HOXB4-off HOXB4-off or -on

FI9N F

OP-9 co-culture
for 4 days

ESC

EB formation
for 6 days

Pre-HSCs and Embryonic HSCs

HOXB4-off or -on

O

Transplantation

Figure 1. Study design. (A) iIHOXB4 ESCs were differentiated into EBs for 6 days in the presence of Dox. (B) Dissociated EB cells were analyzed and
sorted by flow cytometry (FC). EB cells or their subpopulations were co-cultured with OP9 cells for 4 days in the presence or absence of Dox. (C) Co-
cultured cells were analyzed and GFP" cells were sorted by FC when HOXB4 expression was turned on. Regardless of HOXB4 status in co-cultures, FC
sorting was performed on co-cultured cells based on forward and side scatters and on surface markers. Sorted cells were subjected to long-term
reconstitution assays. The sorting process tumed out to be useful for cell counts, removal of dead cells, and elimination of the remaining Dox.

doi:10.1371/journal.pone.0004820.g001

progenitors reaches a plateau and several surface markers become
detectable (Fig. S1). CD41 is known as a marker for the initiation of
definitive hematopoiesis [15,16,17,18,19]. As shown in Fig. SI,
CD41 appeared in a significant proportion of EB cells on day 6 of
culture. Induced HOXB4 expression during EB formation did not
affect the generation of colony forming cells and repopulating cells in
the OP9 and iHOXB4 system or the appearance of surface markers
in EB cells. EB6 cells were analyzed and sorted by flow cytometry.
Sorted EB6 cells were co-cultured with OP9 cells for various days
under HOXB4-on or -off conditions. The minimal requirement of
the co-culture period appeared to be only 4 days (data not shown),
which is much shorter than previously thought [11]. After a second
analysis and fractionation by flow cytometry, cells were subjected to
in vwo repopulating assays under HOXB4-on or -oft conditions.

The potential to give rise to HSCs in EB6 subpopulations

EB6 cells were stained with anti-CD41 antibody in combination
with anti-CD45, -c-Kit, and -CD34 antibodies and others, and
analyzed by flow cytometry (Fig. 2A). CD41* and CD41" cells, c-
Kit"CD41* and c-Kit"CD41" cells, or CD34*CD41* and
CD347CD41* cells were sorted by flow cytometry. Sorted cells
were co-cultured with OP9 cells for 4 days, and then transplanted
into lethally irradiated mice along with rescue cells (Table S1)
while HOXB4 expression was maintained from i vifro co-culture
through in vi0 repopulation.

Analysis of peripheral blood cells of the recipient mice 16 weeks
after transplantation showed that c-Kit"CD417 cells were enriched
in cells with long-term repopulating activity (Fig. 2B). Long-term
repopulating activity was similarly detected in both CD34~ and
CD34" cells. Lineage analysis of reconstituted mice showed that
myeloid lineage reconstitution predominated. A very low level of
B- and T-lymphoid lineage reconstitution was observed only in
limited cases. As previously suggested, this might be due to an
adverse effect of HOXB4 overexpression [11]. For long-term
repopulation, HOXB4 needed to be expressed during the OP9 co-
culture period and throughout the repopulation period (data not
shown). All these data clearly show that c-Kit*CD41* cells are the
cells that require HOXB4 expression to manifest long-term
repopulating activity. In addition, it should be emphasized that
CD45 is not expressed in these cells (Fig. 2A).

“B). PLoS ONE | www.plosone.org

Hemangioblasts in EB6 subpopulations

To examine whether c-Kit"CD41* cells have hemangioblastic
activity, we performed blast colony-forming cell (BL-CFC) assays [3]
on EB6 cells under HOXB4-oft or -on conditions. Unexpectedly, c-
Kit"CD417 cells exhibited scant BL-CFC activity, and c-Kit"*CD41~
cells instead were significantly enriched in BL-CFC, regardless of
HOXB4 expression status (Fig. 3A). The potentials to give rise to
blood cells and vascular endothelial cells in BL-CFC were examined
on a clonal basis as previously described [20]. Most of these blast
colonies individually exhibited hematopoietic and/or endothelial
differentiation potential (Fig. $2). Of note is that neither BL-CFCs
nor cells composing blast colonies significantly respond to HOXB4
expression (Fig. 3A and Fig. $2). Consistent with BL-CFC data, most
vasculogenic activity was detected in CD41” cells (Fig. 3B). In
contrast, most primitive erythropoietic activity was detected in
CDA417 cells (Fig. 3C), as in the yolk sac (YS) [15], supporting the view
that primitive hematopoietic progenitors arise soon after the
development of mesoderm [21]. Primitive erythroid colony formation
was significantly inhibited by HOXB4 expression (Fig 3C).

Genes expressed in EB6 subpopulations

RT-PCR was performed on cDNAs prepared from fractionated
EB6 cells. Consistent with recently published data[14], all genes
examined, including Runxl, Scl, Gatal, and Gata2, were expressed in
cKit"CD41* cells (Fig. S3), suggesting that this population at this
developmental stage is already in the process of establishing definitive
hematopoiesis. Expression of Gatal, B-HI globin (Hbb-bhI), and B-
major globin (Hbb-bI), detected in c-Kit”CD41%* and c-Kit"CD41*
cells, supports observations that these two populations contain
primitive erythrocyte precursors (EryPs). FlkI expression with faint
Brachyury expression in both ¢-Kit"'CD41™ cells and c-Kit"CD41*
cells implies that these populations are the immediate progeny of
mesodermal precursors. Although low levels of endogenous mouse
HoxB# expression were detected in c-Kit"CD41% cells, higher
expression levels might be required for generation of HSCs.

Cell surface markers on long-term repopulating cells
derived from EB cells

In order to define HSC phenotypes just before transplantation,
CD41* EB6 cells were co-cultured with OP9 cells and were induced
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sorted for GFP+ cells, and transplanted into lethally irradiated mice. HOXB4 expression was maintained from in vitro co-culture through in vivo
repopulation. Recipient mice were analyzed 16 weeks after transplantation. Over 95% of reconstituted blood cells were of myeloid lineage in all cases
(data not shown). Two independent experiments gave similar results. Data from one experiment are shown. See Table S1 for the number of

transplanted cells from each subpopulation.
doi:10.1371/journal.pone.0004820.g002

to express HOXB4. HOX B4-expressing cells, detected as GFP* cells,
were analyzed for expression of cell surface markers. GFP* cells were
fractionated based on expression of CD41, ¢-Kit, CD34, or CD45 by
flow cytometry (Fig. 4A) and were transplanted into lethally
irradiated mice with rescue cells (Table 52). Analysis of recipient
mice 16 weeks after transplantation showed that CD41* cells, c-Kit"
cells, CD34* cells, and CD45  cells were enriched in long-term
repopulating activity (Fig. 4B). Myeloid lineage was predominantly

@ PLoS ONE | www.plosone.org

reconstituted in all cases. Numbers of CD41%, c-Kit*, and CD34*
cells apparently decreased in the absence of HOXB4 expression (data
not shown). These data indicate that HOXB4 expression selectively
maintains the ¢-Kit'CD41* CD45~ phenotype and up-regulates
CD34 expression during the co-culture period. It is known that fetal
liver HSCs express CD34 antigen while adult bone marrow HSCs
barely express CD34 antigen [22,23]. These data suggest that ESC-
derived HSCs remain phenotypically immature.

March 2009 | Volume 4 | Issue 3 | e4820
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Figure 3. Hemangioblastic, endothelial, and primitive erythro-
cytic potentials among EB6 subpopulations. Colony forming
abilities in unfractionated, c-Kit"CD417, c-Kit*CD417, c-Kit—CD41%, or c-
Kit"CD41" EB6 cells were examined in quadruplicate. (A) Blast colony-
forming assays were performed. (B) Vascular endothelial progenitors
(EP) were detected by the OP9 co-culture system with cytokines as
previously described [20]. (C) Erythroid colonies were detected by
methylcellulose colony assays. Detected erythroid colonies contained
primitive erythrocytes as identified by B-H1 globin expression (data not
shown). Kruskal-Wallis testing was performed for statistical analysis.
doi:10.1371/journal.pone.0004820.g003

In vivo function of HSCs derived in vitro from ESCs

We observed that ¢-Kit"CD41* cells had accumulated in the
bone marrow of recipient mice when analyzed 18 weeks after
transplantation (Fig. S4). We attempted to shut HOXB4
expression off in recipient mice from 8 to 14 weeks after
transplantation by letting them drink water containing 100 pg/
ml of Dox. Analysis of peripheral blood cells from these mice
showed that GFP™ cells became undetectable and that B- and T-
lymphoid lineage reconstitution was significantly improved.
Myeloid lineage reconstitution, contrariwise, was reduced, with
decreases in total chimerism (data not shown). After GFP* bone
marrow cells were isolated from other mice reconstituted with
ESC-derived cells, 1.2 x10° GFP* cells together with 2x10° rescue
cells was transplanted into each of 6 lethally irradiated mice, of
which 3 were given Dox and 3 were not. Of the 3 recipients given
Dox, 2 mice showed 0.8% and 15% chimerism, with respectively
46 : 54% and 50 : 50% myeloid : lymphoid lineages. Of the 3
recipients not given Dox, 4 mice showed 45% and 83% chimerism
with almost exclusively myeloid lineage. These results support the
hypothesis that HOXB4 expression negatively affects lymphoid
differentiation and positively affects repopulating activity in ES-
derived HSCs [11], effects not seen in adult HSCs [24].

