1374 T. Nishino et al./ Experimental Hematology 2009,37:1364-1377

NR-101 stimulation than after rthTPO stimulation, but their
transcriptional levels remained high for long periods. These
expression profiles were consistent with the HIF-1a. protein
levels detected by Western blotting.

Among these HIF-lo—regulated genes, enhanced
expression of the VEGF gene was confirmed at the protein
level by detecting the amount of VEGF secreted into the
UT=7/TPO culture supernatant by enzyme-linked immuno-
sorbent assay. NR-101-treated cells produced.a higher
fevel of VEGF than did rhTPO-treated cells (Fig. 7D).
These results indicated that NR-101 induces” a-hypoxic
response by stabilizing HIF-1a protein more efficiently
than TPO does.

Discussion
In'the present study, we identified NR-101"as a novel small-
molecule ¢-MPL agonist, which was originally discovered
on. screening a chemical library for activity to. promote
the proliferation of CD34" cells. NR-101 exhibited an
ECsy of 0.36 ng/mL in'the UT-7/TPO: cell proliferation
assay, which' was comparable to that of rhTPO (0.24 ng/
mL), and the maximum activity of NR-10} was also equiv-
alent to that of TPO. It is important to note that NR-101 was
superior-to another small-molecule c-MPL. - agonist, SB-
497115, in"inducing the proliferation of UT-7/TPO-cells.
NR:101 requires a histidine residue (His499) in the trans-
membrane domain of ¢-MPL to exert its activity (data not
shown).. Many other ¢-MPL agonists,. SB-497115, NIP-
004, Butyzamide, and AKR-501; also require this histidine
residue in: the transmembrane domain:of ¢c-MPL [34-39],
suggesting that NR-101 selectively binds and activates c-
MPL. However, further investigations are needed to clarify
the mechanism by which NR-101 activates c-MPL because
we have not proved: direct binding of NR-101 to c:MPL.
We clearly demonstrated that NR-101 prevails over TPO
in the ex vivo expansion of HSCs/HPCs. Although there
was no significant difference between thTPO and NR-101
in expanding total cell numbers and inducing megakaryo-
cytic differentiation from human CD34 " cells, NR-101 pref-
erentially ‘expanded. the "CD347CD38 - population and
maintained their -colony-forming capacity as compared
with thTPQ. This positive effect on CD347CD38" cells is
specific. to NR-101 because the effect of other nonpeptidyl
c-MPL agonists, SB-497115, NIP-004. and AKR-501, on
CD34+CD38 cells was comparable to: that of rhTPO (data
not shown), suggesting’ that the ‘specific structure of NR-
101 is responsible for the capacity to expand CD34"CD38~
cells. Moreover, NR-101: induced. a 2.9-fold expansion of
SRCs in short-term cultures; whereas rhTPO-treated cultures
showed no significant change in SRC numbers compared
with' fresh CD34 " cells (1.2:fold expansion; p = 0.51). The
observation that TPO did not expand SRC numbers under

serum-free conditions is consistent with recent reports {59

61], suggesting that a combination of the cytokines TPO,

SCF, and FL is not sufficient to achieve the expansion of
human HSCs in the present culture conditions.

To further understand the effect of NR-101 on HSCs/PCs,
we analyzed the cell cycle of the CD34"CD38™ fraction in
cultures with rhTPO or NR-101. NR-101 increased the
size of the BrdU-negative fraction (G or G; phase) in
CD347CD38" cells more than did rhTPO, while NR-101

‘had no effect on the cell cycle in CD347CD387 cells or

CD34% cells overall. Intriguingly, NR-101 appeared to
increase the proportion of CD34+CD38% cells in the G
phase. These observations indicate that NR-101 promotes
the cell cycle arrest of primitive HSCs/HPCs in the G, phase,
but does not induce quiescence (Gy phase) in vitro. This result
is: consistent with the finding by. Danet et al. that hypoxia
promotes the transition from Gy to G, and/or induces cell
cycle arrestin G| in Lin”CD34F cells [53]. [thas been shown
that HSCs remain quiescent orundergo division ata slow rate
in BM niches to achieve long-term self-renewal and maintain
the - capacity. to differentiate . into multiple lineages. By
contrast, in ex vivo cultures, HSCs rapidly cycle and undergo
terminal differentiation [62,63]. The NR-101~induced slow
cycling of HSCs/PCs might help to protect them from exces-
sive differentiation and allow them to self-renew in culture.
However, the expression of negative cell cycle regulators,
p21 and p27, in CD347CD38" cells was not significantly
affected by NR-101 treatment (data not shown), so the under-
lying molecular mechanisms remain obscure,

In this: study, we noted several .unique effects of NR-101
that may explain the molecular mechanisms involved in the
expansion of HSCs by NR-101; We found that NR-101 acti-
vates c-MPL and its downstream signaling molecules: very
slowly; but maintains high levels of their activated forms for
significantly longer: periods: as. compared to rhTPO. It is
conceivable: that the resistance of chemical conpounds to
degradation during culture and/or less internalization of c-
MPL into:the cytoplasmi account for the sustained: effects
of  NR-101. Importantly, NR-101 persistently - activates
STATS; but hardly activates STAT3. STATS plays an essen-
tial-role in the self-renewal of HSCs [45]. The specific and
durable activation of STATS by NR:101 might contribute to
the augmented self-renewal capacity of HSCs. On the other
hand, this finding also suggests that STAT3 is not absolutely
essential to the maintenance of self-renewing HSCs in.vitro.
Taking into account: the: occasional uncertainty. of results
obtained by cell ‘line-based evaluation, additional: studies
using CD34* and CD34*CD38 cells would be necessary
to confirm the characteristic cell signaling by NR-101 and
actual roles of STAT proteins.

