which raises the possibility of additional effects
beyond Wnt signaling (Li et al. 2006; Fleming et al. 2008). It
seems that Wnt signaling yields complex, dose-dependent
effects that are highly influenced by physiological context
(Fleming et al. 2008; Malhotra and Kincade 2009). Overall,
the role of Wnt/b-catenin signaling in HSC self-renewal
continues to be unclear, and much remains to be learned
from this critical signaling pathway regarding self-renewal.

The importance of maintaining rare, relatively quiescent
HSCs has been illustrated in mice with conditional deletion
of the tumor suppressor PTEN (Rossi and Weissman 2006;
Yilmaz et al. 2006; J Zhang et al. 2006). PTEN’s main
function is to negatively regulate the PI3K–Akt pathway.
Loss of PTEN results in overactive Akt, which induces
proliferation and promotes survival by inhibiting apoptosis
(Datta et al. 1997; Salmena et al. 2008). Mx1-Cre-mediated
conditional loss of Pten results in proliferation and mobi-
lization of HSCs from bone marrow (BM), followed by
transient expansion in the spleen, but ultimately leads to
HSC depletion. PTEN-deficient mice die of myeloprolifer-
ative disorder (MPD) or its progression to leukemia (Yilmaz
et al. 2006; J Zhang et al. 2006; Guo et al. 2008).

Using an animal model that allows hematopoietic stem
and progenitor cell (HSPC)-specific conditional deletion
and also avoids the HSC-stimulating effects of interferon
(INF) induction (Gothert et al. 2005), we studied the effects
of Pten deletion combined with activation of b-catenin.
Although self-renewal is frequently discussed as if it were
a discrete phenomenon, it can be broken down into a
combination of three phenomena: (1) proliferation, (2)

inhibition of apoptosis, and (3) inhibition of differentia-
tion (Zhang and Li 2005). However, for normal, long-term
homeostasis, these phenomena involve compromises that
must be balanced (Scadden 2006).

Phenotypic HSCs from double mutant mice combining
loss of PTEN with activated b-catenin exhibit permanent
impairment of differentiation that prevents their ability
to function. However, informed by our genetic model, we
used a pharmacological approach to activate both the PI3K/
Akt and Wnt/b-catenin signaling pathways to expand nor-
mal, functional long-term HSCs (LT-HSCs) in culture. This
culture method is dependent on stimulation of the PI3K/
Akt pathway and additional activation of Wnt/b-catenin
signaling via small molecule inhibition of GSK3b, which
results in ex vivo expansion of functional LT-HSCs in
particular—an effect apparent only after serial, long-term
transplantation. We show that activation of either single
pathway is not sufficient for LT-HSC self-renewal; rather,
both pathways contribute cooperative effects to self-renewal,
revealing a new mechanism for driving HSC expansion.
Our ex vivo HSC expansion protocol achieves long-term
engraftment equivalent to a 100-fold greater dosage of un-
cultured HSCs, even in three-generation, serial transplant
recipients. Using serum-free medium with low doses of cy-
tokines but without using feeder cell layers or permanent
genetic manipulation, our protocol is ideal for potential
translation into the clinic.

Results

In vivo expansion of phenotypic HSCs
in double mutants

We generated a mouse model combining conditional Pten
deletion (Lesche et al. 2002) with conditional constitutive
activation of b-catenin (b-catAct) (Ctnnb1tm1Mmt) (Harada
et al. 1999). In the tissue-nonspecific induction system
(Mx1-Cre), double mutants exhibited severe defects in mul-
tiple tissues that made it impossible to complete long-term
studies specifically in the hematopoietic system (data not
shown). Consequently, we used tamoxifen-inducible HSC-
SCL-Cre-ERT (hereafter referred to as Scl-Cre), which al-
lowed us to study effects initiated primarily from HSPCs
(Gothert et al. 2005). We observed only modest changes in
the hematopoietic system of single and double mutants
relative to control at 10 d post-induction (dpi) as well as
4 wk post-induction (wpi) (data not shown). However, at
6 wpi, double mutants exhibited a novel phenotype. HSCs
in mice are highly enriched in LSK cells (lineage-negative,
Sca-1+, Kit+), with long-term repopulating HSCs spec-
ified in the CD34� Flk2� fraction of LSK cells (Osawa
et al. 1996; Christensen and Weissman 2001; Purton and
Scadden 2007). The frequency of LSK cells significantly
increased in both BM and especially the spleen. However,
the frequency of more mature progenitor cells (lineage-
negative, Sca-1�, Kit+ cells) decreased in both BM and
the spleen in double mutants, indicating a failure of
myeloid differentiation (Fig. 1A,B). Interestingly, within
the LSK population, double mutants exhibited a higher
frequency of both Flk2� and CD34� cells than did
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control or either single mutant (Fig. 1C,D). In addition
to frequency, the absolute number of LSK CD34� cells
was also significantly increased in both BM and the
spleen of double mutants compared with both control
and single mutants (Fig. 1E). Despite the substantial
increase in phenotypic HSCs, further characterization
of early myeloid progenitors showed that both the
frequency and absolute number of common myeloid
progenitors (CMPs), megakaryocyte–erythroid progen-
itors (MEPs), and granulocyte–monocyte progenitors
(GMPs) were significantly reduced in double mutants;
however, the frequency and absolute number of com-
mon lymphoid progenitors (CLPs) was neither increased
nor deceased (Fig. 2A,B; Kondo et al. 1997; Akashi et al.
2000). These data demonstrate that phenotypic HSCs
are substantially expanded in double mutants compared
with control and single mutants. Furthermore, this
expansion is coupled with reduced differentiation of
CMPs, MEPs, and GMPs but without significant corre-
sponding increases in early lymphoid differentiation.

By 6 wpi, approximately one-half of double mutants began
to develop leukemia with substantial blast cell (CD45High)
populations (Borowitz et al. 1993). By 10–11 wpi, all dou-
ble mutants had severe T-cell acute lymphocytic leuke-
mia (T-ALL) and required euthanasia (data not shown).
These leukemic mice were excluded from the analyses
presented in Figures 1 and 2.