HOXB4 target genes in HSC development

Odur last experiments compared gene expression profiling among
c-Kit"CD41" EB6 cells (cells with the potential to give rise to HSCs),
cKit"'CD41" cells after co-culture with HOXB4 expression
(repopulating cells), and c-Kit"CD41* cells after co-culture without
HOXB#4 expression (non-repopulating cells). We attempted to
identify candidate genes whose expression is up- or down-regulated
by HOXB4, among which might exist important genes that control
the early development of HSCs. To verify the Tet-off strategy,
HOXB#4 expression was examined in these 3 populations and in
ESCs maintained in the presence of Dox (ESCs without HOXB4
expression). As expected, HOXB4 expression was only detected in c-
Kit"CD41* EB6 cells after co-culture without Dox (Fig. $5).

Microarray analysis was performed on cDNAs prepared from c-
Kit"CD41" EB6 cells without HOXB4 expression and c-Kit"CD41*
cells after co-culture with or without HOXB4 expression. In order to
focus on genes up- and down-regulated by HOXB4 expression, we
employed stringent criteria (Legends, Tables S3 and S4). Genes with
5-fold or more difference in gene chip scores between c-Kit"CD41*
cells after co-culture with HOXB4 expression and ¢-Kit"*CD417 cells
without HOXB4 expression were selected.

After selection, 294 and 115 probes, respectively, remained for
HOXB4 up- and down-regulated genes. We next examined
whether these selected genes are expressed in HSCs via gene
expression profiling of adult HSCs. HSC-expressing genes shared
200 of 294 probes for HOXB4 up-regulated genes. Of great
interest is that CD34, CDI150 (Slamfl), c-Mpl, integrin a4 and o6
(Itga# and 6), and transforming growth factor B type II receptor (Tgfbr2)
were among them. On the other hand, 58 of 115 probes for down-
regulated genes by HOXB4 were not detected on adult HSC
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profiling. All up-regulated adult HSC-related genes and all down-
regulated adult HSC-unrelated genes are listed in Tables 83 and
S4 and are also schematically presented as a heat map in Fig. 5A.
The overall similarity in the heat map between the EB6 and the

HOXB4-oft samples suggests that these data represent the eftect of

enforced expression of HOXB4. RT-PCR analysis showed that the
expression levels of CD150 and c-Mpl were significantly higher in
HOXB4-on c-Kit"CD41* cells than in HOXB4-oft c-Kit"CD41*
cells, and that the expression levels of i 1-globin (Hbb-bkI) and Lin28
were significantly lower in HOXB4-on ¢-Kit"CD41* cells than in
HOXB4-oft ¢-Kit"CD41* cells (Fig. 5B). A marked increase in
CD34" repopulating cells (Fig. 4) and a marked decrease in primitive
erythroid progenitors (Fig. 3) with HOXB4 expression were
consistent with the gene expression profiling data.

@ PLoS ONE | www.plosone.org

A number of genes are implicated as playing important roles in
the generation of HSCs. According to our microarray data,
significant levels of Scl, Runx1, Gata2, or Lmo2, were expressed in
c-Kit"CD41* cells, but induced HOXB4 expression did not
change their expression levels. Expression levels of Cdx]1 and
Cdx4 remained low in c-Kit"CD41% cells regardless of HOXB4
expression.

Discussion

This study demonstrates that pre-HSCs, perhaps conceptually
relevant to hemogenic endothelium [25], can be prospectively
isolated from developing mouse EBs. Pre-HSCs were unable to
engraft and to reconstitute the hematopoietic system in lethally
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Figure 5. Heat map of differentially expressed genes. (A)
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cells described above, from ESCs maintained without HOXB4 expres-
sion, and from CD34™ KSL cells from adult bone marrow. The mean plus
or minus 1SD (n=3) is shown for 4 representative genes.
doi:10.1371/journal.pone.0004820.g005

irradiated adult mice. To engraft in adult mice, pre-HSCs should
acquire both engraftment and repopulating capacities. This
developmental process was driven or enhanced by enforced
expression of HOXB4. Contrary to previous studies [11], HOXB4
had to be continuously expressed in vivo after transplantation to
maintain long-term repopulation in this study. When HOXB4
expression was turned off in some reconstituted mice, myeloid
reconstitution level was decreased while B- and T-lymphoid
reconstitution levels were increased. As a result, the total
chimerism was gradually reduced (data not shown). We used a
Tet-oft system while Kyba et al. used a Tet-on system. An

@ PLoS ONE | www.plosone.org
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explanation for this discrepancy may be that Tet-on systems are
“leaky” by comparison with Tet-off systems, permitting weak
persistent expression of HOXB4 even after turn-oft in the work of
Kyba et al. Long-term repopulating cells generated from pre-HSCs
by OP9 co-culture and HOXB4 expression persistently showed
low levels of long-term reconstitution. When 10° adult bone
marrow cells, instead of Sca-1" rescue cells, were used as
competitor cells, reconstitution became undetectable (data not
shown). A similar property has been observed for HSCs from the
YS and P-Sp/AGM region. We operationally called these HSCs
with low repopulating potential embryonic HSCs,

As previously noticed [11], HOXB4 overexpression seemed to
have prevented lymphoid reconstitution, with long-term reconsti-
tution mainly myeloid in this study. Multilineage reconstitution
has been a criterion for HSCs. However, myeloid reconstitution
may be more reliable than lymphoid reconstitution as a marker of
HSC activity because short-lived granulocytes are never detectable
in the circulation for long unless they are continuously supplied by
engrafted HSCs.

Pre-HSCs and embryonic HSCs are distinct populations in
function and gene expression profiling, but they both exhibited the c-
Kit*CD417CD45 ™ phenotype. Since c-Kit is already expressed in a
significant proportion of undifterentiated ESCs and in most YS, P-
Sp/AGM, fetal liver, and adult bone marrow HSCs [6,26,27,28],
the maintenance of this receptor tyrosine kinase may be crucial for
the development of HSCs from the internal cell mass.

CD41 marks both primitive and definitive hematopoiesis
[15,16,17,18]. The developmental wave of definitive but transient
hematopoiesis clearly differs from that of HSCs [1,2]. Whether
CD41 also marks HSCs in their early development has been
uncertain. In this study, pre-HSCs and primitive erythroid
progenitors were detected among CD41* cells (Figs. 2B, 3C). In
contrast, hemangioblastic and vasculogenic activities were princi-
pally detected in CD41™ cells.

Hemangioblasts are thought to play a major role in initiation of
primitive and definitive hematopoiesis [3]. HSCs have been
generally believed to arise from hemangioblasts [7]. Unlike previous
studies[3], our blast colony assays were performed on EB6 cells
instead of EB3.0 or 3.5 cells. This might be the reason that pre-HSC
and hemangioblast activities were detected in the separated
populations. Pre-HSCs may develop closely associated with
hemangioblasts because these two types of cells arise from common
mesodermal precursors at a very early point. It is important to clarify
at which stage these cell classes separate from one another during
development. Our data suggest that pre-HSCs are separated from
hemangioblasts as soon as they arise. The possibility exists that pre-
HSCs initially develop through hemangioblasts, but soon thereafter
these two types of cells become distinct from one another.
Alternatively, HSCs develop independent of hemangioblasts. Since
in uitro differentiation of ESCs along the blood lineage mostly mimics
YS hematopoiesis [29], it is possible that pre-HSCs arise in close
association with YS development. In this case, pre-HSCs presum-
ably are unable efficiently to differentiate into embryonic HSCs in
the YS microenvironment, but, after migration, are able to do so in
particular developmental niches like the P-Sp/AGM region [4,5]
and the fetal liver microenvironment.

Although fetal and adult HSCs express CD45, pre-HSCs and
embryonic HSCs were shown not to express CD45. Most HSCs
from the YS and P-Sp/AGM region at E10.5 or earlier do not
express CD45 [19,30]. In this regard, CD45 is a late maturation
marker of HSCs whereas CD41 is an early maturation marker of
HSCs. Identification and characterization of ¢-Kit"CD41*CD45~
pre-HSCs and embryonic HSCs in early developing embryos will
clarity the significance of changes in HSC phenotype.
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We and others have been interested in target genes of HOXB4.
If other HSC inducers are indentified among such molecules,
more efficient generation of HSCs should become possible. A large
number of candidate target genes has been reported recently [31].
Unfortunately, these expressed genes were not always identified
among populations properly enriched in HSC activity. We
therefore used cKit'CD41" cells from which HSC activity
emerged after HOXB4 expression was turned on.