The hypoxic response mediated by -HIF-T'e. is important
for the maintenance of HSCs and hypoxic conditions report-
edly enhance the reconstitution activity of HSCs in recipient
mice [53,64]. TPO. is one of the cytokines that activates
hypoxia-responsive pathways by increasing the intranuclear
level of HIF-la [54-56]..NR:101 appeared: to efficiently
stabilize HIF-14 protein and higher levels of HIF-1a protein
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were detected in cells treated with NR-101 than those treated
with thTPO. Consistent with these findings, we found that
NR-101 induces the gene expression of targets of HIF-1a
more intensively than does TPO. Among the targets of
HIF-io, VEGF has been implicated in the survival of HSCs
through an internal autocrine loop [65]. Enhanced glycolysis
with reduced mitochondrial respiration is a characteristic
metabolic shift observed in embryonic stem- cells and
hypoxic-cancer cells with extensive self-renewal capacity
[66,67]. Enhanced expression of VEGF and genes involved
in glycolysis and glucose transport might favor the mainte-
nance and/or expansion of HSCs/HPCs in° NR- 10 I—treated
cultures.” Thus; - the- induction of hypoxic- responses- in
HSCs/HPCs could be-another ' mechanism by which NR-
101 promotes SRC expansion. in vitro.: However, further
study is needed to clarify the-mechanism of stabilization of
HIF-1o protein by NR=101 and the involvement of sustained
activation of STATS in this process.

Numerous investigators have attempted to improve the
efficiency of ex vivo expansion of human HSCs for clinical
purposes, particularly hCB- HSC transplantation. Notably,
all “recent ‘studies ‘have used 'TPO and  SCE in 'the cell
culture.  Therefore; it will be beneficial to substitute NR-
101 for TPO. in the "present culture systems: to:achieve
a more efficient ex vivo expansion of HSCs. The approach
using NR-101 has an advantage over other strategies in that
NR-101 has the capacity to induce HSC self-renewal and is
readily available to: combine: with: other technologies. In
addition,”NR-101 "could be ‘also applied ‘to- gene therapy
using HSCs,  which requires the maintenance of HSCs in
the process of gene transduction: It will: be important to
further “attempt to "expand HSCs by ‘combining NR=101
with: other cytokines, ligands; and chemicals: capable of
inducing HSC self-renewal (e.g., Deltal, angiopoietin-like
5, IGFBPZ; 5-aza-2'-deoxycytidine, diethylaminobenzalde-
hyde, or FP6) [49,59-61.68]. It will also: be important to
change  the chemical structure ~of - NR-101"'to - achieve
optimum activity: for. the expansion of HSCs:

In conclusion; we have identified' NR=101; a novel non-
peptidyl small-molecule compound, which exhibits a selec-
tive and sustained activation of ¢-MPL. The results reported
here demonstrate that NR-101 is sufficient to induce the
expansion of human HSCs. The approach using NR-101
will provide a wider range of options and be useful for
the ‘development of novel and: efficient technologies for
stein cell and gene therapies.
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Fresh NR-101

CD33

CD19

Supplementary Figure E1. NR-101-treated cells repopulate both myeloid-lincage and B cell-lineage cells in immunodeficient mice. Representative flow
cytometric dot plots showing the repopulation of haman CD33" myeloid-lineage cells and CD19% B cell-lineage cells by fresh hCB CD347 cells and
NR-[01-treated hCB CD347 cells in NOD/SCID mouse BM 8 weeks: after (ransplantation.
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Supplementary Figure E2. NR-101 enhances the expression of genes downstream of TPO. UT-7/TPO (A) or hCB CD34™ (B) cells were stimulated with
thTPO or NR-101 for the period of time indicated. Total RNA was then extracted from cultured cells and the relative expression level of genes (OSM, SOCS3,
EGR, p21, p57, and c-Myc) was measured by real-time quantitative PCR. 18S ribosomal RNA (18Sr) or beta-2-microglobulin (B2M) was used as an internal
control. and a standard curve was used to quantify mRNA. Burs show mRNA levels i thTPO or NR-101-stimulated cells at the indicated timie points relative
(o those in DMSO (control: C)-treated cells for [ hour. Data represent the mean * SEM (n=3-5).
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Supplementary Figure E3. NR-101 enhances the expression of genies downstream of HIF-1a. UT-7/TPO (A) or hCB CD34¥ (B) cells were stimulated with
thTPO or NR-101 for the period of time indicated. Total RNA was then extracted from cultured cells and the relative expression level of genes (VEGF,
SLC2A3. P4HAI, PIMI, and HIFIAY was measured by real-time quantitative PCR. 188 ribosomal RNA (18Sr) or beta-2-microglobulin (B2M) was used
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Supplementary Table E1. Expression profiles of hypoxia-inducible factor-1a—inducible genes in cells treated with NR-101"
Gene symbol Gene name UT-7/TPO CD34%
Angiogenesis

VEGFA vascular endothelial growth factor A 1 1

SERPINEI serpin peptidase inhibitor 1 ND
Vasomotor control

NOS2A nitric oxide synthase 2A 1 ND

EDNI endothelin | 1 ND
Erythropoiesis

EPO erythropoietin - ND

EPOR erythropoietin receptor Il ND

TFRC transferrin receptor 1 ND
Glycolysis

ALDOA aldolase A, fructose-bisphosphate 1 ND

PFKL phosphofructokinase, liver - ND

PKM2 pyruvate kinage, muscle - ND

ENOI enolase | 1 ND

HK1 hexokinase ! — ND

HK2 hexokinase 2 1 ND

LDHA lactate dehydrogenase A h ND

PGK1 phosphoglycerate kinase 1 - ND
Glucose transport

SLC2A1 solute carrier family 2, number | 1 ND

SLC2A3 solute carrier family 2, number 3 H 1
Others

HIFIA hypoxia-inducible factor 1 o - ND
- P4HAL procollagen-proline, o | 1 1

CDKNIA (p21) cyclin-dependent kinase inhibitor 1A 1 1

PIMI pim-1 oncogene 1 1

CXCL12 chemokine (C-X-C motif) ligand 12 t 1

1 = upregulated; | = downregulated; — = unchanged; ND = not determined.