Transplanted double mutant LSK Flk2� cells
are maintained as phenotypic HSCs in vivo

We bred control, single mutants, and double mutants with
the Z/EG reporter line in order to trace cells that had
undergone Cre-mediated excision of their floxed alleles
(Novak et al. 2000). This reporter system activates ex-
pression of enhanced green fluorescent protein (EGFP) upon
Cre-mediated excision. One-thousand sorted LSK Flk2� cells
from control, single mutant, and double mutant Z/EG mice
(CD45.2+) were transplanted along with 2 3 105 compet-
itor (CD45.1+) BM cells into lethally irradiated CD45.1+

recipients. Due to the declining health of mice trans-
planted with double mutant LSK Flk2� cells, we sacrificed
recipients at 9 wpi (Fig. 3A). Given the impaired myeloid
differentiation and accumulation of phenotypic HSCs in
double mutants, we tested whether mutant LSK Flk2� cells
were maintained in recipient mice. We gated LSK Flk2� cells
in each recipient group and observed GFP expression in
this subpopulation. Mice transplanted with wild-type
Scl-Cre+ Z/EG donor LSK Flk2� cells maintained 43% 6

5.4% EGFP+ LSK Flk2� cells. However, Pten-Z/EG trans-
plant recipients maintained only a minor portion of LSK
Flk2� cells that were EGFP+ (8.6% 6 2.1%), demonstrating
that some Pten mutant LSK Flk2� cells remained even
after 9–10 wpi. Considering the high frequencies of
total donor-derived cells in Pten transplant recipients

Figure 1. In vivo expansion of double mu-
tant phenotypic HSCs. (A,B) FACS (fluores-
cence activated cell sorting) diagrams
(pregated for lineage-negative [Lin�] cells)
of LSK cells (right blue box) and myeloid
progenitors (left blue box) in control, single
mutant, and double mutant BM and spleen
as indicated at 6 wpi. Mean frequencies are
based on total cell number 6 SD. (C,D)
Frequency of Flk2� and CD34� cells within
the LSK population in control, single mu-
tants, and double mutants at 6 wpi. (E)
Absolute number of LSK CD34� cells in
control, single mutant, and double mutant
BM (tibia + femur) and spleen at 6 wpi.
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(88% 6 4%), we determined that most Pten mutant LSK
Flk2� cells had differentiated. In contrast, recipients of
b-catAct-Z/EG LSK Flk2� cells had essentially no donor-
derived (EGFP+) LSK Flk2� cells (1.6% 6 0.9%). How-
ever, almost all LSK Flk2� cells from Pten:b-catAct-Z/EG
transplant recipients were EGFP+ (90.0% 6 4.0%) (Fig. 3B).
These data demonstrate that, while b-catAct mutant phe-
notypic HSCs are not maintained and Pten mutant
phenotypic HSCs mainly differentiate, double mutant
phenotypic HSCs, in contrast, are maintained in vivo in
their undifferentiated state.

Contribution of each pathway to phenotypic
HSC expansion

Previous studies using Mx1-Cre-mediated activation of
b-catenin revealed a transient accumulation of pheno-
typic HSCs with functional failure (Kirstetter et al. 2006;
Scheller et al. 2006). Using the HSPC-specific Scl-Cre sys-
tem, which avoids stimulation with INF, we found that
b-catAct single mutants exhibited a reduced frequency of
LSK cells in BM at 6 wpi (Fig. 1A); however, we did not
observe any long-term defects in b-catAct single mutants.
Genotyping revealed that, although activated b-catenin
(DExon3) was present in whole BM at 2 wpi, the active
allele was not present at 16 wpi (Fig. 3C). To determine de-
letion efficiency in HSCs, we genotyped colonies derived
from individual LSK CD34� cells (see the Materials and
Methods). We found that Pten was deleted with high ef-
ficiency in both Pten single and double mutants; however,
although the b-catAct allele was also present in all double
mutant LSK CD34� cells tested, no LSK CD34� cells from

b-catAct mutants contained the activated (DExon3) allele
at 12 dpi (Fig. 3D; Supplemental Fig. 1A,B). These results
further demonstrate that b-catAct single mutant HSCs
were not maintained in vivo. Analysis of mature lineages
in BM at 12 dpi revealed that the b-catAct allele was
abundantly present in T cells and erythroid cells but was

Figure 3. Maintenance of transplanted double mutant pheno-
typic HSCs in vivo. (A) Experiment design. Recipients were
transplanted with 1000 LSK Flk2� cells derived from control,
single mutant, and double mutant donors + 2 3 106 rescue BM
cells. (B) EGFP reporter expression in LSK Flk2� cells at 9 wpi
from recipients as described in A, using the Z/EG transgenic
reporter construct to identify cells expressing mutant alleles. (C)
Whole BM from b-catAct mutants at 16 and 2 wpi genotyped for
deletion of Exon 3 (DEx3). (D) Summary of genotyping results for
single LSK CD34� cell colonies from control, single mutants,
and double mutants (number of colonies positive for indicated
band/total number tested).

Figure 2. Impaired early myeloid differentiation in double
mutants. (A) FACS diagrams with frequencies of early pro-
genitors as indicated. (B) Quantification of early BM progenitor
cells in control, single mutants, and double mutants.
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not found in myeloid cells or B cells (Supplemental Figure
1C). These data are consistent with differentiation block-
age of myeloid and B-cell lineages.

Because we were unable to pinpoint the exact time when
b-catAct HSCs were lost in vivo, we observed b-catAct

HSCs in vitro by sorting phenotypic HSCs from uninduced
b-catAct mice, inducing genetic deletion in vitro with
4-hydroxy-tamoxifen (OHT), and then visually monitor-
ing the cultures. At 48 h post-induction, we observed that
b-catAct LSK Flk2� cultures contained fewer cells than
control and generally had a less healthy appearance (Fig.
4A). We tested whether these cells were undergoing ap-
optosis by staining for Annexin V. Unlike control, the ma-
jority of b-catAct LSK Flk2� cells at 48 h post-induction
were either undergoing apoptosis or already dead, demon-
strating that constitutive activation of b-catenin in LSK
Flk2� cells in vitro results in rapid apoptosis (Fig. 4B). By 4
dpi, no b-catAct LSK Flk2� cells survived; however, con-
trol, Pten, and particularly double mutant LSK Flk2� cells
survived and expanded (Fig. 4C). LSK Flk2� cells from wild-
type Scl-Cre-positive mice were not significantly different
from Scl-Cre-negative controls, demonstrating that the
survival defect in b-catAct mutant HSCs is not due to any
potential Cre toxicity (data not shown). These data dem-
onstrate that b-catAct mutant HSCs have a survival de-
fect. Furthermore, this survival defect can be rescued by
additional loss of Pten.

In contrast, we found that Pten single mutants ex-
hibited increases in both the frequency and absolute num-
ber of LSK CD34� cells in the spleen at 6 wpi (Fig. 1B,E),
although these changes are not nearly as large as those
observed in double mutants. At 9–10 wpi, early myeloid
progenitors were substantially increased in BM and es-
pecially the spleen of Pten single mutants (Fig. 4D), as
were more mature myeloid cells (data not shown). These
data demonstrate that loss of Pten in our mouse model
leads to more moderate but sustained mobilization and
expansion of phenotypic HSCs than in double mutants;
however, in contrast to double mutants, this is accompa-
nied by increased myeloid differentiation.