Among a number of candidate genes obtained in this study were

many genes known to be expressed in adult HSCs (Table S3). Of

special note is that CD34, CD150, and ¢-Mpl are up-regulated in the
transition of pre-HSCs to embryonic HSCs. Only some pre-HSCs
expressed CD34, but all embryonic HSCs derived from pre-HSCs
expressed CD34 (Fig. 4). That CD34 is expressed in YS and P-Sp/
AGM HSCs [6,32] supports the inference that all these cells are
closely related. CD150, which is expressed from fetal HSCs to adult
HSCs, is a new HSG marker [33,34]. c-Mpl, the receptor for TPO,

is expressed in most fetal and adult HSCs. Although the function of
CD34, CD150, or c-Mpl is not essential for the development of

HSCs [12,35,36], it is suggested that these HSC markers begin to be
expressed at the embryonic HSC stage. CD34, CD150, and c-Mpl
could be good candidates for the earliest markers during HSC
development. Since many intracellular molecules (¢.g., angiopoietin 1
and myeloperoxidase) were also up-regulated, they might also serve
as markers for embryonic HSCs. Angiopoietin 1, secreted by HSCs
in the P-Sp/AGM region, fetal liver, and adult bone marrow, has

been suggested to promote angiogenesis [37]. High levels of

expression of these molecules might be tightly associated with
commitment to HSC lineage. The origin of HSCs — YS or P-Sp/
AGM region — has been debated for a very long time. It is difficult to
determine precisely which site is the first origin of HSCs because in
the mouse embryo the P-Sp/AGM region does not exist at E7, when
the YS begins to appear. A combination of markers listed in this
study should be useful for in vivo detection of embryonic HSCs.

Fetal and adult HSCs are functionally distinct [38,39]. Pre-HSCs
and embryonic HSCs are functionally ditferent from fetal and adult
HSCs. Our working model for HSC development is presented in
Fig. 6. We propose that pre-HSCs which arise from mesoderm,
possibly independent of hemangioblasts, give rise to embryonic
HSCs which subsequently give rise to fetal and adult HSCs. Whether
all adult HSCs are generated by fetal HSCs remains uncertain, as
recently suggested [40]. These processes should take place in
spatially and temporally established niches in developing embryos.
Certainly much more work is required, but identification and
characterization of pre-HSCs and embryonic HSCs in developing
embryos are central to validation of this model.

Embryonic stem cells (ESCs) hold great promise to innovate a
variety of new therapies for regenerative medicine because of their
potential of difterentiating into all sorts of adult cells. The key to
success in stem cell therapy is to establish methods of properly
differentiating ESCs into any particular type of tissue-specific stem
cells. Recent establishment of induced pluripotent stem cell lines
[41,42] demands more such protocols. In order to generate HSCs
from ESCs efliciently i vitro, optimal conditions must be
determined for each developmental step in our model.

Materials and Methods

Mice

129/0laHsd (1290la) mice were purchased from Jackson
Laboratory (Bar Harbor, ME). Ly5 congenic C57BL/6 mice (B6-
Ly5.1) were obtained from Sankyo Laboratory Service (T'sukuba,
Japan). 1290la and B6-Ly5.1 mice were mated to produce F1

mice (Ly5.1xLy5.2). Mice were maintained in the Institute of

@ PLoS ONE | www.plosone.org
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Figure 6. A stepwise developmental model for HSCs. We
propose a working model for HSC development. Pre-HSCs originate
from mesoderm, possibly independent of hemangioblasts; pre-HSC
give rise to embryonic HSCs in particular niches in the YS or P-Sp/AGM
region; embryonic HSCs give rise to fetal and adult HSCs in particular

niches in the fetal liver and bone marrow.
doi:10.1371/journal.pone.0004820.g006

Medical Science University of Tokyo Animal Research Center. All
experiments using mice received approval from the Institute of
Medical Science Animal Experiment Committee.

ESCs

The mouse ES cell line EB3, derived from E14tg2a ESCs, was
maintained without mouse embryonic fibroblasts in Glasgow
minimum essential medium supplemented with 10% fetal calf
serum (FCS) (JRH Bioscience, Lenexa, KS), 0.1 mM 2-mercap-
toethanol (2-ME), 2 mM L-glutamine (L-Gln), 0.1 mM non-
essential amino acids, 1 mM sodium pyruvate (Invitrogen,
Carlsbad, CA), 1,000 U/ml leukemia inhibitory factor (LIF,
Chemicon, Temecula, CA), and 100 U/ml penicillin/streptomy-
cin. For these cultures, a 100 mm-tissue culture dish was used after
coating with 5 ml of 0.1% gelatin in PBS for 10 min at 37°C.

Tet-regulated HOXB4/GFP expression in ESCs

The tetracycline (Tet)-off’ system was chosen because gene
expression is more strictly controllable in the Tet-oft system than
in the Tet-on system [43]. ESCs carrying the Tet-off iHOXB4
expression cassette in the ROSA26 locus (iIHOXB4 ESCs) were
made as previously described (Fig. S6) [44].

In vitro ESC differentiation

iHOXB4 ESCs were maintained in the presence of 1 pg/ml
doxycycline (Dox), a tetracycline derivative. To allow ESCs to
differentiate into EBs, ESCs were trypsinized and collected in
complete EB differentiation medium (EBD) [3]. Cells were
transferred into a 100-mm Petri dish at 2x10° cells per 10 ml
EBD. The medium was changed on day 4 of culture and every 2
days thereafter.

Co-culture with OP9 cells

OP9 cells were maintained in a-MEM containing 15% FCS,
10° OP9 cells were plated in each well of a 6-well tissue culture
plate 2 days before starting co-culture. Developed EBs were
treated with 0.25% trypsin for 4 min at 37°C and were disrupted
to yield single cells. Co-cultures were employed with IMDM
containing 20 ng/ml mouse stem cell factor (SCF) and 20 ng/ml
human thrombopoietin (TPO), 10% FCS, 2 mM L-Gln, 0.1 mM
2-ME, and 100 U/ml penicillin/streptomycin. On specified days
of co-culture, cells were recovered from the culture dishes for
analysis and sorting on a flow cytometer.

Flow cytometry analysis and sorting

ESGs, EB cells, and cells after OP9 co-culture were stained with
phycoerythrin-conjugated (PE-) anti-Flk-1 (eBioscience, San
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Diego, CA), allophycocyanin-conjugated (APC-) anti-CD31,
biotinylated anti-CD34, PE-anti-CD41, and APC-anti-c-Kit
antibodies (BD Biosciences, San Jose, CA) on ice for 30 min.

Streptavidin-APC-Cy7 (BD Biosciences) was used for detection of

biotinylated antibody. Analysis and sorting were performed on a
Mo¥Flo (DAKO, Glostrup, Denmark).

Methylcellulose colony assays

Cells were cultured in 1% methylcellulose containing 30% FCS,
1% bovine serum albumin, 2 mM L-glutamine, and 0.05 mM 2-ME.
For colony assays, 10 ng/ml mouse interleukin-3, 10 ng/ml SCF,
2 U/ml human erythropoietin, and 50 ng/ml TPO were included.
Cells were incubated at 37°C in a humidified atmosphere with 5%
CO, in air. Colonies were counted on day 10 of culture and
individually picked up. Each colony was cytocentrifuged onto a glass
slide for morphological examination with May-Gruenwald-Giemsa

staining. Primitive erythroid colonies were counted on day 3 of

culture. Blast colony assays were performed as previously described
[16]. In brief, cells were cultured in IMDM containing 1%
methylcellulose, 10% FCS, 4.5x10™* M monothiolglycerol, 1% L-
Gln, 25 pg/ml ascorbic acid, 300 pg/ml human saturated transfer-
rin, 5 ng/ml vascular endothelial growth factor, 100 ng/ml SCF, and
5 ng/ml IL-6. Blast colonies were counted on day 4 of culture.

Long-term reconstitution assays

2- to 3-month-old B6-Ly5.1x1290la F1 mice (Ly5.1/Ly5.2)
were irradiated at a dose of 900 cGy. ES-derived cells (Ly5.2) were
transplanted into these mice (Ly5.1/ly5.2) along with 3x10° Sca-
1-depleted (Sca-1") bone marrow cells from B6-Ly5.1 x1290la F1
mice as rescue cells. T'o prepare Sca-1" cells, mononucleated cells
were obtained by density gradient centrifugation using Ficoll-
Paque PLUS (Amersham Biosciences, Uppsala, Sweden). Cells
were stained with anti-Sca-1 antibody-conjugated magnetic beads
(Miltenyi Biotec, Bergisch Gladbach, Germany). Sca-1* cells were
magnetically depleted using an LD column (Miltenyi Biotec).

Peripheral blood cells from recipient mice were analyzed 4 and
16 weeks after transplantation. After red blood cell lysis, cells were
stained with biotinylated anti-CD45.1 antibody. After washing,
cells were stained with PE-anti-CD4, PE-anti-CD8, APC-anti-Gr-
1, APC-anti-Mac-1, and PE-Cy7-anti-B220 antibodies and with
APC-Cy7-streptavidin. At least 10° cells were analyzed, and data
were collected on a FACS Aria (BD Biosciences). Test donor cells’
contribution was detected with the GFP marker. Percentage
chimerism was defined as percentage of GFP™ cells in peripheral
leukocytes. Test donor cells were considered to have contained
long-term repopulating cells when chimerism was over 0.01%.

RT-PCR

PCR was performed on cDNAs from sorted cells as previously
described [45]. Primers are listed in Table S5. The PCR program
consisted of 38 cycles of 15 sec at 95°C, 15 sec at 56°C, and 20 sec
at 72°C.