*Quantitative polymerase chain reaction.
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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;

Introduction

114:1764-1767)

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
fuctors into fibroblastic cefls® or marrow-derived mesenchymal cells. !
Some other tissues are also reported as sources for iPSC generation,
including murine hepatocyles 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
Auimal Care and Use Commitiece of the Institute of Medical Science.
University of Tokyo.

Generation of iPSCs from murine bone marrow progenitor cells

Lincage 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.t? 293GP and 293GPG cells
were kind gifts from Dr R. C. Mulligan (Children’s Hospital Boston,
Harvard Medical School. Boston, MA)LM Detailed pracedures are deseribed
in the text and supplemental data (available on the Blood website: see 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 fellowing described
methods.!>1¢ A single-base difference within Cd45 exon 25 was
analyzed as reported.!?

Results and discussion

To prove the celiular 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),
nearly 100% positive for the hematopoietic marker CD45, one
might argue, in light of reported generation of iPSCs from marrow
stromal cells,’-* 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. !

Submitted February 4, 2009; accepted May 11, 2008. Prepublished online as
Blood First Edition paper, June 29. 2009; DO! 10.1182/blood-2009-02-203695.

M. Okabe and M. Otsu contributed equally to this work.
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1764

The publication costs of this article were defrayed in part by page charge
payment. Therefore. and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC seclion 1734,

© 2009 by The American Society of Hematology

BLOOD, 27 AUGUST 2009 « VOLUME 114, NUMBER 9



BLOOCD, 27 AUGUST 2009 - VOLUME 114, NUMBER 9

A Ly5.2 BM cells
(competitor)

e

@
k C57BL/6 (Ly5.2)

transplantation

C578U/6 (Ly5.1)
— &

HSC singie cell sorting

g &

iPS CELL GENERATION FROM HEMATOPOIETIC CELLS 1765

Cc

ACAGACIACCTAC Lys.1
ACAGATACCTAC Ly5.2

Ly5.1 blood cell-derived Retroviral Ly5.1 BM celis Kpn'l site
iPScells infection
sHSC-IPSC
B SN NN I R
o 6 oD P LS E
i , whole BM 3 Lin" c-Kit* cells Lin c-Kit* cells Qg’) N N O P 9 W
0
5 400 PCR products = <+ 301 bp
ks 0,
i leinn pp——
5 5200 Kpn | treated 4
© 100+ < 113 bp

10 ~ 10% - v
10 30" 107 10° 10 10° 107 107 10 0*  10° 101 10 10° 10°

c-Kit CD45

Retroviral Sorting
infection {SSEA-1)

Colony pick up

day0 12345 14-16 21-28
LLLI [

4 &5 madium with LiF t
Reseed on MEF Reseed on MEF

Figure 1. Proof of iPSC induction from hematopoietic cells in a single-HSC transplantation model. {A) Schematic representation of the experimental procedure. Single
CD150+CD34 - KSL cells obtained from B6 Ly5.1 mice were transplanted into lethally irradiated B6 Ly5.2 mice together with BM cells from B6 Ly5.2 mice. BM HSPCs were
obtained from a recipient mouse that showed long-term {~ 10 months) stable Ly5.1 chimerism (~ 80%). enriched for Ly5.1* cells, and subjected to IPSC generation.
(B) A schematic diagram of iPSC generation from BM HSPCs. (i) Lineage markers (Lin) versus c-Kit plots are shown for cells either before (whole BM) or after (Lin~c-Kit*)
purification. Note that purified HSPCs are 98% CD45-positive. (i) A schematic diagram of iPSC generation from BM HSPGCs. (C) Typical ES celi-like appearance of sHSC-iPS
cell colonies (left) with high ALP activities (right). Bars represent 100 zm. (D) Determination of the cellular origin of sHSC-IPSC clones. (Top panel) Scheme of the polymerase
chain reaction (PCR)-based method used, using a single-base polymorphism at Cdd45 exon (EX) 25. Black triangles represent primer positions. Ly5.1 and Ly5.2 strains difter
by a single base in EX 25, as shown in the presented 12-bp sequences from within the 301-bp amplicons. Treatment with the restriction enzyme Kpnt leaves the Ly6.1+
cell—derived amplicon undigested, whereas it generates 2 smaller fragments {113 bp + 188 bp) from the Ly5.2* counterpart. The gel images (bottom panelf) indicate that, of
4 SHSC-iPSC clones, 1 (no. 9-1) is of Ly5.2* cell origin, whereas 3 (nos. 9-5, -6, and -8) are derived from Ly5.1* cells that originated from a single Ly5.1* HSC. Avertical line

has been insented to indicate a repositioned gel lane. (E) Chineric mice obtained by implantation of sHSC-iPSC clone 9-5 into ICR host blastocysts.