To study more comprehensively the role of b-catenin
interaction with the PTEN/Akt signaling pathway, we
obtained mice with floxed null alleles of b-catenin
(Ctnnb1tm2Kem) (Cobas et al. 2004) and crossed them to
Pten mutants, allowing conditional deletion of b-catenin
(b-cat�/�), Pten, or Pten:b-cat�/� combined. Consistent
with results in previous studies, b-cat�/� single mutant
recipients did not exhibit any defects in absolute numbers
of LSK or early progenitors (Cobas et al. 2004). Interest-
ingly, Pten:b-cat�/� double knockouts did not exhibit an
expansion of LSK cells in the spleen or BM, and CMPs as
well as MEPs were substantially reduced compared with
Pten single mutants (Fig. 4E; data not shown). These results
further confirm that the Wnt/b-catenin and PTEN/Akt

Figure 4. Functional contribution of each
pathway to survival and differentiation. (A)
One-thousand LSK Flk2� cells were sorted
per well from BM isolated from uninduced
control, Pten, b-catAct, and Pten:b-catAct

mice and cultured in ST medium (see the
Materials and Methods). Within 12 h of sort-
ing, OHT was added to the cultures for a final
concentration of 1 mM. Cultures are depicted
at 48 h after in vitro induction. (B) Cultures
from A were stained with Sytox Green and
Annexin V and analyzed by FACS. Represen-
tative FACS plots distinguishing live (Sytox
Green-negative) from dead (Sytox Green-pos-
itive) cells. Live cells were further gated for
Annexin V-positive (apoptotic) cells. Num-
bers within gates represent the mean 6 SD
from three independent experiments. (C)
Cultures are as described in A at 4 dpi. (D)
Absolute number of LSK cells and early
hematopoietic progenitors in control and
Pten mutant BM (tibia and femur) and spleen
as determined by FACS analysis at 9–10 wpi.
(E) Absolute number of LSK cells and early
progenitors in the spleen as determined by
FACS analysis on mice transplanted with
control, b-cat�/�, Pten, and Pten:b-cat�/�

BM as indicated; analysis is at 9–10 wpi.
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pathways cooperatively interact in driving phenotypic
HSC expansion. Specifically, loss of b-catenin prevents
the LSK cell expansion resulting from Pten deletion, which
shows that the PI3K/Akt-mediated expansion is dependent
on b-catenin and further confirms that b-catenin impairs
myeloid differentiation.

Akt activates b-catenin by phosphorylation of serine
residue 552 (S552) (He et al. 2007). Our laboratory developed
an antibody highly specific for b-catenin phosphorylated
at S552 (b-cat-pS552), which reveals simultaneous activa-
tion of the two pathways (He et al. 2007). We hypothesized
that b-cat-pS552 antibody may also recognize activated
HSCs. To investigate this, we transplanted sorted LSK Flk2�

cells that express green fluorescent protein (GFP+ HSCs)
into irradiated and nonirradiated mice, sacrificed recipi-
ents, and stained bone sections with anti-b-cat-pS552
antibody. With irradiation, a condition previously shown
to result in rapid HSC expansion (Xie et al. 2009), we were
able to visualize GFP+-HSCs adjacent to their endosteal
niche, with five of 40 GFP+ HSCs costaining as b-cat-pS552+

cells and in the process of active division (Supplemental
Fig. 2). However, without irradiation, a condition where
HSCs do not expand (Xie et al. 2009), no GFP+ HSCs were
found to be b-cat-pS552+. These results support the im-
portance of activated Akt/b-catenin interaction in nor-
mal but proliferating HSCs.

Underlying genetic mechanism of phenotypic
HSC expansion

We sought to further elucidate the mechanism underly-
ing each pathway’s individual and combined contribution
to HSC regulation in our mouse models. Multiple tran-
scription factors required for lineage differentiation are
expressed at low levels in HSCs. This promiscuous ex-
pression has been referred to as lineage priming and in-
dicates that HSC differentiation depends largely on extin-
guishing alternate possibilities rather than on instructing
a naive cell (Hu et al. 1997; Enver and Greaves 1998;
Miyamoto et al. 2002; Akashi et al. 2003; Orkin and Zon
2008). We investigated this phenomenon in double mu-
tant phenotypic HSCs by quantitative RT–PCR (qRT–PCR).
While Pten single mutant LSK Flk2� cells expressed a
higher level of multiple transcription factors than con-
trol, double mutant LSK Flk2� cells had significantly re-
duced expression of lineage-priming factors, including
C/EBPa, GATA1, GATA3, and PU.1 (Fig. 5A). Combined
with our in vivo experiments, these data demonstrate that,
while lineage priming in Pten mutant HSCs increases
differentiation, reduced expression of multiple differen-
tiation factors in double mutants provides an explana-
tion for the broad impairment of differentiation in double
mutant phenotypic HSCs. In addition, HoxB4 has been
shown to be a strong positive regulator of HSC self-renewal
(Sauvageau et al. 1995; Antonchuk et al. 2002; Reya et al.
2003), and we found that HoxB4 was highly expressed in
Pten:b-catAct LSK Flk2� cells compared with control and
Pten single mutants (Fig. 5A).

We also performed microarray analyses on sorted LSK
Flk2� cells. Because b-catAct single mutant HSCs have

a survival defect, we took advantage of our in vitro cul-
ture system to obtain enough cells for microarray analy-
sis. BM mononuclear cells (MNCs) were cultured for 12 d

Figure 5. Mechanistic contribution to self-renewal provided by
both pathways. (A,B) qRT–PCR for indicated lineage-priming genes,
HoxB4, and Id2 on control, single mutant, and double mutant
LSK CD34� cells. (C) CFU assays on EGFP+ LSK cells sorted from
Pten BM cultures transduced with EGFP-vector control or EGFP-
Id2 compared with LSK cells sorted from double mutant cultures.
(D) Representative images of CFU colonies described in C. (E)
Representative immunostaining of LSK cells sorted from control,
single mutants, and double mutants for Mcl-1L. (F) Quantification
of Mcl-1L staining intensity of LSK cells from control, single
mutants, and double mutants. (G) BM cells from uninduced
b-catAct mutants were transduced with EGFP-vector control or
EGFP-Mcl-1. Following transduction, cultures were induced with
OHT. FACS analysis at 11 dpi for EGFP+ LSK cells from b-catAct

cultures transduced with EGFP-vector control or EGFP-Mcl-1.
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in medium supporting HSC expansion (see below), Cre
was induced by addition of OHT, and LSK Flk2� cells
were sorted from these cultures 48 h post-induction. We
identified differentially expressed genes in double and sin-
gle mutants relative to control and each other (Supple-
mental Table 1). Cluster analysis revealed that, overall,
most variation occurred in b-catAct single mutant LSK Flk2�

cells, with Pten and Pten:b-catAct being more similar to
each other as well as control LSK Flk2� cells (Supplemen-
tal Fig. 3). Literature review identified candidate genes for
qRT–PCR verification. Inhibitor of differentiation 2 (Id2)
inhibits myeloid and B-cell differentiation and is highly
expressed in HSCs with decreasing expression with dif-
ferentiation (Ji et al. 2008; Doulatov et al. 2009; Li et al.
2010). Interestingly, qRT–PCR verification revealed Id2
expressed higher in b-catAct and Pten:b-catAct relative to
control and Pten LSK Flk2� cells (Fig. 5B). Thus, up-
regulation of Id2 resulting from b-catenin activation may
provide a mechanism, at least in part, to explain the im-
paired differentiation observed in double mutants. To test
this, we transduced Pten mutant BM cells with lentivi-
rus expressing Id2-EGFP or EGFP-vector control. To test
whether Id2 affected the differentiation capacity of
HSPCs, we sorted EGFP+ LSK cells from Id2 and vector
control transduced cultures into methylcellulose me-
dium and performed colony-forming unit (CFU) assays.
Pten LSK cells transduced with vector control mainly
formed more mature CFU-GM (granulocyte/monocyte)
colonies, as expected; however, Pten LSK cells transduced
with Id2 predominantly formed large, immature CFU-
GEMM (granulocyte/erythrocyte/monocyte/megakaryocyte)
colonies. Interestingly, this phenocopied the CFU for-
mation from double mutant LSK cells, which also pre-
dominantly formed large, primitive CFUs (Fig. 5C,D).
These data demonstrate that activated b-catenin increases
Id2 expression, which functionally inhibits myeloid
differentiation.

b-catAct phenotypic HSCs have a survival defect that is
rescued by additional deletion of Pten (Figs. 3A–D, 4A–C;
Supplemental Fig. 1). Our culture method combined with
only brief induction via OHT in vitro allowed us to obtain
the >3 3 104 b-catAct mutant phenotypic HSCs necessary
for microarray analysis; however, it also likely obscured
the cause of the survival defect in b-catAct mutant
phenotypic HSCs. To investigate the molecular link re-
sulting in apoptosis of b-catAct HSCs, we examined ex-
pression of the Bcl-2 family member Mcl-1. Mcl-1 has an
obligate role in survival of HSCs, making it a candidate
for preventing apoptosis of double mutant phenotypic
HSCs (Opferman et al. 2005). LSK cells were sorted from
control, single mutants, and double mutants and immuno-
stained for the anti-apoptotic long form of Mcl-1 (Mcl-
1L). Mcl-1L was more abundant in the nucleus of Pten
mutant LSK cells compared with control and b-catAct

mutant LSK cells. Quantification of staining intensity
revealed that double mutants had even more abundant
nuclear Mcl-1L than did Pten single mutants (Fig. 5E,F).
These data indicate that Mcl-1L provides the mechanis-
tic link for preventing apoptosis of HSCs in double
mutants.

To prove that Mcl-1 could rescue the survival defect of
b-catAct mutant phenotypic HSCs, we transduced b-catAct

BM cells with lentivirus expressing Mcl-1-EGFP or EGFP-
vector control. Following in vitro induction with OHT,
BM cultures were monitored for the presence of EGFP+

LSK cells. At 11 dpi, no LSK cells were present in b-catAct

mutant cultures transduced with vector control; how-
ever, cultures transduced with Mcl-1 maintained a pop-
ulation of LSK cells (Fig. 5G). These data demonstrate
that Mcl-1 rescues the survival defect resulting from ac-
tivation of b-catenin.

In vitro expansion of double mutant LSK cells

We tested the ability of control, single mutant, and double
mutant LSK cells to expand in vitro. LSK cells were sorted
from control, single mutant, and double mutant BM and
cultured in serum-free medium based on a previous re-
port regarding ex vivo HSC expansion (Zhang and Lodish
2005). After 10 d of culture, control LSK cells had un-
dergone a modest expansion, while b-catAct cultures, again,
did not survive. Pten LSK cultures expanded to a greater
degree than control, but the greatest expansion was
observed in double mutant cultures (Fig. 6A). Pten and
Pten:b-catAct cultures continued to expand up to 5 wk in
vitro; however, control cultures began to decline after 4
wk (data not shown). Unlike control, both Pten and
Pten:b-catAct cultures remained robust after 5 wk, but
Pten:b-catAct cultures contained far more cells and their
appearance was more homogenous than Pten cultures
(Fig. 6B). At 7 wk, we reanalyzed a portion of the re-
maining Pten and Pten:b-catAct cultures to determine
how many cells maintained the LSK phenotype (Fig. 6C).
Due to long-term culture, these cells expressed unusu-
ally high levels of Kit and Sca-1. While LSK cells from
Pten cultures had expanded 50-fold, Pten:b-catAct cul-
tures had expanded >1200-fold (Fig. 6D). In addition, the
percentage of total cells that maintained the LSK phe-
notype was significantly higher in Pten:b-catAct cultures
than in Pten-only cultures (Fig. 6D). These data demon-
strate that double mutant LSK cells can expand long-
term in vitro to a greater degree than control or single
mutants.

Ex vivo expansion of functional, long-term
reconstituting HSCs by simultaneous activation
of PI3K and b-catenin signaling

Double mutants exhibit an expansion of phenotypic, yet
functionally compromised, HSCs. We sought to develop
an in vitro expansion protocol for normal HSCs that would
avoid both genetic manipulation and functional impair-
ment. Reversible, pharmacological manipulation of the
PTEN/Akt and Wnt/b-catenin pathways may allow for the
transient enhancement of HSC expansion in vitro without
compromising the capacity to function as normal HSCs
after the pharmacological agents are removed and the
HSCs are then transplanted in vivo.

We established a serum-free culture system using only
low doses of two cytokines: stem cell factor (SCF) and
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thrombopoietin (Tpo) (ST medium) (see the Materials and
Methods; Zhang and Lodish 2005). We found that the
optimal base medium for expanding phenotypic HSCs
(StemSpan SFEM, Stem Cell Technologies, Inc.) contains
a high concentration of insulin, a major stimulator of the
PI3K/Akt pathway. We verified that addition of insulin
activated the PI3K/Akt pathway in our ex vivo system by
sorting LSK Flk2� cells cultured with and without insulin
and then immunostaining for phospho-Akt (Ser 473).
Insulin was shown to increase phospho-Akt in phenotypic
HSCs using our culture system (Fig. 6E). Because base me-
dium without insulin was unable to substantially expand
HSCs, expansion of phenotypic HSCs was dependent on
insulin in our culture system (Fig. 6F). Also, addition of a
small molecule inhibitor of PI3K (NVP-BEZ235) (Maira
et al. 2008) decreased the ability of LSK Flk2� cells to ex-
pand in a dose-dependent manner (Fig. 6F). Together,
these data demonstrate that stimulation of PI3K signaling
is required for substantial HSC expansion in our culture
system.