Real-time PCR

The PCR primers were designed using a program provided by
Roche  (https://www.roche-applied-science.com/sis/ rtpcr/upl/
index.jsp). PCR contained normalized cDNAs, Universal Probe
Library Set, and FastStart Universal Probe Master (Roche, Basel,
Switzerland). Quantitative PCR analyses were performed in real-
time using an ABI PRISM 7900HT (Applied Biosystems, Foster
City, CA). The PCR program consisted of 43 cycles of 15 sec at
95°C and 60 sec at 60°C. Each value was divided by the mean
value from HOXB4-oft samples to be expressed as fold increase.
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Microarray analysis

Total RNA was extracted from 3 sets of cells. The first was c-
Kit*CD41" EB6 cells derived from iHOXB4 ESCs without HOX B4
expression. The second and third were c-Kit'CD41% cells after co-
culture with OP9 cells for 4 days with or without HOXB4
expression. To prepare cells in the last 2 groups, c-Kit"CD41*
EB6 cells were plated onto a monolayer of OP9 cells and were
cultured either in the presence or absence of Dox for 4 days. c-
Kit"CD41* cells were again separated from the co-cultures by flow
cytometry. T'o compare gene expression profiles with those of adult
HSCs, CD34 ™ c-Kit*Sca-1*Lineager marker~ (CD34 KSL) cells
were isolated from C57BL/6 mice as previously described [26]. In
order to analyze cycling adult HSCs, CD34 KSL cells were
incubated with 50 ng/ml SCF and 50 ng/ml TPO for 24 hours
[46]. Integrity of RNA was assessed qualitatively on an Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA). cDNA was
synthesized with 2 MessageAmp aRNA Kit (Applied Biosystems). n
aitro transcription and labeling were performed using One-Cycle
Target Labeling and Control Reagents (Affymetrix, Santa Clara,
CA) for ESCs and ESC-derived cells, and using Tow-Cycle Target
Labeling and Control Reagents (Affymetrix) for adult HSCs. The
heat-fragmented probes were hybridized to a Mouse Genome 430
2.0 GeneChip (Aftymetrix). The arrays were scanned and analyzed
with the Aftymetrix GeneChip System. The relative abundance of
each gene was estimated from the average difference of intensities.

Statistical analysis

Mann-Whitney testing was performed when two groups were
compared. Kruskal-Wallis testing was performed when multiple
groups were compared.

Supporting Information

Table S1
Found at: doi:10.1371/journal.pone.0004820.5001 (0.02 MB PDF)

Table S2
Found at: doi:10.1371/journal.pone.0004820.s002 (0.02 MB PDF)

Table S3
Found at: doi:10.1371/journal pone.0004820.5003 (0.18 MB PDF)

Table S4
Found at: doi:10.1371/journal.pone.0004820.s004 (0.06 MB PDF)

Table S5
Found at: doi:10.1371/journal.pone.0004820.5005 (0.03 MB PDF)

Figure S1 Effect of HOXB4 expression in generation of CFU-
nmEM and surface marker expression. (A) Data show colony
formation by 1,000 cells derived from EB. 1,000 cells were
obtained from EBs on days 0, 2, 4, 5, 6, and 7 of culture and co-
cultured with OP9 cells for 4 days. Cells collected from the co-
cultures were plated in methylcellulose. HOXB4 expression was
turned oft in both OP9 co-cultures and methylcellulose cultures
(HOXB4-off), turned on in both (HOXB4-on), or turned on only
in OP9 co-cultures (HOXB4-on to -off). The number of colonies
was counted and cells composing each colony were morpholog-
ically examined. The graphs show the numbers of neutrophil/
macrophage/ erythroblasts/megakaryocyte (nmEM) colonies ex-
tracted from various colonies formed. Continuous expression of
HOXB4 in methylcellulose culture was not necessary for nmEM
colony formation. The number of colonies is the mean from 2
independent experiments. (B) Cell surface markers were examined
during EB formation without HOXB4 expression. Flk-1+ cells
were first detected on day 3 of culture; the proportion of Flk-1+
cells markedly increased on the following day and decreased
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thereafter. CD31+ cells and CD41+ cells became detectable by

day 5 and day 6, respectively, followed by the appearance of

CD34+ cells. CD45+ cells became detectable after day 6, but
remained low in number. c-Kit+ cells constituted about half of the
cells throughout EB formation regardless of whether HOXB4
expression was induced (data not shown).

Found at: doi:10.1371/journal.pone.0004820.s006 (9.39 MB TIF)

Figure 82 Differentiation potential of individual blast colonies.
Both hematopoietic and endothelial potentials were examined for
individual blast colonies. Blast colonies were formed by whole EB6
cells (Fig. 3A). Colonies were individually picked up from
methylcellulose and co-cultured with OP9 cells in the presence
of vascular endothelial growth factor, stem cell factor, interleukin-

3, TPO, and erythropoietin for 7 days. (A) The summary of

hematopoietic and endothelial potentials detected in individual
blast colonies. (B) Representative photomicrographs show that a
colony consisted of blood cells and CD3l-positive vascular
endothelial cells.

Found at: doi:10.1371/journal.pone.0004820.s007 (6.61 MB I'IF)

Figure 83 RT-PCR for 4 EB6 cell populations. PCR was
performed on cDNAs prepared from fractionated EB6 cells.
“ound at: doi:10.1371/journal.pone.0004820.s008 (3.55 MB TIF)

Figure 84 Analysis of bone marrow cells from recipient mice of

HOXB4-expressing ES-derived cells. c-Kit+CD41+ EB6 cells
were co-cultured with OP9 cells while HOXB4 was enforcedly
expressed. After co-culture with OP9 cells, GFP+ cells and rescue
cells were transplanted into lethally irradiated mice. 18 weeks after
transplantation, bone marrow cells of the recipient mice were
stained with antibodies and analyzed on a flow cytometer. (A-E)
GFP— cells were derived from rescue cells and possibly from host
cells. (F-]) GFP+ cells were derived from ESCs. GFP— cells and
GFP+ cells are separately displayed for the expression of Gr-1 and
Mac-1 (A, F), B220 and CD19 (B, G), CD4 and CD8 (C, H), Sca-1
and c-Kit (D, I), and CD41 and CD45 (E, J).

Found at: doi:10.1371/journal.pone.0004820.s009 (1.28 MB 'I'TF)

Figure 85 RT-PCR analysis for induced HOXB4 expression in c-
Kit+CD4 1+ cells. ESCs were maintained in the presence of Dox (ES
HOXB4-off). After ESCs were differentiated into EB6 cells in the
presence of Dox, c-Kit+CD41+ cells were isolated (c-Kit+CD41+
EB6 HOXBA4-oft). These cells were co-cultured with OP9 cells in the
presence or absence of Dox for 4 days, followed by recovery of c-

Kit+CD41+ cells from the co-cultures (c-Kit+CD41+ HOXB4-off

and c-Kit+#CD414+ HOXB4-on). These c-Kit+#CD41+ cells and
ESCs along with adult bone marrow cells (T'otal BM) as a negative
control were examined for HOXB4 expression by RT-PCR analysis.
The PCR program consisted of 15 sec at 95°C, 15 sec at 60°C, and
30 sec at 72°C. A total of 42 cycles or 30 cycles was used for
amplification of HOXB4 or Gapdh.

Found at: doi:10.1371/journal.pone.0004820.s010 (9.28 MB T1F)

Figure 86 Tet-oft inducible HOXB4/EGFP expression system.
(A) Schematic presentation of the T'et-oft HOXB4 gene expression
cassette integrated into the constitutive active ROSA 26 locus on
chromosome 6. HOXB4 cDNA was kindly provided by Dr. K.
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ABSTRACT

The Rho GTPase family members play essential roles in
hematopoiesis. Of these, Racl is thought to be required
for the appropriate spatial localization of hematopoietic
stem and/or progenitor cells (HSPCs) within the bone
marrow (BM), whereas Rac2 likely plays a role in BM
retention of HSPCs. To elucidate the molecular mecha-
nisms underlying Rac-mediated functions in hematopoietic
stem cells (HSCs), we studied Wiskott-Aldrich syndrome
protein family verprolin-homologous proteins (WAVESs),
the specific effectors downstream of the Rac GTPases in
actin polymerization. We here showed that CD34™/°%c.
Kit*Sca-1"lineage™ HSCs (CD34 KSL HSCs) express
WAVE2 but neither WAVE1 nor WAVE3. Because
WAVE2 knockout mice are embryonic-lethal, we utilized
HSCs in which the expression of WAVE2 was reduced by

small interfering RNA. We found that knockdown (KD) of
WAVE2 in HSCs affected neither in vitro colony forma-
tion nor cell proliferation but did impair in vivo long-term
reconstitution. Interestingly, WAVE2 KD HSCs exhibited
unaltered homing but showed poor BM repopulation
detected as early as day 5 after transplantation. The mech-
anistic studies on WAVE2 KD HSCs revealed modest but
significant impairment in both cobblestone-like area-form-
ing on stromal layers and actin polymerization upon integ-
rin ligation by fibronectin. These results suggested that
WAVE2-mediated actin polymerization, potentially down-
stream of Racl, plays an important role in intramarrow
mobilization and proliferation of HSCs, which are believed
to be crucial steps for long-term marrow reconstitution af-
ter transplantation. STEM CELLS 2009,27:1120-1129

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

Adult hematopoietic stem cells (HSCs) exhibit self-renewal
and undergo multilineage differentiation presumably within a
specific bone marrow (BM) microenvironment, referred to as
the BM niche [1-4]. Both extrinsic and intrinsic factors are
required for the maintenance of HSC functions [3, 4]. HSC
status is believed to be controlled within the BM niche by
orchestrated signaling circuits mediated by a variety of mole-
cules including stem cell factor (SCF)/c-Kit, thrombopoietin
(TPO)/c-Mpl, angiopoietin-1/Tie2, Wnt, Notch, bone morpho-
genic proteins, Ca**, and chemokine (C-X-C motif) ligand 12
(or stromal-derived factor-1)/CXC receptor 4 (CXCR4) [2-6].
Also well documented is that cell-to-cell or cell-to-extracellu-
lar matrix interaction itself is crucial for the execution of
HSC functions in the niche system [7]. In the setting of trans-
plantation, HSCs must take several steps to achieve successful
long-term engraftment, which include transendothelial migra-
tion into the BM cavity from circulation (homing), settling in
the BM niche (lodging and retention), and intraniche prolifer-
ation and multilineage differentiation (repopulation). The

interactions between HSCs and various extracellular elements
affect these multistep processes [8].