Figure 1A depicts our experimental design. We attempted iPSC
generation from marrow HSPCs harvested long-term (~ 10 months)
after reconstitution from a single HSC of C37BL6 (B6) Ly 5.1 origin.
We used concentrated vesicular stomatitis virus-G—pseudotyped retrovi-
ruses,’ as we had succeeded in their efficient transduction into murine
HSPCs.'21* We purified from bone marrow (BM) of a reconstituted
mouse (B6 Ly5.2) Lin" Kit* cells. a HSPC population, with approxi-
mately 98% of cells expressing CDA45 (Figure 1B). We then transduced
these cells with a cocktail of retroviral vectors harboring each of the
iPSC factor genes Octd, Sox2, KIf4, and c-Mye, transferred onto mouse
embryonic fibroblast cells, and maintained in the presence of leukemia
inhibitory factor until cell sorting (Figure 1B). Visible iPSC-like
colonies appeared on approximately days 9 to 11 among a mgjority of
hematopoietic cells that remained nonreprogrammed; these colonies
then grew steadily (supplemental Figure 1A). To enrich iPSC candi-
dates, we sorted the cells expressing SSEA-1 on approximatgly days 14
to 16 and allowed them 1o regrow for another 7 to 12 days (Figure 1B).
Generated iPSC-like colonies showing typical embryonic stem (ES)
cell-like appearance were picked up on approximately days 21 to 28.
These cells showed robust stability in phenotype, had high alkaline
phosphatase (ALP) activity (Figure 1C), and expressed SSEA-1 at

levels compurable with those in ES cells (supplemental Figure 1B). In
the absence of leukemia inhibitory factor, they readily formed embryoid
bodies (data not shown). By using a single-base polymorphism in
CD45."7 we could demonstrate that, of the iPSC clones thus established,
3 were derived from Ly5.17 cellsand 1 froma Ly5.2* cell (Figure 1D).
These results formally demonstrate that direct reprogramming of
marrow hematopoietic cells is feasible given that transdifferentiation of
HSCs to nonhematopoietic lineage cells is, it it ever occurs, an
extremely rare event.”™ We named these iPSCs sHSC-iPS cells (sHSC-
iPSCs) specifically. when established from BM HSPCs reconstituted
from a single HSC.

Each sHSC-iPSC clone was demonstrated to retain proviral se-
quences of the 4 iPSC factors (supplemental Figure 2A), without
detectable transgene expression, probably resulting from gene silencing
(supplemental Figure 2B). In contrast. all sHSC-iPSCs were found to
express each iPSC factor gene endogenously (supplemental Figure 2B).
All sSHSC-iPSCs were shown to express the ES cell marker genes
Nanog. ERas, Rexl, and Gdf3 (supplemental Figure 3A). Nanog
expression was also confirmed by immunostaining (supplemental
Figure 3B). Despite the low expression levels of Ecatl and Zfjp29.
another set of ES cell marker genes. these sHSC-PSCs were shown (o
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be competent in both teratoma formation (supplemental Figure 4) and
contribution to chimeric mice (Figure 1E).

We next sought to confirm the reproducibility of direct repro-
gramming of primary BM HSPCs. Lin Kit’ BM cells obtained
from adult B6 mice were subjected to retrovirus-mediated repro-
gramming procedures (Figure [B). From approximately 5 % 10°
HSPCs, we consistently obtained approximately 10 to 30 discrete
colonies with typical ES cell-like appearances that stained for ALP
(data not shown). Interestingly, iPSC clones established from
primary BM HSPCs (pHPC-iPSCs) were shown to express ES
cell marker genes more robustly than did sHSC-iPSCs (Figures
2A. S3A). Expression levels in endogenous iPSC factor genes were
also more intense in pHPC-iPSCs (supplemental Figure 5B) than in
sHSC-iPSCs (supplemental Figure 2B). This may support the idea
that huge replicative stress imposed on a single HSC by hematopoi-
etic reconstitution might restrict effective reprogramming of target

cells, which are thought to be in senescent states. Confirmation of

germline configuration in the immunoglobulin gene revealed the
non-B-cell origin of pHPC-iPSCs (Figure 2B). pHPC-iPSCs had
the potential for multilineage differentiation. as evidenced by the
formation of teratomas, which contained various tissues represent-
ing all 3 germ layers (Figure 2C). We were also successful in
generating pHPC-iPSCs that constitutively expressed green fluores-
cence protein from enhanced green fluorescent protein (EGFP)-
fransgenic mice?! (Figure 2D). These iPSCs showed a high
contribution to embryonic development when microinjected into
blastocysts (Figure 2E).

Here we report generation of iPSCs from hematopoietic cells with
unrearranged immunoreceptor genes by direct viral transfer of iPSC
factors. The principle shown here ensures the feasibility of direct
reprogramming of human hematopoietic cells, in conjunction with the
recent report of iPSC generation fiom human blood.® The defined
cellular origin of our iPSCs enables formal comparative studies using

BLOOD. 27 AUGUST 2009 - VOLUME 114 NUMBER 9

Figure 2. Characterization of primary BM hematopeletic
celi~derived iPSCs generated using the 4 iPSC factors.
{A) Reverse-transcription PCR analysis showing ES marker gene
expression in primary BM HSPC-derived iPSC clones (pHPC-
iPSCs). H,0 indicates no-template control; ES, ES celis as a
positive control; RT (- ). no-reverse-franscriptase control. A verti-
cal line has been inserted to indicate a repositioned gel lane.
(B) PCR analysis for Ig gene rearrangement of D-J segments
(DJ1-DJ3) in pHPC-IPSC clones. GL indicates ampiification of the
fragment representing unrearranged, germline configuration of
the Ig heavy chain gene; EL4, a T lymphoma cell line as an
unrearranged control. {C) Histologic sections of teratomas derived
from a pHPC-iPSC clone. (D) Images of pHPC-iPSC colonies
derived from an EGFP-transgenic mouse. Bars represent 100 pm
{C-D). (E) E10.5 chimeric embryos generated with one represen-
tative EGFP* iPSC clone.

iPSC clones from various sources: One intriguing question is whether or
not our iPSC clones ditfer from those gencrated from other tissues in
respect 1o reprogramming efficiency. genomic stability, ability of tissue
differentiation, and susceptibility to tumorigenesis. Another question is
what types of cells in murine HSPCs are actually reprogrammed into
iPSCs. At present, we have not yet succeeded in iPSC generation from
highly pwified HSCs. Considering the germiine configuration of the
immunoglobulin gene in our iPSC clones (Figure 2B) und the fact that
the trunsduced cells rapidly acquired granulocytic/myeloid-lineage
marker expression in our culture conditions (data not shown), myeloid
progenitors are currently the plausible target cells of iPSC induction in
our system. Studies to address all these issues are ongoing.
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Abstract