GSK3b normally inhibits b-catenin by targeting it for
proteasomal degradation. Pharmacological activation of
b-catenin can be accomplished by inhibition of GSK3b

(Sato et al. 2004). We first verified that GSK3b inhibition
activated Wnt signaling by using TOPGAL reporter mice.
We sorted LSK Flk2� cells from TOPGAL MNCs cultured
with and without the GSK3b inhibitor CHIR99021 and
immunostained for b-galactosidase. CHIR99021 was shown
to increase b-galactosidase in phenotypic HSCs in our cul-
ture system, indicating increased Wnt pathway activation
(Fig. 6G). We also found that increasing concentrations of
GSK3b inhibitor resulted in increasing proportions of LSK
cells relative to early myeloid progenitors. Specifically,
without GSK3b inhibition, the frequency of early mye-
loid progenitors was more than twice as high as that of
LSK cells. However, addition of GSK3b inhibitor decreased
the frequency of myeloid progenitors but increased the
frequency of LSK cells, yielding equivalent frequencies of
early myeloid and LSK cells (Fig. 6H). Although the
preculture frequency of LSK cells was only 0.14% 6

0.08% in BM MNCs, this increased to 9.5% 6 0.9% after
14 d of culture in ST medium and further increased to
15.1% 6 1.1% with GSK3b inhibitor addition. Although
the total number of cells after culture was not increased,
the total number of LSK Flk2� cells increased 78-fold
without GSK3b inhibitor and 93-fold with GSK3b in-
hibitor addition (Fig. 6I). Interestingly, these data partially
mimic our genetic mutant animal models.

To determine whether our culture method expands not
only phenotypic but also functional HSCs, we performed
in vivo transplantation assays. Sorted LSK Flk2� cells were
cultured for 14 d in medium with factors stimulating PI3K
signaling (ST + insulin) or in medium stimulating both
PI3K and b-catenin signaling (ST + insulin + CHIR99021).
The progeny of 100 LSK Flk2� cells along with 1 3 105

competitor cells were then transplanted into lethally ir-
radiated recipients. Donor-derived, long-term, multiline-
age reconstitution was exhibited by all recipients from
both groups; however, the average percentage of donor-
derived cells was substantially greater when cultured

Figure 6. Simultaneous activation of PI3K and b-catenin signal-
ing increases phenotypic HSC expansion in vitro. (A) One-
hundred LSK cells sorted from control, b-catAct, Pten, and
Pten:b-catAct mice and cultured for 10 d. (B) LSK cells from Pten
and Pten:b-catAct mutants at 34 d of culture. Control cultures do
not expand beyond 4 wk; b-catAct mutant cultures do not survive
beyond 10 d. Note the greater degree of differentiation, including
adherent cells in Pten cultures (arrows). (C,D) At 7 wk of culture,
cells from Pten and Pten:b-catAct LSK cultures were counted and
analyzed by FACS for maintenance of the LSK phenotype. (C)
FACS diagram of 7-wk-cultured Pten:b-catAct LSK cells (pregated
on live, Lin� cells) along with isotype control. (D) Total fold
increase in LSK cells and percent maintaining LSK phenotype
after 7 wk of culture. (E) MNCs were cultured for 7 d in base
medium and base medium + CHIR99021 and/or insulin as
indicated. LSK Flk2� cells were sorted from these cultures and
stained for phosphor-Akt Ser 473 (pAkt). (F) BM MNCs from
C57BL/6 mice were cultured for 10 d in ST 6 insulin medium
along with the indicated concentrations of PI3K inhibitor (NVP-
BEZ235) and then analyzed by FACS to determine expansion of
LSK Flk2� cells. (G) MNCs isolated from TOPGAL mice were
cultured for 7 d in base medium and base medium + CHIR99021
and/or insulin as indicated. LSK Flk2� cells were sorted from
these cultures and stained for b-galactosidase (b-Gal). (H) FACS
diagrams (pregated Lin� cells) showing preculture and 14-d post-
culture analysis of LSK and early progenitor cells with and
without addition of lithium. Frequency of early myeloid (left,
blue box) and LSK (right, blue box) per total, live cells is shown 6

SD. (I) Quantification of total cell and LSK Flk2� cell expansion
after 14-d culture of MNCs in ST + insulin medium with and
without 250 nM CHIR99021.
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with CHIR99021 than without (12.3% vs. 1.1%, respec-
tively) (Fig. 7A). This demonstrated that addition of
CHIR99021 enhanced repopulation capacity of cultured
cells originating from enriched HSCs. We tested our up-
dated protocol (see the Materials and Methods; Fig. 6H,I)
using MNCs with a known quantity of LSK Flk2� cells,
since this provided the most robust HSC expansion. We
transplanted the cultured progeny of MNCs initially con-
taining five LSK Flk2� cells (unsorted) along with 1 3 105

competitor cells into lethally irradiated recipients. For
comparison, we transplanted freshly isolated, uncultured
MNCs containing five LSK Flk2� cells along with 1 3 105

competitor cells into a separate lethally irradiated group.
Again, addition of CHIR99021 to the unsorted cultures sig-
nificantly increased donor reconstitution (64.8% vs. 37.4%
without CHIR99021). Notably, all recipients of freshly
isolated, uncultured MNCs containing five LSK Flk2� cells
exhibited little or no repopulation (0.6% 6 0.5%), dem-
onstrating that our culture protocol substantially expands
functional HSCs (Fig. 7A).

To quantify the number of functional HSC resulting from
our culture system, we performed limiting dilution, com-
petitive repopulating unit (CRU) assays (Miller and Eaves
1997; CC Zhang et al. 2006). Poisson statistical analysis
of n = 60 total recipient mice showed that the cultured
progeny contained a frequency of one CRU per two input
(preculture) LSK Flk2� cells (1/2; 95% confidence inter-
val: 1/1 to 1/5) for ST + insulin medium conditions, but
when CHIR99021 was added, the frequency was 1/0.4 (95%
confidence interval: 1/0.2 to 1/0.8) (Fig. 7B). Thus, addi-
tion of CHIR99021 increases the CRU frequency by an
average of fivefold (2/0.4).