Rho GTPases are molecules known to integrate intracellu-
lar signals downstream of CXCR4, c¢-Kit, and integrins [5, 6,
9]. Rho, Rac, and Cdc42 belong to the Rho GTPase family.
Rac and Cdc4?2 are primarily required for actin polymeriza-
tion leading to cell adhesion, spreading, migration, and pattern
formation [10, 11]. Actin cytoskeletal structures such as filo-
podia and lamellipodia are formed by actin polymerization
[12]. Actin polymerization requires the actin-related protein
two-third (Arp2/3) complex, which is activated by Cdc42 sig-
naling via Wiskott-Aldrich syndrome protein (WASp) and N-
WASpD or by Rac signaling via members of the WASp family
verprolin-homologous protein (WAVE) [11, 13].

Both Racl and Rac2 are expressed in hematopoietic line-
ages, but they exhibit distinct functions in hematopoietic stem
and/or progenitor cells (HSPCs) [14]. Racl™~HSPCs show
defective hematopoietic repopulation after transplantation. This
has been mainly ascribed to early engraftment failure, not to
defective long-term repopulation potential [14-16]. Impaired
microlocalization has been suggested to cause this engraftment
failure. In contrast, Rac2™ "HSPCs showed normal early
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engraftment but were at a disadvantage in competitive repopu-
lation, presumably caused by defective adhesion to and
impaired retention within the BM niche [14-16]. Although
these studies have paved a way to understand the molecular
regulation of HSPC homing, engraftment, and mobilization, lit-
tle is known which effectors lie downstream of Rac and how
they function in HSCs. We therefore performed the current
study to examine the roles of WAVEs in HSC functions.

We showed that CD34 "*%¢-Kit*Sca-1"lineage™ HSCs
(CD347KSL HSCs) express only WAVE2 among the WAVE
family, and that knockdown (KD) of WAVE2 reduces the lev-
els of long-term repopulation, possibly resulting from poor
early BM repopulation by HSCs. As detailed analyses
revealed many similarities of phenotypes between HSCs defi-
cient in Racl and WAVE2 KD HSCs, we concluded that
WAVE?2 likely acts as the key effector of Racl in HSCs dur-
ing early repopulation of BM after transplantation.

MATERIALS AND METHODS

Mice

All animal and recombinant DNA experiments were per-
formed with approval of the Institutional Animal Care and
Use Committee of the Institute of Medical Science, University
of Tokyo. C57BL/6 (B6)-Ly5.1 mice were from Sankyo Lab-
oratory (Tsukuba, Japan, http://www.sankyolabo.co.jp) and
B6-Ly5.2 mice were from Japan SLC (Shizuoka, Japan,
http://jslc.co.jp).

Purification of CD34"KSL HSCs
and CD34*KSL Cells

CD347KSL HSCs and CD34"KSL progenitor cells were puri-
fied from B6 mouse BM as described [17]. Multicolor flow
cytometry analysis and cell sorting were performed using a flu-
orescence-activated cell sorting (FACS) Vantage SE (Becton,
Dickinson and Company, San Diego, CA, http://www.bd.com)
or a MoFlo Cell Sorter (Beckman Coulter, Fullerton, CA,
http://www.beckmancoulter.com). Anti-mouse antibodies con-
jugated with biotin, fluorescein isothiocyanate, phycoerythrin
(PE), allophycocyanin (APC), or PE-cyanin 7 (PE-Cy7) were
from BD Biosciences (San Diego, CA, http://www.bdbiosciences.
com) or Invitrogen (San Diego, CA, http://www.invitrogen.
com). Streptavidin-alexa 594-conjugated rat [gG secondary anti-
body was from Molecular Probes Inc. (Tokyo, Japan, http://
probes.invitrogen.com) or Invitrogen Japan (Tokyo, Japan).
Purity of sorted cell fractions was consistently >98%.

Gene-KD Vector Preparation

The FG12 lentiviral vector used in KD procedures was a gener-
ous gift from Drs. X. Qin and D. Baltimore (California Institute
of Technology, Pasadena, CA) [18]. The FG12 vector construct
contains a 5" long terminal repeat (LTR), multiple cloning sites,
and a ubiquitin C promoter-driven enhanced green fluorescent
protein, followed by a 3’ LTR. We followed published proto-
cols for the use of WAVE2 short hairpin type small interfering
RNAs (shRNAs) [19, 20]. The FG12 lentivector with scramble
control shRNA was used as a control vector. We used control
shRNA sequences known to not affect WAVE2 expression
[20]. Concentrated viral supernatant samples were produced by
calcium phosphate transfection of 293T cells and viral titers
were determined as described [20].

Gene Transduction of Mouse CD34"KSL HSCs

HSCs from B6-Ly5.2 wild-type or WAVE2* mice [19] (8-11
weeks old) were sorted at 50 cells per well into 96-well plates
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that were precoated with Retronectin (10 ug/ml; Takara Bio,
Shiga, Japan, http://www.takara.co.jp) and contained o-mini-
mal essential medium (a-MEM) supplemented with 1% fetal
bovine serum (FBS), 100 ng/ml mouse SCF (Peprotech, To-
kyo, Japan, http://www.peprotech.com), and 100 ng/ml human
TPO (Peprotech). Following 24 hours of preincubation,
recombinant lentiviral supernatant was added to wells at a
multiplicity of infection of 600 or 1,200 and the plates were
incubated for the following 14 hours in the presence of SCF,
TPO, and protamine sulfate (10 pg/ml) (Fig. 2A). To maxi-
mize the effect of shRNA, the cells were further incubated for
another 4 days with medium shifted from «-MEM 1% FBS to
S-Clone SF-O3 (S-Clone, Sanko Junyaku, Tokyo, http://
www.sanko-junyako.co.jp) supplemented with 1% bovine se-
rum albumin (BSA), 50 ng/ml SCF, and 50 ng/ml TPO.
Transduction efficiency was consistently over 90% as deter-
mined by green fluorescent protein (GFP) expression.

Semiquantitative Reverse Transcriptase-Polymerase
Chain Reaction

Total RNA was extracted from cell samples using TRIzol rea-
gent (Invitrogen). First strand ¢cDNA was synthesized from
RNA samples with Superscript I Reverse Transcriptase (Invi-
trogen). cDNA copy numbers were normalized against glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) copy numbers
calculated based on quantitative polymerase chain reaction
(PCR) results using the TagMan rodent GAPDH control rea-
gent (Perkin-Elmer Applied Biosystems, Foster City, CA,
http://www.appliedbiosystems.com) [21]. The normalized
cDNA was amplified with each primer pair for 38 cycles of
three-step PCR consisting of 95°C for 15 seconds, 60°C for
15 seconds, and 72°C for 20 seconds.

Primer sets used were as follows: WAVE], forward primer
(5'-GAAAGTGCCAAGAGCACCTC-3') and reverse primer
(5'-AGCTGGGTGAAGAACACCAG -3"); WAVE2, forward
primer (5-TCCGAGTGCTTCCTTCAACT-3') and reverse
primer (5'-CCCAGGAAACACAGGTGACT-3"); WAVES3, for-
ward primer (5'-ATCCTCCGAGGGATCTCTGT-3') and reverse
primer (5'-GGTGAGGAGGAGTGGGGTAT-3'); GAPDH, for-
ward primer (5-CTTCACCACCATGGAGAAGGC-3) and
reverse primer (5'-GGCATGGACTGTGGTCATGAG-3".

Immunocytostaining for WAVEL, WAVE2,

or WAVE3

Cells were immunostained as described previously [22, 23].
Cells were directly sorted by flow cytometry into a droplet of se-
rum-free culture medivm on a poly-L-lysine-coated glass slide
and incubated for 30 minutes at 37°C or 4°C. After fixation with
2% paraformaldehyde, cells were incubated for 12-hour at 4°C
with rabbit polyclonal anti-WAVE1, -WAVE2, or -WAVE3
antibodies [19, 20] at a dilution of 1:200. After washes, cells
were incubated for 30 minutes at room temperature with Alexa
Fluor 647-labeled goat anti-rabbit IgG secondary antibody (Mo-
lecular Probes/Invitrogen Japan) at a dilution of 1:500 and
nuclei were marked by 4,6-diamino-2-phenylindole staining. A
Leica TCS SP2 AOBS confocal microscope (Leica Microscopy
System, Wetzlar, Germany, http://www.leica-microsystems.
com) was used to visualize fluorescent signals.