The cellular ontogeny of hematopoietic stem cells (HSCs) remains poorly understood because their isolation from and their
identification in early developing small embryos are difficult. We attempted to dissect early developmental stages of HSCs
using an in vitro mouse embryonic stem cell (ESC) differentiation system combined with inducible HOXB4 expression. Here
we report the identification of pre-HSCs and an embryonic type of HSCs (embryonic HSCs) as intermediate cells between
ESCs and HSCs. Both pre-HSCs and embryonic HSCs were isolated by their c-Kit"CD417CD45™ phenotype Pre-HSCs did not
engraft in irradiated adult mice. After co-culture with OP9 stromal cells and conditional expression of HOXB4, pre-HSCs gave
rise to embryonic HSCs capable of engraftment and long-term reconstitution in irradiated adult mice. Blast colony assays
revealed that most hemangicblast activity was detected apart from the pre-HSC population, implying the early divergence
of pre-HSCs from hemang:oblasts. Gene expression profiling suggests that a particular set of transcripts closely associated
with adult HSCs is involved in the transition of pre-HSC to embryonic H5Cs. We propose an HSC developmental model in
which pre-HSCs and embryonic HSCs sequentially give rise to adult types of HSCs in a stepwise manner.
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potential to give rise 1o HSCs among ¢-Kit"CD417CD457 cells
derived from ESCs on day 6 of culwre (EB6). The presence of
hematopoietic progenitor activity in this population has been
described [12,13,14]. The present report, however, is the first to
document the presence of pre-stem cell activity but litde
hernangioblast activity in the c-Kit"CD41¥CD45 ™ cell population.
Pre-HSCs gave to an embryonic type of HSCs {embryonic
HSCs) capable of reconstituling adult hematopoietic system but at
a low degrec. OP9 cells supported the wansition of pre-HSCs to
embryonic HSCs. Some genes were up- and down-regulated
during the wansition via enforced expression of HOXB4.
Interestingly, about two-thirds of the markedly up-regulated genes
were also found in our adult HSCs gene expression data. These
results suggest that adult HSC-related molecules establish the very
early stages of HSC development. Based on these results, we
propose an HSC development model in which pre-HSCs through
the stage of embryonic HSCs give rise to adult types of HSCs.

Introduction

Mammalian hematopoiesis develops in three distinct waves
consisting of primitive hematopoiesis, definitive but transient
hematopoiesis, and definitive and persistent hematopoiesis which
is established by hematopoietic stem cells (HSCs) [1,2]. Both the
first and second hematopoietic waves originate from the yolk sac
where hemangioblasts, common precursors of the hematopoietic
and endothelial lincages likely play a crucial role [3]. However,
whether HSCs arise in either the yolk sac or the paraaortic
splanchnopleure/aorta-gonad-mesonephros  (P-Sp/AGM) region
remains contraversial [4,5,6]. The relationship between HSCs and
hemangioblasts is also obscure [2,7]. In order to understand how
HSCs develop in carly embryos, it is important to determine the
cellular origin of HSCs rather than the organ origin of HSCs.

Hematopoiesis and vasculogenesis in the early mouse embryo
have been recapitulated well by in vitro ES differentiation systems
[8,9,10]. However, generation of HSCs in substantial numbers
from ESCs in vitro has been difficult. Kyba of al. were the first to
report that HSCs can be efficiently generated from ESCs in the
OPY co-culture system by combining this with an inducible

Results

Experimental design

HOXB4 expression system (OP9 and iHOXB4 system) {11].

In concept, mesodermal cells first commit to the hematopoietic
lineage before giving rise to HSCs. We provisionally called such
cells pre-HSCs, and atempted to identify them in embryoid
bodies (EB) using the OP9 and iHOXB4 system. We detected the

@ PL0S ONE | www.plosone.org

Our basic experimental strategy consisted of EB formation, co-
culture with OP9 cells, and functional assays (Fig. 1). iHOXB4 ESCs
were allowed (o differentiate spontancously into EBs for 6 days
without HOXB4 expression. We decided to fractionate EB6 cells
mainly because hy day 6 of culture the number of multipotent

March 2009 | Volume 4 | Issue 3 | e4820
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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-cuitured 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 turned out to be useful for cell counts, removal of dead cells, and elimination of the remaining Dox.
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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 OPY and iHOXB4 system or the appearance of surface markers
in EB cells. EBG cells were analyzed and sorted by flow cytometry.
Sorted EBG cells were co-cultured with OP9 cells for varions days
under HOXB4-on or -off’ conditions. The minimal requirement of
the co-culture period appeared to he 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 w0
i vive repopulating assays under HOXB4-on or -off’ conditions.

The potential to give rise to HSCs in EB6 subpopulations

ERB6 cells were stained with anti-CD41 antibody in combination
with anti-CD43, -c-Kit, and -CD34 antibodies and others, and
analyzed by flow cytometry (Fig. 2A). CD41" and CD417 cells, c-
Kit'CD41" and ¢-Kit CD41% cells, or CD34'CD41” and
CD347CD41" cells were sorted by {low cylometry. 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 in witre co-cuhure
through m vivo repopulation.

Analysis of peripheral blood cells of the recipient mice 16 wecks
after transplantation showed that c-Kit"CD#17 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 [I11]. For long-term
repopulation, HOXB4 needed to be expressed during the OPY co-
culture period and throughout the repopulation period (data not
shown). All these data clearly show that ¢-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).