More mature radioprotective cells are necessary for short-
term survival of recipients transplanted with purified HSCs,
and early myeloid progenitors have been found to confer
this radioprotective effect (Na Nakorn et al. 2002). Con-
sidering the high frequency of progenitor cells present in
our cultures (Fig. 6H), we hypothesized that our culture
system might expand radioprotective cells as well, elim-
inating the need for fresh, whole BM rescue cells. To test
this, after culture in ST + insulin medium with and
without CHIR99021, we transplanted only the cultured
progeny of MNCs initially containing five LSK Flk2� cells
into lethally irradiated recipients. For comparison, we trans-
planted fresh, uncultured MNCs containing five LSK Flk2�

cells into a separate group. For further comparison, since
our culture system could achieve an ;100-fold increase
in LSK Flk� cells (Fig. 6I), we also transplanted fresh, un-
cultured MNCs containing 500 LSK Flk2� cells (1003

uncultured cells) into lethally irradiated recipients. No
rescue cells were added in these groups. While recipients
of uncultured MNCs containing five LSK Flk2� cells had
to be sacrificed due to BM failure between 2–3 wpi, mice
transplanted with the cultured progeny of MNCs initially
containing five LSK Flk2� cells or fresh MNCs containing
500 LSK Flk2� cells survived long-term. At 16 wpi, these
recipients exhibited robust, multilineage donor repopu-
lation with no significant difference between groups (Fig.
7C). To determine the long-term, functional capacity of
our ex vivo expanded cells, we euthanized the primary

(1°) recipients and performed serial BM transplantation
into secondary (2°) recipients. At 16 wk, 2° transplant re-
cipients of cells cultured in ST + insulin medium ex-
hibited reduced average repopulation compared with 2°
recipients of cells cultured in ST + insulin + CHIR99021
or 1003 uncultured cells. BM cells from these 2° recip-
ients were then transplanted into tertiary (3°) recipients.
At 16 wk, average repopulation of 3° recipients of cells
cultured in ST + insulin medium was again further re-
duced relative to recipients of cells cultured with ST +
insulin + CHIR99021 or 1003 uncultured cells. Notably,
3° recipients of cells cultured with ST + insulin +
CHIR99021 or 1003 uncultured cells exhibited equiva-
lent levels of repopulation with no statistical difference
between the two groups (P = 0.9) (Fig. 7C).

While 3° recipients of cells cultured in ST + insulin me-
dium all succumbed to BM failure by 6 mo post-trans-
plantation, recipients of cells cultured with ST + insulin +
CHIR99021 exhibited survival rates similar to 3° recipi-
ents of 1003 uncultured cells (Fig. 7D). Importantly, even
those mice euthanized due to poor health did not exhibit
signs of leukemia, but rather succumbed to BM failure,
exhibiting low overall blood cell counts (data not shown).
These data demonstrate that our culture protocol expands
functional, long-term repopulating HSCs. Interestingly,
pharmacological activation of both pathways (ST + insulin +
CHIR99021 medium) increases long-term functional ca-
pacity following serial transplantation, demonstrating
that activation of both pathways is important, particu-
larly for LT-HSC potential.

Discussion

Transduction of HSCs with a constitutively active b-catenin
has been shown to promote impressive expansion of HSCs
in culture (Reya et al. 2003). However, substantial expan-
sion was obtained only when using Bcl-2 transgenic mice,
and later studies reported conflicting results (Nemeth et al.
2007; Malhotra and Kincade 2009). Interestingly, Bcl-2
inhibits apoptosis. In particular, only short-term (4- to
8-wk) repopulation was reported using HSCs from normal
mice cultured with Wnt3A (Reya et al. 2003; Willert et al.
2003). Subsequent studies reported that noncanonical
Wnt5a inhibited canonical Wnt3a-mediated signaling to
promote the maintenance of quiescent, functionally trans-
plantable HSCs. Our study helps resolve these issues and
sheds light on these and other previous findings.

Previous studies using Mx1-Cre have shown that in
vivo activation of b-catenin resulted in failure of func-
tional HSCs due to impaired differentiation and HSC
exhaustion due to cycling (Kirstetter et al. 2006; Scheller
et al. 2006). This functional loss was coupled with de-
creased expression of HSC regulators, including HoxB4
(Kirstetter et al. 2006). By switching to HSPC-specific
conditional mutants that avoid INF activation of HSCs,
we were able to study defects arising primarily from
HSCs and perform long-term studies of double mutant
HSCs in vivo. This more refined model using Scl-Cre also
revealed that activation of b-catenin results in differenti-
ation blockage and HSC failure; however, we also found
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Figure 7. Functional, long-term repopulating HSCs expanded ex vivo by simultaneous activation of PI3K and b-catenin pathways. (A)
Sorted LSK Flk2� cells and unsorted MNCs containing a known quantity of LSK Flk2� cells (CD45.2+) were cultured for 14 d in ST +

insulin medium with and without CHIR99021. The cultured progeny of 100 sorted or five unsorted LSK Flk2� cells along with 1 3 105

freshly isolated CD45.1+competitor/rescue cells per mouse were transplanted into lethally irradiated recipients (CD45.1+). Five freshly
isolated, unsorted LSK Flk2� cells along with 1 3 105 competitor/rescue cells per mouse were transplanted into a separate group.
Peripheral blood of recipients was analyzed at 16 wk post-transplant. (Right) Representative FACS plots depicts percent chimerism. (B)
MNCs containing a known quantity of LSK Flk2� cells were cultured for 14 d in ST + insulin medium with and without CHIR99021.
The cultured progeny of MNCs initially containing a preculture dosage of 0.1, 0.3, or 1.0 LSK Flk2� cells were transplanted into lethally
irradiated recipients along with 1 3 105 rescue/competitor cells (n = 10 for each of six groups). Peripheral blood was analyzed at 16 wk
post-transplant, and CRU frequency was determined using L-Calc software (Stem Cell Technologies, Inc.) based on Poisson statistics
(Miller and Eaves 1997). (C) Fresh MNCs containing five or 500 LSK Flk2� cells, or the progeny of MNCs initially containing five LSK
Flk2� cells cultured for 14 d in ST + insulin medium with and without CHIR90921, were transplanted into lethally irradiated recipients
without rescue/competitor cells. At 16–17 wk post-transplant, BM isolated from 1° recipients was transplanted into 2° recipients and,
at 16–17 wk after 2° transplant, from 2° into 3° recipients at a dosage of 1 3 106 cells per mouse. Peripheral blood was analyzed for
percent donor repopulation at 16 wk after 1°, 2°, and 3° transplant (top panels) and for percent mature donor-derived B, T, and myeloid
cells (bottom panels). (D) Kaplan-Meier survival curve for 3° transplant recipients from C. (E) Model illustrating individual and
combined effects of Wnt/b-catenin and PTEN/Akt signaling pathway activation driving HSC expansion.
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that b-catAct mutant phenotypic HSCs exhibit a survival
defect that can be rescued by deletion of Pten. Notably,
phenotypic LT-HSC expansion is particularly dramatic in
Scl-Cre double mutants. Unlike previous studies on b-catAct

single mutants using Mx1-Cre, phenotypic LT-HSCs—
rather than short-term or multipotent progenitors—
predominantly expanded, and HoxB4 expression in-
creased in phenotypic HSCs in our double mutant animal
model. Recent studies have shown that INF also increases
phosphorylation of Akt (Essers et al. 2009). Thus, stimu-
lation by INF may allow for more prolonged survival of
b-catAct mutant phenotypic HSCs in the Mx1-Cre system
(Kirstetter et al. 2006; Scheller et al. 2006). Also, previous
studies on Pten deletion using the Mx1-Cre system
revealed rapid development of MPD and HSC exhaustion
following transient expansion (Yilmaz et al. 2006; J Zhang
et al. 2006). In the Scl-Cre system, HSC expansion is
moderate but sustained and coupled with increased my-
eloid differentiation; however, most Scl-Cre Pten single
mutants survive for at least 4 mo post-induction. It may
be that INF stimulation when using the Mx1-Cre system
results in synergistic effects between INF signaling (par-
ticularly activated Akt) and activated b-catenin or PTEN
mutants. These findings suggest that researchers should
consider the possibility for synergistic effects that cannot
be fully controlled for between INF stimulation and the
gene of interest.

