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Table 2. TCR Gene Rearrangements in H25-4, H2548eVT-3, or Redifferentiated CD8* T Cells

Genome or
Cell mRNA Productivity Rearrangement Sequence of Junctional Region
Vo Jo 3'Va. P(N) 5'Jo,
TCRA
H25-4 genome. - productive TRAV8-3*01 TRAJ10*01 = TGTGCTGTGGGT - G . i TCACGGGAGGAGGAAACAAACTC
~ ‘ ; ~ JRER , ACCTTTT
: unproductive® ~ TRAV13-1*01 - TRAJ29'01 ~ TGTGCAGCAA ; TCC TCAGGAAACACACCTCTTGTCTTT
H254SeVT-3  genome productive TRAVS-3*01 - TRAJ10'01  TGTGCTGTGGGT T ‘ TCACGGGAGGAGGAAACAAACTC
; , ACCTTTT
~ unproductive®  TRAV13-101 - TRAJ29'01  TGTGCAGCAA TCC TGAGGAAACACACCTCTTGTCTTT
reT=1 mRNA productive  TRAV8-301 : TRAJ10'01  TGTGCTGTGGGT T  TCACGGGAGGAGGAAACAAACTC
g ACCTTTT
unproductive®  TRAV13-1%01 TRAJ29'01  TGTGCAGCAA . TCC TCAGGAAACACACCTCTTGTCTTT
reT-2.1 mRNA productive -~ TRAV8-3*01 TRAJ10%01 - TGTGCTGTGGGT T e TCACGGGAGGAGGAAACAAACTC
' - “ACCTTTT
unproductive® - TRAV13-1*01 TRAJ29'01  TGTGCAGCAA : TCC - TCAGGAAACACACCTCTTGTCTTT
reT-3 mRNA - ‘productive TRAV8-3*01 TRAJ10'01  TGTGCTGTGGGT T ' TCACGGGAGGAGGAAACAAACTC
: ACCTTTT
unproductive® - TRAV13-1*01 , TRAJ29'01  TGTGCAGCAA TCC - TCAGGAAACACACCTCTTGTCTTT
VB DB Jp 3Vp N1-DB-N2 5'JpB
TCRB
H25-4 genome productive TRBV7-9°01  TRBD1*01- TRBJ2-5'01 - TGTGCCAGCAGCTTA CGGGACAGGGTGCCG  GAGACCCAGTACTTC
unproductive  germline TRBD1*01 ~ TRBJ2-7*01 . TACAAAGCTGTAACATTGTG = GGGACAACT : CTACGAGCAGTACTTCGGGCCG
H2548eVT=3 * genome  productive  TRBV7-9°01  TRBD1*01  TRBJ2-5'01 TGTGCCAGCAGCTTA' CGGGACAGGGTGCCG  GAGACCCAGTACTTC
unproductive germline . TRBD1*01  TRBJ2-7°01 TACAAAGCTGTAACATTGTG ' GGGAGAACT * . CTACGAGCAGTACTTCGGGCCG
reT-1 mRNA productive - TRBV7-9*01 ~ TRBD1*01 - TRBJ2-5'01 “TGTGCCAGCAGCTTA ' = -  CGGGACAGGGTGCCG = GAGACCCAGTACTTC .
reT-2.1 ~ mRNA productive -~ TRBV7-9'01 . TRBD1*01 " TRBJ2-5'01' . TGTGCCAGCAGCTTA CGGGACAGGGTGCCG ~ GAGACCCAGTACTTC
reT-3 mRNA productive TRBV7-0*01 - TRBD1*01 . TRBJ2-5*01 * TGTGCCAGCAGCTTA - CGGGACAGGGTGCCG - GAGACCCAGTACTTC

PCR-amplified samples (H25-4: not shown; H2548eVT-3: shown in Figures 1J and 1K; reT-1, reT-2.1, and reT-3: shown in Figure 3B) were sequenced, then V, D, and J segment usages and junc-
tional sequences in CDR3 were identified. Following reprogramming and redifferentiation, there were no alterations in gene rearrangement in either allele at the TCRA and TCRB gene loci. See Table
S1 for additional data on another T-iPSC clone (TKT3V1-7).

20ut-of-frame junction (at CDR3).
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Figure 3. Characterizations of Redifferentiated T Cells as T Cells

(A) Recognition of A24/Nef-138-8(WT) tetramer at 50-60 days after starting redifferentiation, analyzed by flow cytometry (upper panel). Tetramer-positive
cells were sorted by FACS or magnetically selected, then cultured for an additional 14 days, after which the expanded T cells were reanalyzed for tetramer
(lower panel).

(B) TCR mRNAs were identified in a SMART-mediated cDNA library for reT-1, reT-2.1, and reT-3 cells. GAPDH is an internal control for PCRs.