In Vitro Colony Assays and Cell
Proliferation Assays

In vitro colony assays to evaluate colony-forming units
(CFUs) were performed with methylcellulose medium (Stem
Cell Technologies, Vancouver, BC, Canada, http://www.
stemcell.com) containing 30% FBS, 10 ng/ml mouse SCF,
10 ng/ml human TPO, 10 ng/ml mouse interleukin (IL)-3
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(Peprotech), and 2 wunits/ml human erythropoietin (EPO;
Peprotech) in 35-mm dishes. Cells were incubated for 14 days
at 37°C in a humidified atmosphere with 5% CO,. Colonies
were enumerated under an inverted microscope and classified
based on cell composition in each colony by morphological
analysis of cytospin cells after May-Griinwald-Giemsa stain-
ing. Cell proliferation was assessed in liquid culture using
96-well culture plates. GFP* HSCs (n = 100) were directly
sorted into each well; the wells contained S-Clone supple-
mented with 1% BSA, SCF, TPO, IL-3, and EPO. Cell num-
bers were determined at indicated time points using Flow-
Count beads (Beckman Coulter) and a FACS Calibur flow
cytometer (Becton, Dickinson and Company).

Competitive Repopulation Assays

Competitive repopulation assays were performed using the
Ly5 congenic mouse system (Fig. 2A). Recipient mice (B6-
Ly5.1) were lethally irradiated at a dose of 9.5 Gy. Trans-
duced cells (equivalent to 50 CD34 KSL cells input) from
B6-Ly5.2 mice were mixed with 2 x 10° competitor BM cells
from B6-Ly5.1 mice and infused by vein into recipients.
Peripheral blood cells were taken 16 weeks post-transplanta-
tion and were analyzed by flow cytometry for reconstitution
levels in myeloid (APC-conjugated Mac-1*/Gr-1"), B-lymph-
oid (PE-Cy7-conjugated B220™), and T-lymphoid (PE-conju-
gated CD4"/CD8") lineages, together with Ly5 markers.

Early Repopulation Assays

To evaluate early BM repopulation by HSCs, we measured
the numbers of CFUs in recipient BM on days 3, 5, and
7 post-transplantation. The transduced HSCs (equivalent to
50 input cells) were transplanted without competitor cells into
B6-Ly5.1 mice lethally irradiated at a dose of 9.5 Gy. At
days 3, 5, and 7 post-transplantation, BM cells were obtained
from both femora of each recipient mouse and subjected to in
vitro colony-forming assays. GFP* colonies were enumerated
at day 12 of culture. Colonies formed by BM cells were
exclusively of Ly5.2" cell origin (donor HSC) as verified in
representative experiments (data not shown).

Cobblestone-Like Area-Forming Assays

For cobblestone-like area-forming cell (CAFC) assays,
infected HSCs (n = 50) in a 200-uL well of a 96-well plate
were dispersed and maintained in the presence of 1% BSA,
50 ng/ml SCF, and 50 ng/ml TPO. At day 4 of culture, 1/10th
of that volume (20 pl), inferred to contain 1/10th of the
infected HSCs, was added to each well of a 6-well plate con-
taining C3H10T1/2 cells irradiated at a dose of 50 Gy
(RIKEN Biosource, Tsukuba, Japan, http://www.brc.riken.
go.jp/inf/en/index.shtml). After coculture for 10 days (culture
volume, 2 ml; Dulbecco’s modified Eagle’s medium supple-
mented with 10% FBS, 10 ng/ml SCF, and 10 ng/ml TPO),
GFP* CAFCs per well were counted by using epifluorescent
microscope DM IRBE equipped with a recording system
(Leica Microscopy System). Experiments were performed
twice independently.

Statistical Analysis

Data were expressed as means = SD and subjected to Stu-
dent’s unpaired 7 test or one-way ANOVA test by using Prism
4 software (GraphPad, San Diego, CA, http://www.graphpad.
com). A level of p <.05 was considered significant.

Roles of WAVE2 in Hematopoietic Stem Cells

WAVE3  WAVE2

Figure 1. CD34 KSL hematopoietic stem cells (HSCs) express
WAVE?2 but not WAVE1 or WAVE3. (A): Expression of WAVEI,
WAVE2, WAVE3, and GAPDH at RNA level was examined by semi-
quantitative reverse transcription-polymerase chain reaction analysis.
¢DNAs were prepared, in BM, from CD34 KSL cells, CD34"KSL
cells, lineage marker™ cells, Gr-1"Mac-1"" neutrophils/macrophages,
TER119" erythroblasts, and B220" B-lymphoid cells; in spleen, from
B220" B-lymphoid cells, Thy-1.2" T-lymphoid cells, and Nk-1.1"
NK/NKT cells; and in thymus, from CD4 CD8~, CD4*CD8™,
CD4*CD8™, and CD4"CD8™ T-lymphoid cells of adult B6 mice.
E12.5 WE served as a positive control. (B): Protein expression of
WAVE1, WAVE2, or WAVE3 was examined by immunofluorescent
staining. The images of representative CD34”KSL HSCs stained with
each anti-WAVE antibody followed by staining with Alexa fluor-647
(red)-rabbit anti-rat IgG antibody are shown. Nuclei were marked by
DAPI staining (blue). Scale bar == 10 um. Abbreviations: BM, bone
marrow; DAPI, 4,6-diamino-2-phenylindole; E12.5 WE, embryonic
day 12.5 whole embryos; GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase; KSL, ¢-Kit"Sca-1"lineage™; WAVE, Wiskott-Aldrich syn-
drome protein family verprolin-homologous protein.

RESULTS

WAVE Expression in HSCs

We first examined the expression of WAVE isoforms by
semiquantitative reverse transcriptase (RT)-PCR analysis in
various hematopoietic cell populations including CD34”KSL
HSCs [17] and CD34"KSL progenitors [17] (Fig. 1A).
WAVE?2 expression was detected in most populations at vary-
ing levels, whereas WAVE] and WAVE3 expression was
rarely detected in the tested samples. Of note was that the
expression of WAVE2, but not of WAVE! or WAVE3, was
detected in CD34 KSL HSCs. WAVE? expression levels were
lower in CD34"KSL cells, suggesting specific functions of
WAVE2 in HSCs (Fig. 1A). Expression of WAVE2 in single
HSC at the protein level was confirmed by immunostaining
(Fig. 1B). The absence of WAVE1- and WAVE3-fluorescent
signals was consistent with the RT-PCR results. These results
indicate that among WAVE family members, WAVE2 may
play a principal role in a signaling pathway downstream of Rac
in HSCs.

Stem CruLs
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Methyicellulose colony assay

D Day 4 after Infection
GFP WAVE2 DAPI

WAVE2 KD , Control KD

Figure 2. Lentivirus-mediated shRNA transduction of CD34 KSL hematopoietic stem cells (HSCs) leads to effective gene KD of WAVE2. (A):
The experimental scheme is shown. CD347KSL cells were sorted into U-bottom 96-well plates at 50 cells per well. Following preincubation of HSCs
in the presence of thrombopoietin and stem cell factor for 24 hours, lentivirus infection was carried out in the presence of protamine sulfate for 14
hours. The cells were then cultured for another 4 days to allow sufficient KD action (expression of EGFP). Transduced cells were then subjected to ei-
ther in vitro colony-forming unit assays or in vivo long-term repopulation assays. (B): The photomicrographs of transduced cells 4 days after infec-
tion are shown. Over 90% of cells expressed GFP after infection. (C): Expression of WAVE2 and GAPDH mRNA was assessed by reverse
transcription-polymerase chain reaction at day 4 after infection. The HSCs in which WAVE2 shRNA was transduced exhibited reduced WAVE2
expression. (D): Immunostaining of WAVE2 in cells at day 4 after infection is shown. Scale bar== 10 um. Abbreviations: DAPI, 4,6-diamino-2-phe-
nylindole; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GFP, green fluorescent protein; KD, knockdown; KSL, ¢-Kit*Sca-1"lincage ™;
LTR, long terminal repeat; shRNA, short hairpin RNA; Ubi C-EGFP, ubiquitin C promoter-driven enhanced green fluorescent protein; WAVE, Wis-
kott-Aldrich syndrome protein family verprolin-homologous protein; WRE, woodchuck hepatitis virus posttranscriptional regulatory element.