Self-renewal has been proposed to require the concur-
rence of three events: proliferation while preventing ap-
optosis and blocking differentiation (Zhang and Li 2005).
By studying the combined effects of Pten and active
b-catenin mutants using a more refined animal model,
we found that expansion of phenotypic HSCs is cooper-
atively controlled by the PTEN/Akt and Wnt/b-catenin
pathways via a mechanism consistent with this tripartite
view of self-renewal. While neither pathway alone is
sufficient to promote self-renewal, in combination these
pathways provide the necessary components of self-renewal.
At the stem cell level, interaction between these two
pathways is key, with each component making coopera-
tive as well as unique contributions to HSC expansion,
which is not evident in studying either single individu-
ally. Mechanistically, b-catenin activation results in re-
duced expression of multiple transcription factors critical
to lineage differentiation and up-regulation of Id2, which
we showed to functionally impair myeloid differentiation.
In double mutants, loss of Pten results in up-regulation of
anti-apoptotic Mcl-1L, resulting in HSC self-renewal and
expansion (Fig. 7E).

The long-term proliferation potential of HSCs must be
maintained throughout an organism’s life span—poten-
tial that is generally compromised by loss of quiescence
(Fleming et al. 2008). Indeed, substantial proliferation
normally leads to HSC exhaustion and loss of long-term
functional capacity (North and Goessling 2010). Balanc-
ing substantial expansion with retention of long-term
functional capacity remains a challenge for the ex vivo
expansion of HSCs. Our double mutant mouse model
uniquely expands the CD34� fraction of LSK cells—a sub-
population enriched in quiescent HSCs that exclusively

supports long-term hematopoiesis (Wilson et al. 2008).
Similarly, our culture protocol derived from this double
mutant expands functional LT-HSCs specifically when
pharmacological activators of both pathways are used.
GSK3b inhibitors or RNAi knockdown of GSK3b has
been shown to enhance repopulation or moderately ex-
pand phenotypic HSCs in vivo (Trowbridge et al. 2006;
Huang et al. 2009), and here we further this work by
demonstrating the ex vivo expansion of functional LT-
HSCs using GSK3b inhibitors in addition to cooperative
interaction of this pathway with the PI3K/Akt pathway.

During development or in response to acute stress,
HSCs are capable of considerable expansion in vivo and
are the most extensively studied stem cell system. Par-
adoxically, HSCs remain difficult to expand in culture,
although progress has been achieved (Antonchuk et al.
2002; Reya et al. 2003; CC Zhang et al. 2006; Boitano
et al. 2010; Butler et al. 2010; Delaney et al. 2010;
Himburg et al. 2010). Pleiotrophin has been recently
shown to expand human HSCs in vitro, in part by ac-
tivating PI3K signaling (Himburg et al. 2010). Also,
prostaglandin E2 (PGE2), which enhances HSC engraft-
ment, has been shown to activate Wnt signaling (North
et al. 2007; Goessling et al. 2009). Similarly, in vivo
administration of GSK3b inhibitor or genetic knockdown
of GSK3b in vivo has also been shown to expand HSCs
(Trowbridge et al. 2006; Huang et al. 2009). However, only
modest HSC expansion is consistently achieved, while
more significant expansion is usually coupled with sub-
stantial differentiation. Generally, ex vivo expansion pro-
tocols fail to expand the most primitive HSCs with long-
term potential. This is particularly the case for human
HSPC expansion studies. Furthermore, ex vivo expansion
protocols often use genetically modified cells or feeder
layers, which may present difficulties in translating to
a clinical setting (Butler et al. 2010). Inspired and in-
formed by our genetic mutant system, we developed an
ex vivo HSC expansion protocol. Using factors that reg-
ulate both the PI3K and b-catenin pathways, our ex vivo
HSC expansion protocol partially mimics the genetic
model; however, most importantly, this reversible ap-
proach allows for expansion of normal functional LT-
HSCs, the progeny of which can perform equivalently to
a 100-fold greater dosage of uncultured cells, even in
third-generation serial transplant recipients. Notably, the
addition of GSK3b inhibitor to PI3K-stimulating medium
using our protocol allows expansion without compromis-
ing long-term potential. Beyond this unprecedented level
of functional LT-HSC expansion, there are numerous prac-
tical advantages with our culture system. Our protocol
allows for the culture of unsorted, mixed populations of
cells as the initial input population. As recently noted,
preisolation of HSPCs may have several disadvantages,
including substantial loss of the desired cells or func-
tional capacity during the isolation procedure (Chou et al.
2010). Just as importantly, successful grafts also require
less primitive progenitor cells to generate short-term
rescue (Chou et al. 2010; Delaney et al. 2010), and our pro-
tocol also expands these radioprotective cells. By employing
a serum-free medium with relatively low concentrations
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of only two cytokines, but without the need for feeder
layers, genetically modified cells, fresh BM, or large cell
doses for radioprotection, our culture system may have
clinical value if developed for humans. We are currently
pursuing this goal.

Materials and methods

Animals

All mice used in this study were housed in the animal facility at
Stowers Institute for Medical Research (SIMR) and handled
according to institute and NIH guidelines. All procedures were
approved by the Institutional Animal Care and Use Committee
of SIMR. Primary Scl-Cre mice were induced by intraperitoneal
injection of tamoxifen every day for 5 d, using 5 mg on day 1 and
2 mg on days 2–5, each dissolved in 0.1 mL of corn oil. Trans-
plantation experiments using the Scl-Cre model involved sorting
LSK Flk2� cells from Cre-negative (control), single mutants, and
double mutants containing the Z/EG reporter. One-thousand
LSK Flk2� cells along with 2 3 105 competitor/rescue whole BM
cells were transplanted into each lethally irradiated (10 Gy) Ptprc
(CD45.1) recipient. Mice transplanted with Scl-Cre LSK Flk2�

cells were induced by replacement of normal feed with feed con-
taining 1 mg of tamoxifen per gram of feed for 2 wk. b-Catenin
loss-of-function studies (Fig. 4E) were performed by transplanta-
tion of 2 3 106 whole BM cells from Mx1-Cre-negative control
and Mx1-Cre-positive single and double mutant donors into
lethally irradiated Ptprc recipients, with induction at 3 wk post-
transplant using five doses of 250 mg of polyI:C every other day.
Scl-Cre, Pten, b-catAct, and b-cat�/� mice were obtained from
Joachim Goethert (University of Duisburg, Essen, Germany),
Hong Wu (University of California at Los Angeles, Los Angeles,
CA), Makoto Taketo (Kyoto University, Japan), and the Jackson
Laboratory, respectively.