@ PLoS ONE | www.plosone.org

Hemangioblasts in EB6 subpopulations

To examine whether ¢-Kit*CD41% cells have hemangioblastic
activity, we performed blast colony-forming cell (BL-CFC) assays [3]
on EB6 cells under HOXB4-off or -on conditions. Unexpectedly, c-
Kit"CD41™ cells exhibited scant BL-CFC activity, and ¢-Kit"CD#$1™
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. 82}, Consistent with BL-CFC data, most
vasculogenic activity was detected in CD41 cells (Fig. 3B). In
contrast, most primitive erythropoietic activity was detected in
CD41% cells (Fig. 3C), as in the yolk sac (YS) {15}, supporting the view
that primitive hematopoletic progenitors arise soon after the
development of mesoderm [21]. Primitive erythroid colony formation
was significantly inlibited by HOXB4 expression (Fig 3C).

‘Genes expressed in EB6 subpopulations

RT-PCR was performed on ¢cDNAs prepared from {ractionated
EB6 cells. Consistent with recently published datafl4], all genes
examined, including Runvl, Sel, Gatal, and Gata2, were expressed in
e-Kit"CD417" cells (Fig. $3), suggesting that this population at this
developmental stage is already in the process of establishing definitive
hematopoiesis. Expression of Gatal, -HI globin (Hbb-bhi), and fi-
major globtn (Hbb-b1), detected in o-Kit CD41" and ¢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
HoxB4 expression -were detected in ¢-Kit"CD41% cells, higher
expression levels might be required for generation of HSCls.

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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doi;10.137 1/journal.pone.0004820.g002

to express HOXB4. HOX Bd-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 cytomeuy (Fig. 4A) and were wansplanted into lethally
irradiated mice with rescue cells (Table $2). Analysis of recipient
mice 16 weeks afier wansplantation showed that CD417 cells, c-Kit”
cells, CD34% cells, and CD45™ cells were enriched in long-term
repopulating activity (Fig. 4B). Myeloid lincage was predominantly

@ PLoS ONE | www.plosone.org

reconstituted in all cases. Numbers of CD417, ¢-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* (D457 phenotype and up-regulates
CD34 expression during the co-culture period. It is known that fetal
liver HSCs express CD34 antigen while adult hone marrow HSCs
harely express CD34 antigen [22,23]. These data suggest that ESC-
derived HSCs remaimn phenotypically immature.
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Figure 3. Hemangioblastic, endothelial, and primitive erythro-
cytic potentials among EB6 subpopulations. Colony forming

. abilities in unfractionated, c-Kit”CD41 7, 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
methylceliuiose colony assays. Detected erythroid colonies contained
primitive erythrocytes as identified by fi-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 o-Kit"CD41" cells had accumulated in the
hone marrow of recipient mice when analyzed 18 weeks after
wansplantation  (Fig.  $4). 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 recomstitution was significantly  improved.
Mycloid lineage reconstitution, contrariwise, was reduced, with
decreases i total chimerism (data not shown). After GFP bone
marrow cells were isolated from other mice reconstituted with
ESC-derived cells, 1.2 x 10° GEP cells together with 2x10° rescue
cells was transplanted into each of 6 lethally irnadiated 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% wmyecloid : 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 aflects lymphoid
differentiation and positively affects repopulating activity in ES-
derived HSCs [11], eflects not seen in adult HSCs [24].

HOXB4 target genes in HSC development

Ouwr last experiments compared gene expression profiling among
c-Kit"CD4 1% EB6 cells (cells with the potential to give rise to HSCs),
Kit"CGD41* cells afler co-culture with HOXB4  expression
{repopulating cells), and ¢-Kit"CD417 cells after co-culture without
HOXB4 espression (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,
HOXB4 cxpression was examined in these 3 populations and in
ESCs maintained in the presence of Dox (ESCs without HOXB¢
expression). As expected, HOXBY expression was only detected in c-
Kit*CD41" EB6 cells afler co-culture without Dox (Fig. S5).

Microarray analysis was performed on ¢DNAs prepared from c-
Kit"CD41" EBG cells without HOX B4 expression and c-Kit"CD417%
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 $4). Genes with
5-fold or more difference in gene chip scores between ¢-Kit"CD417
cells after co-culture with HOXB4 expression and ¢-Kit"CD417 cells
without HOXB4 expression were selected.

Alfter selection, 294 and 115 probes, respectively, remained for
HOXB4 up- and down-regulated genes. We next examined
whether these selected genes are expressed in HSGs via gene
expression profiling of adult HSCs. HSC-expressing genes shared
200 of 294 probes for HOXB4 up-regulated genes. Of great
mterest is that CD34, (D150 (Slamfl), c-Mpl, inlfegrin o4 and a6
(Iiga# and 6), and trangforming growth factor B type I 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 histed in Tables 83 and
S4 and are also schematically presented as a heat map in Fig. 5A.
The overall similarity in the heat map ‘hetween the EB6 and the
HOXB4-off samples suggests that these data represent the effect of
enforced expression of HOXB4. RT-PCR aualysis showed that the
expression levels of CDI50 and ¢-Mpl were significantly higher in
HOXB4-on ¢-Kit*CD41* cells than in HOXBé-off ¢-Kit"CD41*
cells, and that the expression levels of fhI-globin (Hbb-bh 1} and Lin2,
were significantly lower in HOXB4-on c-Kit*CD41" cells than in
HOXB4-ofl ¢-Kit*CD41* cells (Fig. 3B). 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 Cdxl and
Cdx4 remained low in -Kic'CD41" cells regardless of HOXB4
expression.