KD of WAVE2 in HSCs
Mice deficient in WAVE2 die at embryonic days 11.5-12.5

Figure 2A is the experimental scheme for transduction of
shRNA and the functional assessment of HSCs. CD34 KSL

because of defective vasculogenesis caused by the lack of lamel-
lipodium formation by endothelial cells and smooth muscle cells
[24]. We therefore utilized a lentiviral transduction gene KD
strategy to reduce the expression of WAVE2 in HSCs. Shown in
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HSCs were sorted at 50 cells per well and were transduced with
either the scramble control KD or the WAVE2 KD vector.
Transduction efficiencies, assessed by GFP expression at day 4
after viral infection (day 5 after HSC preparation), were near
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Figure 3. The KD of WAVE?2 does not impair HSC colony formation in methylcellulose or HSC proliferation in liquid culture. Transduced HSCs
were subjected to methylcellulose colony assays or liquid culture without stromal cells in the presence of interleukin-3, stem cell factor, erythropoie-
tin, and thrombopoietin. (A): A bright-field photomicrograph (phase) and the corresponding fluorescence microscopic image (GFP) of a representa-
tive day 14 colony derived from HSCs transduced with either control short hairpin RNA (shRNA) virus (top, control KD) or WAVE2 shRNA virus
(bottom, WAVE2 KD). (B-i): Graphic representation of the number of day 14 colonies formed by cells transduced with either control KD or WAVE2
KD virus. (B-ii): Graph of cell numbers per well of 96-well plates at days 2, 4, and 6 of culture when 100 GFP* HSCs were directly sorted into each
well. Results are means & SD (n = 4). A representative result of two independent experiments is shown. (C): Colony formation by cells derived from
WAVE2** or WAVE2*~ CD347KSL cells without infection and by cells derived from CD34 KSL cells from WAVE2™" mice after transduction
with control or WAVE2 shRNA virus. Colonies at day 14 were enumerated and classified into m, nm, nmE, and nmEM colonies. Results are
means + SD from three independent assays. Abbreviations: CFU, colony-forming unit; GFP, green fluorescent protein; HSC, hematopoietic stem
cell; KD, knockdown; m, macrophage; N.S., not significant; nm, neutrophil and macrophage; nmE, neutrophil, macrophage, and erythrocyte; nmEM,
neutrophil, macrophage, erythrocyte, and megakaryocyte; WAVE, Wiskott-Aldrich syndrome protein family verprolin-homologous protein.

100% in most experiments (Fig. 2B). Efficient reduction of annexin V staining-based assessment of cellular apoptosis (sup-
WAVE2 expression was verified by both RT-PCR analysis and porting information Fig. 1). These results indicated that lentivi-
immunostaining (Fig. 2C, 2D). HSCs rendered defective in rus-mediated KD in HSCs efficiently reduced WAVE2 expres-
WAVE?2 expression remained viable, which was confirmed by sion without inducing significant levels of cell death.

Stem Crus
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Figure 4. The KD of WAVE2 in hematopoietic stem cells (HSCs) leads to defective long-term repopulation. Transduced HSCs were subjected
to competitive repopulation assays. Peripheral blood of recipient mice was examined by flow cytometry 16 weeks after transplantation. (A): Rep-
resentative data for control KD HSCs and WAVE2 KD cohorts are shown. Both populations were transduced using either control short hairpin
RNA (shRNA) (control KD) or WAVE2 shRNA (WAVE2 KD) virus. All donor cells are identified by CD45.2 expression. Transduced cells are
identified by GFP expression. HSCs in both control and WAVE KD cohorts differentiated into myeloid cells (Mac-1/Gr-1" cells), B lymphocytes
(B220" cells), and T lymphocytes (CD4/CD8™ cells). (B): Scatter plots represent % chimerism 16 weeks after transplantation, calculated by (%
CD452% cells) x 100/(% CD45.1" cells + % CD45.27 cells). WAVE2 KD HSCs exhibit low level but substantial multilineage reconstitution.
Abbreviations: GFP, green fluorescent protein; KID, knockdown; WAVE, Wiskott-Aldrich syndrome protein family verprolin-homologous protein.

Functional Analyses of HSCs Rendered Defective in
WAVE2 Expression

To test if lack of WAVE2 affected in vitro cell growth in HSCs,
we performed methylcellulose colony assays on CD347KSL
HSCs transduced with either control vector or WAVE2 KD vec-
tor. Racl™/~ HSPCs reportedly responded to SCF with reduced
in vitro cell growth, [16] but showed a normal proliferative
response to combinations of multiple cytokines [15]. The
CD34"KSL cell fraction used in this study represents a highly
purified HSC population in which SCF alone does not support
sufficient cell growth [25]. We therefore used multiple cytokines
to study the proliferative responses of these cells [22, 25]. As
shown in Figure 3A, CD34 KSL HSCs transduced with either
control virus (top) or WAVE2 shRNA virus (bottom) yielded
substantial numbers of myeloid colonies (>>1 mm diameter),
most of which showed GFP fluorescence (>85% transduction ef-
ficiency). Interestingly, WAVE2 KD colonies appeared loose,
whereas control colonies appeared compact (Fig. 3A). WAVE2
KD did not influence the frequency of colony-forming cells
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(Fig. 3B-i); gross proliferation in liquid culture also was not
affected by WAVE2 KD (Fig. 3B-ii). In addition, WAVE2 KD
HSCs exhibited no significant defect in the capability of multili-
neage differentiation (Fig. 3C). The observation that reduction of
WAVE2 did not lead to a gross loss of HSC proliferation ability
in response to multiple cytokines is consistent with data previ-
ously obtained from analysis of Rac1™" HSPCs [15]. To test if
WAVE2 KD affected in vivo reconstitution abilities in HSCs,
we next performed competitive repopulation assays on
CD34"KSL HSCs transduced with either control virus or
WAVE2 shRNA virus. Single-well HSCs were collected and
transplanted into irradiated CD45.1 recipient mice (well:mouse,
1:1) along with 2 x 10° CD45.1 BM cells as competitor cells
[22, 26]. Figure 4A shows a representative result of analysis of
peripheral blood obtained from recipient mice 16 weeks after
transplantation. Control CD452% HSCs showed a substantial
contribution to hematopoiesis (36.2% chimerism), whereas
CD452" HSCs in which WAVE2 expression was reduced
exhibited a low level of reconstitution (3.2% of chimerism).
Multicolor analyses revealed that all myeloid, B-lymphoid, and
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T-lymphoid lineages were reconstituted by GFP' cells (Fig.
4A). The comprehensive results obtained from two independent
experiments showed that long-term repopulation levels using
WAVE2 KD HSCs were significantly lower than those using
control HSCs (Fig. 4B). Of note is that low but significant levels
of long-term multilineage reconstitution were still detectable af-
ter transplantation with WAVE2 KD HSCs. These results indi-
cated that either the number of long-term repopulating cells or
the Jong-term repopulating activity was diminished in HSCs in
which WAVE?2 expression was reduced.

Early Repopulation by WAVE2 KD HSCs

To learn why WAVE2 KD HSCs reconstitute poorly long
term, we sought to assess early in vivo kinetics of HSC repo-
pulation within BM after transplantation. As we used a lim-
ited number of highly purified HSCs as test donor cells, it

Day 3

N.S., not significant; WAVE,
Wiskott-Aldrich syndrome pro-
tein family verprolin-homolo-
gous protein.

Day 5 Day 7

was impractical to estimate the number of donor cells homed
to the BM cavity by flow cytometry or microscopy. We there-
fore examined how colony-forming cells of donor HSC origin
sequentially appeared in recipient BM.

As shown in Figure 5A, by day 3 after transplantation
with transduced cells, individual recipient mouse BM cells
formed few colonies in either control or WAVE2 KD cohorts.
The frequencies of CFUs rapidly increased thereafter in con-
trol HSC-transplanted BM, reaching as many as ~ 100 cells
per animal by day 7 in some cases (Fig. 5B-5D). In contrast,
CFUs did not significantly increase in WAVE2 KD HSC-
infused BM from day 3 to day 7 (Fig. 5B-5D). As all colo-
nies expressed GFP, they must have been derived from suc-
cessfully transduced HSCs. Noteworthy is that the difference
in CFU repopulation kinetics between control and WAVE2
KD cohorts is highly significant (Fig. 5D). These results

Stem Cries
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suggest that WAVE2 is required not for HSC homing to BM
but for a repopulation process by HSCs in the BM
environment.

Intact cell growth in vitro but poor repopulation in the
BM environment by WAVE2 KD HSCs led us to hypothesize
that WAVE2-deficiency could impair HSC functions only
when HSCs were in close contact with a microenvironment
that included BM stromal cells. To test this hypothesis, we
conducted CAFC assays; these can assess migration activity
and proliferative ability in HSCs that are in conjunction with
a stromal cell layer. When sorted onto an irradiated stromal
cell layer, WAVE2 KD HSCs formed cobblestone-like areas
that were indistinguishable from those formed by control KD
counterparts (Fig. 6A). However, the number of cobblestone-
like areas formed per sorted GFP* HSCs was significantly
lower in a WAVE2 KD cohort than in a control KD cohort
(Fig. 6B), suggesting important roles of WAVE2 in HSCs for
processes of colonization in the presence of stromal cells.