Ex vivo HSC expansion

HSC expansion medium (ST + insulin medium) consists of
StemSpan SFEM medium (Stem Cell Technologies) supplemen-
ted with 10 mg/mL heparin (Sigma), 0.53 penicillin/streptomy-
cin (Sigma), 10 ng/mL recombinant mouse (rm) SCF (Biovision,
Inc.), and 20 ng/mL Tpo (Cell Sciences, Inc.). CHIR99021 (250
nM) (Stemgent) was added where indicated. BM cells were
harvested from C57Bl/6 (CD45.2) mice and made into a single-
cell suspension by gently drawing through a 22-gauge needle
three to five times. Because red blood cell (RBC) lysis was de-
termined to severely inhibit functional HSC expansion, cells were
not exposed to any RBC lysis procedure. Instead, MNCs were
isolated from mouse BM using Histopaque 1077 (Sigma) accord-
ing to the manufacturer’s instructions. Cells were washed and
resuspended in HSC expansion medium. Total nucleated cell
counts were obtained using a Quanta cell counter (Beckman-
Coulter, Inc.) and a fraction of MNCs or whole BM cells were
stained for FACS analysis. Frequency of LSK Flk� cells was
determined by analyzing >3 3 105 cells per sample indepen-
dently in triplicate. MNCs were then plated at 50 LSK Flk2�

cells along with 1.7 3 104 to 5.0 3 104 MNCs, depending on
frequency of putative HSCs in the particular sample (ranging
from 0.1%–0.3%), in 200 mL of HSC expansion medium per well
in a 96-well U-bottom plate (Becton Dickinson and Company,
catalog no. 353077). For sorted cultures, LSK Flk2� cells were
sorted into 96-well U-bottom plates at 100 LSK Flk2� cells per
well. Cells were incubated at 37°C with 5% CO2 and 5% O2

(balance N2) for 14 d. Cultures were checked daily, and cell

pellets accumulating at the bottom of each U-shaped well that
exceeded 2 mm in diameter were split by transferring one-half
of the culture into a fresh well. It is critical for optimal HSC
expansion that cell pellets are maintained at a density of 1–2 mm
in size. One-half volume of medium was replaced every 2–3 d.
After 14 d of culture, the total culture product was harvested,
and cells were washed and resuspended in DMEM (Invitrogen,
catalog no. 31053) in a volume corresponding to five original in-
put LSK Flk2� cells per 100 mL for unsorted HSC cultures or 100
original input putative HSCs per 100 mL for sorted HSC cultures.
For competitive repopulation assays, 1 3 105 BM cells congenic
with the host (CD45.1+) were included per mouse. One-hundred
microliters of cultured cells or cells freshly isolated and quanti-
fied in the same manner were transplanted intravenously into
lethally irradiated (10 Gy) Ptprc (CD45.1) recipient mice. Mice
were placed on Baytril water 3 d prior to irradiation, which
continued for 2 wk post-irradiation. Repopulation was measured
every 4 wk post-transplant by collection of peripheral blood,
RBC lysis, and staining of CD45.1 (recipient) versus CD45.2
(donor) engraftment. Multilineage reconstitution was determined
by CD3, B220 (for Tand B lymphoid, respectively), Gr1, and Mac-1
(for myeloid) gating on donor (CD45.2+) cells. For 2° and 3°
transplantation, the original, 1°, or 2° transplant recipients were
sacrificed, and BM was harvested from the femur, made into
a single-cell suspension, and strained through a 70-mm cell
strainer. BM cells were counted and transplanted as above at
a dosage of 1 3 106 per mouse.

Flow cytometic analysis

For phenotype analysis, hematopoietic cells were harvested from
BM (femur and tibia), the spleen, peripheral blood, and the thymus.
Red blood cells were lysed using a 0.16 M ammonium chloride
solution. For cell surface phenotyping, a lineage cocktail (Lin)
was used, including CD3, CD4, CD8, Mac-1, Gr1, B220, IgM, and
Ter119 (eBioscience). Monoclonal antibodies against Sca-1, Kit,
Flk2, IL-7Ra, CD34, CD16/32 (FcgRII/III), CD44, CD25, CD45.1,
and CD45.2 were also used where indicated. Cell sorting and
analysis were performed using a MoFlo (Dako) and/or CyAn ADP
(Dako). Data analysis was performed using FlowJo software.

Single-cell HSC genotyping

LSK CD34� cells were sorted into 96-well plates (one cell per
well) containing 50 mL of MethoCult complete medium (M3434;
Stem Cell Technologies) and incubated (37°C, 5% CO2) for 12–14
d. DNA was purified from single colonies using QIAamp DNA
Blood kit (Qiagen).

Apoptosis analysis

Apoptosis and cell death were measured by AnnexinV and Sytox
Green staining according to the manufacturer’s instructions
(Vybrant Apoptosis kit #9, Invitrogen).

Microarray

RNA was isolated from LSK Flk2� cells sorted from MNCs
cultured for 12 d in ST medium and then induced with OHT 48 h
prior to sorting. MouseGenome430_2 arrays were scanned with
a GeneChip Scanner 3000 7G using GeneChip Fluidics Station
450 and GeneChip operating software (GCOS 1.4).

qRT–PCR

MNCs were cultured in ST + insulin medium for 12 d prior to
addition of OHT (1 mM) and cultured for an additional 48 h. LSK
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Flk2� cells were sorted to >90% purity. TaqMan gene expression
assays (Applied Biosystems) were performed on triplicate samples
using a 7900HT fast real-time PCR system (Applied Biosystems).

Telomerase assay

Telomerase activity was quantified using the TRAPeze XL tel-
omerase detection kit (Millipore) according to the manufacturer’s
protocol.

Lentiviral transduction

Mice were treated with 150 mg/g 5-FU to enrich for HSPCs and to
induce cell cycling. Four days later, BM was cultured overnight
in ST medium and transduced by Magnetofection using ViroMag
R/L particles according to the manufacturer’s protocol (OZ
Biosciences).

CFU analysis

CFU assays were performed using MethoCult complete medium
(M3434; Stem Cell Technologies) according to the manufacturer’s
protocol. CFUs were scored after 12 d of incubation.

Immunostaining

Cells were sorted onto lysine-coated slides, fixed with methanol,
and stained for Mcl-1L (K-20; sc-958, Santa Cruz Biotechnology)
using 1:200 dilution, pAkt Ser 473 (736E11, Cell Signaling) using
1:50 dilution, or anti-b-galactosidase (100-4136, Rockland, Inc.)
using 1:100 dilution.

Statistical analyses

Data were expressed as mean 6 SD. Pairwise comparisons were
performed using Student’s t-test.
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