Discussion

This study demonstrates that pre-HSCs, perhaps conceptually
relevant 1o hemogenic endothelium [25], can be prospectively
isolated from developing mouse EBs. Pre-HSCs were unable o
engraft and to reconstitute the hematopoietic systern in lethally
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Figure 5. Heat map of differentially expressed genes. (A}
Microarray analysis was performed on ¢DNAs from c-Kit*CD41" EB6 cells
without HOXB4 expression, c-Kit'CD41" cells after co-culture without
HOXB4 expression, and c-Kit'CD41* cells after co-culture with HOXB4
expression. The finally selected 223 genes are shown in this graph (for
selection criteria, see Legend, Table S3). Red indicates genes up-
regulated 5-fold or more. Blue indicates genes down-regulated 5-fold or
more. (B) Real-time PCR was performed on normalized cDNA from the
cells described above, from ESCs maintained without HOXB4 expres-
sion, and from CD34 7 KSL cells from adult bone marrow. The mean plus
or minus 1SD {n=3) is shown for 4 representative genes.

doi: 10.137 1/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. Conurary to previous studies [11], HOXB+4
had to be continuously expressed i vivo after wansplantation to
maintain long-term repopulation in this study. When HOXB4
expression was turned of 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-off 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-ofl' systems, permitting weak
persistent expression of HOXB4 even after turn-off in the work of
Kyba ef 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-17 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 previousty noticed [11], HOXB4 overexpression seemed to
have prevented lymphoid reconstitution, with long-term reconsti-
tution mainly mycloid in this study. Multilineage reconstitution
has been a criterion for HSUs. 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"CD41*CD45™ phenotype. Since ¢-Kit is already expressed in a
significant proportion of undifferentiated 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 he crucial for
the development of HSCs from the internal cell mass.

CD41 marks hoth primitive and definitive hematopoiesis
[15,16,17,18]. The developmental wave of definitive but transient
hematopoiesis clearly ditfers 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 CD417 cells (Figs. 2B, 3C). In
contrast, hemangioblastic and vasculogenic activities were princi-
patly detected in CD417 cells. :

Hemangioblasts are thought to play a major role in initiation of
primitive and definitive  hematopoiesis [3]. HSCs have heen
generally believed to arise from hemangioblasts [7]. Unlike previous
studies{3], our hlast colony assays were performed on EB6 cells
instead of EB3.0 or 3.5 cells. This might he the reason that pre-HSC
and hemangioblast activiies 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-
HSGs initally develop through hemangioblasts, but scon thereafier
these two types of cells become distinct from one another.
Alternatively, HSCs develop independent of hemangioblasts. Since
in witro differentiation of ESCs along the blood lineage mostly mimics
YS hematopoiesis [29], it is possible that pre-HSCs arise in close
association with Y8 development. In this case, pre-HSCs presum-
ably are unable efliciently to differentiate o embryonic HSCs in
the Y'S microenvironment, but, after migration, are able to do so n
particular developmental niches like the P-Sp/AGM region {4,5]
and the fetal liver microenvironment.

Although fetal and adult HSCs express (D45, 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 c-Kit"'CD417CD45 ™
pre-HSCs and embryonic HSCs in early developing embryos will
clarify the significance of changes in HSC phenotype.
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We and others have heen interested in target genes of HOXB4.
If other HSC inducers are indentified among such molecules,
more eflicient generation of HSCs should become possible. A large
number of candidate target genes has been reported recently {31},
Unfortunately, these expressed genes were not ahways identified
among populations properly enviched in HSC  actvity. We
therefore used ¢Kit"CD41* cells from which HSC  activity
emerged afier HOXB#4 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 enmthryonic HSCs. Ouly some pre-HSCs
expressed (D34, 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]. ¢-Mpl, the receptor for TPO,
is expressed in most fetal and adult HSCs. Although the function of
CD34, CDI50, or o-Mpl is not essential for the development ol
HSCs |12,33,36], it is suggested that these HSC markers begin to be
expressed at the embryonic HSC stage. €134, CD150, and c-Mpl
could be good candidates for the carliest markers during HSC
development. Since many intracellular molecules (e,g., angiopoietin 1
and mycloperoxidase) were also up-regulated, they might also serve
as markers for embryonic HSCs. Angiopoietin 1, seereted by HSCs
in the P-Sp/AGM region, fetal liver, and adult bone marrow, has
heen suggested to promote angiogenesis [37]. High levels of
expression of these molecules might be tightly associated with
commitment to HSC lincage. 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 nol exist at E7, when
the YS begins to appear. A combination of markers listed in this
study should be useful for in vize detection of embryonic HSCs.

Fetal and adult HSCs are functionally distinet [38,39]. Pre-HSCs
and embryonic HSCs are functionally different 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 wemporally established niches in developing cmbryos.
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.

Embryenic stem cells (ESCs) hold great promise to innovate a
variety of new therapies for regenerative medicine because of their
potential of differentating 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 witro, optimal conditions must be
determined for cach developmental step in our model.

Materials and Methods

Mice

129/0laHsd (12901a) mice were purchased from Jackson
Laboratory {Bar Harbor, ME). Ly5 congenic C57BL/6 mice (B6-
Ly3.1) were obtained from Sankyo Laboratory Service (Tsukuba,
Japan). 1290la and B6-Ly5.1 mice were mated to produce Fl
mice (Ly5.1xLy5.2). Mice were maintained in the Institute of

PLOS ONE | www.piosone.org

Pre-HSCs and Embryonic HSCs

BM
HSC

Embryonic .// ‘i
HSC
\
\\ FL

coat-  Hemangioblast HSC

c:;a;/ Pre-HSC  meomesr
ESC mer Mesodermal
PIECUsor

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 Instute of
Medical Science Animal Experiment Commitiee.

ESCs

The mouse ES cell line EB3, derived from El4g2a 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, | mM sodium pyruvate (Invitrogen,
Carlshad, CA), 1,000 U/mi lcukemia inhibitory [actor (LIF,
Chemicon, Temecula, CA), and 100 U/ml penicillin/streptomy-
cin. For these cultures, a 100 mm-tissue culture dish was used afler
coating with 5 ml of 0.1% gelatin in PBS for 10 min at 37°C.