DiscussioN

Both in vitro colony-forming assays and in vivo long-term repo-
pulation assays showed that WAVE2 KD does not affect multili-
neage differentiation potential in HSCs. Instead, long-term repo-
pulation levels shown by WAVE2 KD HSCs were significantly
lower than those for control HSCs (Fig. 4). We are reluctant to
interpret this as an impairment of long-term repopulating or self-
renewal capacity in WAVE2 KD HSCs because we still detected
apparent multilineage repopulation by transduced GFP' cells
(implying successful WAVE2 KD in most cases) 16 weeks after
transplantation. We proposed instead, as likely explaining poor
repopulation from WAVE2 KD HSCs, our finding that early BM
repopulating activity was significantly decreased for WAVE2
KD HSCs compared with control KD HSCs (Fig. 5). On day 3
after transplantation, BM repopulation levels, as assessed by
number of CFUs derived from BM, were similar for WAVE2
KD and control cohorts, indicating that WAVE2 reduction does
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not impair HSC homing to BM. Of particular note was that con-
trol KD HSCs rapidly repopulated the marrow by day 7 as evi-
denced by an increase in the number of detectable CFUs,
whereas WAVE2 KD HSCs failed to expand (Fig. 5). Consider-
ing the intact cell growth in vitro in methylcellulose and liquid
culture proliferation assays (Fig. 3B) and the absence of apparent
cell death in WAVE2 KD HSCs (supporting information Fig. 1),
it seems reasonable to conclude that any deleterious influence of
WAVE2 KD on HSCs depends on the presence of the niche
environment. This is supported by our observation of signifi-
cantly fewer CAFCs cultured on stromal cell layers when assay-
ing WAVE2 KD HSCs than when assaying controls (Fig. 6).
Furthermore, we found impaired actin polymerization in
WAVE2 KD HSCs in the presence of stimulation by fibronectin
but not by poly-L-lysine (supporting information Fig. 2). This
suggested that integrin ligation in the niche environment may
induce or enhance the negative effects of WAVE2 deficiency on
HSCs, which in turn lead to poor BM repopulation post-trans-
plantation (Figs. 4, 7). The results of RT-PCR analysis of cell-
cycle regulators may be of significant importance, because they
showed that WAVE2 KD exerts some influence on the expres-
sion levels of cyclin D1, p21 Cipl, and p27 Kipl (supporting in-
formation Fig. 3). Because WAVE2 KD HSCs can proliferate
normally in methylcellulose and liquid media (Fig. 3B), cell-
cycle arrest or severe retardation is not likely. Perhaps WAVE2
KD has the potential to predispose HSCs to cell-cycle retarda-
tion, which manifests only in the BM microenvironment. Further
experiments are required to prove this hypothesis formally.

This study did not address whether WAVE2 specifically
acts in HSCs as a downstream effector of Racl but not Rac2.
However, homing and repopulation properties of WAVE2 KD
HSCs remarkably resembled those of Rac-17"" HSPCs [14,
15]: for example, transplanted HSCs contribute poorly to
long-term repopulation in both cohorts [15] (Fig. 4), and early
BM repopulation is impaired in both [15] (Fig. 5). Of note is
that Cancelas et al. utilized an assay system different from
ours, to assess homing and lodging functions of HSPCs. By
injecting a large number of wild-type c-Kit*Lin™ BM cells la-
beled with carboxyfluorescein diacetate succimidyl ester
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(CFSE) into mice, they demonstrated that CFSE-positive cells
were localized preferentially in the endosteal space within 16
hours [15]. In contrast, CFSE-positive cells with Racl dele-
tion showed less efficient endosteal localization (lodging fail-
ure) [15]. Interestingly, when both Racl and Rac2 were
deleted, defects in lodging were more severe [14, 15].
Although to learn if WAVE2 KD HSCs similarly fail to lodge
will be of great interest, the limited number of highly purified
HSCs obtainable precluded similar studies on our part. Figure
7 illustrates the possible steps where WAVE?2 is thought to
play a major role in the multistep process of HSC transplanta-
tion, culminating in successful long-term repopulation.

WAVEL and WAVE2, equally expressed in megakaryo-
cytes and platelets [27, 28], differentially control megakaryo-
poiesis and platelet spreading [20]. In platelets, Racl is essen-
tial for lamellipodium formation, leading to stable thrombus
formation in vivo [29]. Our previous studies on megakaryo-
cytes and platelets suggest that WAVE2 but not WAVEI is a
primarily responsible target downstream of Racl [20]. In the
developmental point of view, HSCs and megakaryocytic pro-
genitors are closely related. WAVE2 may work as a key
effector downstream of Racl and be required for lamellipo-
dium formation in either HSCs or megakaryocytes.

Another Rho GTPase family member, Cdc42, is preferen-
tially required for filopodium formation, potentially through N-
WASp and WASp [11]. Yang et al. reported that in HSCs from
mice conditionally deficient in Cdc42 [30], BM homing, lodging,
retention, and long-term repopulation were all impaired. They
also showed that Cdc42 signals positively regulate HSC quies-
cence, suggesting that Cde42 is essential for physical and func-
tional interaction between HSCs and their niches [30]. Whether
these phenotypes reflect the functions of Cde42 in normal HSCs
remains uncertain, because all mice deficient in Cdc42 die

drome protein family verprolin-homologous
protein.

because of progressive myeloproliferative disease [31]. Also
reported is that the inhibition of RhoA, another Rho GTPase, by
a dominant negative mutation enhances engraftment and long-
term repopulation by HSPCs [32]. As all these Rho family mem-
bers affect HSC functions, it will be fascinating to elucidate how
their downstream signaling molecules, including WAVE2, work
coordinately for proper execution of HSC functions, especially
in close association with the BM microenvironment.

CONCLUSION

This study demonstrates that WAVE?2 plays a role in an early
repopulation kinetics within the BM and may act downstream of
Racl. In this regard, WAVE2 represents a new target molecule
for modifying HSC engraftment in transplantation medicine.
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Brief report

Definitive proof for direct reprogramming of hematopoietic cells to pluripotency
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Generation of induced pluripotent stem
cells (iPSCs) generally uses fibroblastic
cells, but other cell sources may prove
useful in both research and clinical set-
tings. Although proof of cellular origin
requires genetic-marker identification in
both target cells and established iPSCs,
somatic cells other than mature lympho-
cytes mostly lack such markers. Here we
show definitive proof of direct reprogram-

ming of murine hematopoietic cells with
no rearranged genes. Using iPSC factor
transduction, we successfully derived
iPSCs from bone marrow progenitor cells
obtained from a mouse whose hematopoi-
esis was reconstituted from a single con-
genic hematopoietic stem cell. Estab-
lished clones were demonstrated to be
genetically identical to the transplanted
single hematopoietic stem cell, thus prov-

ing their cellular origin. These hematopoi-
etic cell-derived iPSCs showed typical
characteristics of iPSCs, including the
ability to contribute to chimerism in mice.
These results will prompt further use of
hematopoietic cells for iPSC generation
while enabling definitive studies to test
how cellular sources influence character-
istics of descendant iPSCs. (Blood. 2009;
114:1764-1767)

Introduction

Development of induced pluripotent stem cell (iPSC) technology has
enabled generation of disease-specific pluripotent stem cells from the
patient.! A typical method uses virus-mediated transfer of defined
factors into fibroblastic cells?? or marrow-derived mesenchymal cells. !
Some other tissues are also reported as sources for iPSC generation,
including murine hepatocytes and gastric epithelial cells, human
keratinocytes,” and very recently, human blood? As the variability of
cellular sources becomes greater, it is attractive to address an interesting
question: is each iPSC clone derived from distinct sources unique in its
characteristics? Although definitive proof of iPSC cellular origin re-
quires genetic markers, as most somatic cells (except mature lympho-
cytes) lack such markers, no formal data have shown reprogramming of
hematopoietic cells, aside from one study that used immunoglobulin
genes as markers.® Here, we demonstrate definitive proof for a direct
reprogramming to pluripotency of primary marrow hematopoietic cells
with no gene rearrangement.

Methods
Mice

Animal experiments were performed with approval of the Institutional
Animal Care and Use Committee of the Institute of Medical Science,
University of Tokyo.

Generation of iPSCs from murine bone marrow progenitor cells

Lineage marker-negative (Lin™) ¢-Kit* (Kit*) cells were enriched using
immunomagnetic beads. pMXs vectors'® encoding iPSC genes are de-
scribed.! Concentrated vesicular stomatitis virus-G-retroviral supernatant

was prepared using reported procedures.!"13 293GP and 293GPG cells
were kind gifts from Dr R. C. Mulligan (Children’s Hospital Boston,
Harvard Medical School, Boston, MA).1 Detailed procedures are described
in the text and supplemental data (available on the Blood website; sce the
Supplemental Materials link at the top of the online article).

In vitro and in vivo assessment of iPSCs

Characteristics of iPSCs were assessed following reported procedures.!
Primer sequences are shown in supplemental Table 1. Immunoglobulin
heavy chain gene rearrangement was analyzed following described
methods.1%16 A single-base difference within Cd45 exon 25 was
analyzed as reported.!”

Results and discussion

To prove the cellular origin of iPSC clones formally, use of
definitive genetic markers is necessary, as with reported reprogram-
ming of mature B cells® and pancreatic beta cells.'® Even if iPSCs
are generated from hematopoietic stem/progenitor cells (HSPCs),
neatly 100% positive for the hematopoietic marker CD45, one
might argue, in light of reported generation of iPSCs from marrow
stromal cells,!S that a small number of nonhematopoietic cells had
been reprogrammed. However, no such suitable marker exists for
hematopoietic cells (excepting rearranged immunoreceptor genes
in mature lymphocytes). We therefore exploited a prominent
characteristic of the hematopoietic system: transplantation of a
single hematopoietic stem cell (HSC) can reconstitute host
hematopoiesis.'?
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