Tet-regulated HOXB4/GFP expression in ESCs

The tetracychne (Tet}-off system was chosen because gene
expression is more strictly controllable in the Tet-off system than
in the Tet-on system [43]. ESCs carrying the Tet-ofl IHOXB4
expression cassette in the ROSA26 locus (HOXB4 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
ransferred into a 100-mm Peti dish at 2x10° cells per 10 ml
EBD. The medium was changed on day 4 of culture and every 2
days therealter.

Co-culture with OP9 cells

OP9 cells were maintained in o-MEM containing 15% FCS.
10° OPY 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
10 yield single cells. Co-cultures were employed with IMDM
containing 20 ng/ml mouse stem cell factor (SCF) and 20 ng/ml
human thrombopoictin (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 llow cytometer.

Flow cytometry ar{alysis and sorting

ESGCs, EB cells, and cells after OP9 co-culture were stained with
phycoerythrin-conjugated (PE-) ant-Flk-1 (eBioscience, San
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Diego, CA), allophycocyanin-conjugated (APC-) ani-CD31,
biotinylated  anti-CD34, PE-ani-CD41, and APC-anu-c-Kit
antihodies (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

MoFlo (DAKOQ, Glostrup, Denmark).

Methylcellulose colony assays

Cells were cultured in 1% methyleelluose containing 30% FCS,
1% bovine serum albumin, 2 mM L-ghtamine, and 0.05 mM 2-ME.
For colony assays, 10 ng/ml mouse interleukin-3, 10 ng/m! SCF,
2 U/ml human erythropoietin, and 30 ng/ml TPO were included.
Cells were incubated at 37°C: in a humidified atmosphere with 5%
COy i 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

cubture. Blast colony assays were performed as previously described
[16]. In bricf. cells were cultured in IMDM containing 1%
methyleellulose, 10% FCS, 4.5x107* M monothiolglycerol, 1% L-
Gln, 25 pg/ml ascorbic acid, 300 pg/ml human saturated wansfer-
rin, 5 ng/ml vascular endothelial growth factor, 100 ng/ml SCF, and
5 ng/mi 11.-6. Blast colonies were counted on day 4 of culture.

Long-term reconstitution assays

2- to 3-month-old B6-Ly5.1x12900a FI mice (Ly5.1/Ly5.2)
were irradiated at a dose of 900 cGy. ES-derived cells (Ly5.2) were
transplanted into these mice (Ly5.1/1y5.2) along with 3x10° Sca-
1-depleted (Sca-17) bone marrow cells from B6-Ly5.1x12901a Il
mice as rescuc cells. To prepare Sca-17 cells, mononucleated cells
were obtained by density gradient cenuifugation using Ficoll-
Paque PLUS (Amersham Biosciences, Uppsala, Sweden). Cells
were stained with anti-Sca-1 antibody-conjugated magnetic beads
(Miltenyi Biotee, Bergisch Gladbach, Germany). Sca-17 cells were
magnetically depleted using an LD column (Miltenyi Biotec).

Peripheral blood cells [rom recipient mice were analyzed 4 and
16 wecks afier transplantation. After red hlood cell lysis, cells were
stained with biotinvlated 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’
coniribution was detected with the GFP marker. Percentage
chimerism was defined as percentage of GFP cells in peripheral
leukocytes. Test donor cells were considered 1o have contained
long-term repopulating cells when chimerism was over 0.01%.

RT-PCR

PCR was performed on ¢<DNAs from sorted cells as previously
described [45]. Primers are listed in Table 85. 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://wiw.roche-applied-science.com/sis/rtper/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 {Applicd 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-ofl samples to be expressed as {old increase.
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Microarray analysis

Total RNA was extracted from 3 sets of cells. The first was ¢
Kit"CD4 1" EB6 cells derived from iHOXB4 ESCs without HOXB4
expression. The second and third were ¢-Kit"CD417 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"CD417
EB6 cells were plated onto a monolayer of OP9 cells and were
cultured cither in the presence or absence of Dox for 4 days. c-
Kit"CD41* cells were again separated from the co-cubtures by Now
cytometry. To compare gene expression profiles with those of adult
HSCs, CD347 c-Kit*Sea- 1 Lincager marker” (G347 KSL) cells
were isolated from C57BL./6 mice as previously deseribed {26]. In
order to analyze cycling adult HSCs, CD34 KSL cells were
incubated with 30 ng/ml SCF and 50 ng/ml TPO for 24 hours
{46]. Integrity of RNA was asscssed qualitatively on an Agilent 2100
Bioanalyzer {(Agilent Technologics, Santa Clara, CA). ¢cDNA was
synthesized with a MessageAmp aRNA Kit (Applied Biosystems). In
vitre transcription and labeling were performed using One-Cycle

Target Laheling and Conwol Reagents (Affymetrix, Santa Clara,

CA) for ESCs and ESC-derived cells, and using Tow-Cycle Target
Labeling and Control Reagents (Affymeuwix) for adult HSCs. The
heat-fragmented probes were hybridized to a Mouse Genome 430
2.0 GeneChip (Affymetrix). The arrays were scanned and analyzed
with the Affymetrix 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.
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Figure 81 Effect of HOXB#4 expression in generation of CFU-
omEM and surface marker expression. (A} Data show colony
formation by 1,000 cells derived from EB. 1,000 cells were
obtained [rom EBs on days 0, 2, 4, 5, 6, and 7 of culture and co-
cultured with OP9 cells for 4 days. Cells coliected from the co-
cultures were plated in methyleellulose. HOXB4 expression was
turned off in both OP9 co-cultures and methylcellulose cultures
{HOXB4-ofl), turned on in both (HOXB4-on), or turned on only
in OPY 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 withowt 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 decrcased
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