(C-E) Quantitative PCR to compare the expression of major cell surface molecules (C), cell lytic molecules (D), and transcription factors and signal-transduction
molecules (E) among PB CD4*, PB CD8*, reT-2.1, and H25-#4 cells. Individual PCR reactions were normalized against 18S rRNA.

(F and G) Global gene expression was analyzed using a cDNA microarray. Heat maps show the correlation coefficients between samples (F) and differential
expression (>3-fold) of genes relative to NK cells (G). Red and green colorations indicate increased and decreased expression, respectively.
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Figure 4. Redifferentiated T Cells Show T

3 w. beads Cell Functionality and the Same Antigen
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Specificity as the Original CTL Clone

(A) Expansion ratios for reT-1, reT-2.2, and reT-3
cells elicited by PHA, IL-7, and IL-15 stimulation for
2 weeks. H25-#4 is the original clone. S19-#7 and
T26-#26 were other Nef-138-8(WT)-specific CTL
clones derived from different patients.

(B) Relative telomere length determined using flow-
FISH. Data are presented as mean = SEM.

Fold expansion

Granzyme B
100_

107

B2 Isotype =1 Gag-28-9(WT) =1 Nef-138-8(WT)

(C) Intracellular production of granzyme B (left
panel) and CD107a mobilization (right panel)
induced by stimulation of reT-2.1 cells with «-CD3/
CD28 beads or Nef-138-8(WT). Shaded plot:

CD107a

B p =0.0012
p =0.0030

% of Max

4 p=o0.023

N
(&)

stimulated cells, isotype antibody; gray line: un-
stimulated cells, granzyme B or CD107a antibody;
black line: stimulated cells, granzyme B or CD107a
antibody.

(D) IFN-y production in the presence of Nef-138-
8(WT) measured using ELISPOT. Data are pre-
sented as mean = SD. N.D., not determined.

3

o 10 10

o
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-1 Granzyme B

> (E) Standard *'Cr release assay performed using
the indicated concentrations of Nef-138-8(WT).
Effector:target = 5:1.

See Figure S6 for additional data.
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A24 cells.

One of the major mechanisms by which
CTLs induce cytotoxity is the secretion
of cytolytic molecules triggered by TCR
signaling. Intracellular staining revealed
that the cytolytic molecule granzyme B
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“rejuvenation.” Throughout the experiments, neither autono-
mous cell expansion nor aberrant cell survival without cytokines
as leukemia cells was observed (data not shown). Taken
together, these data indicate that by passing through the T-
iPSC state, cloned cytotoxic T cells can become “rejuvenated”
to central memory-like T cells with excellent potential for prolifer-
ation and survival.

Redifferentiated CD8™ T Cells Exhibit Antigen-Specific T
Cell Functionality

To determine whether redifferentiated CD8" T cells exerted
cytotoxic effects upon recognition of specific peptides in the
context of an MHC, we performed functional assays using
HLA-A24-positive B-LCL cells as antigen-presenting cells.
Gag-28-9(WT) (KYKLKHIVW) is an antigenic peptide (aa 28-36)
from the HIV-1 Gag protein (Alifeld et al., 2006), whereas Nef-
138-8(2F) (RFPLTFGW) is a Tyr-to-Phe-substituted single-

Peptide concentration

was produced and stored in the granules
of redifferentiated CD8" T cells (Figure 4C,
left column). CD1074a, also known as lyso-
somal-associated membrane protein 1
(LAMP1), is a granulocyte membrane pro-
tein that transiently appears at the cell
surface and is coupled to degranulation
(secretion of cytolytic molecules) of the
stimulated CTLs, after which CD107a re-
turns to the cytoplasm (Rubio et al., 2003). CD107a molecules
on the cell surface were captured by a fluorochrome-conjugated
antibody when redifferentiated CD8* T cells were stimulated with
«a-CD3/28 beads or Nef-138-8(WT) peptide, but not in the
absence of the beads or Gag-28-9(WT) peptide (Figure 4C, right
column). In the second experiment, we used the enzyme-linked
immunosorbent spot (ELISPOT) assay to assess cytokine
productivity per cell and confirmed that redifferentiated CD8*
T cells produced significant levels of IFN-vy in response to stim-
ulation by its specific antigen, Nef-138-8(WT) (Figure 4D). In
a separate experiment, we used a °'Cr release assay to investi-
gate cytolytic capacity and found that redifferentiated CD8*
T cells lysed %'Cr-incorporated B-LCLs only when Nef-138-
8(WT) was presented on B-LCLs (Figure 4E).

These results are highly indicative that redifferentiated CD8*
T cells can release cytotoxic molecules and kill antigen-express-
ing target cells in an antigen-specific manner. Moreover,
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monoclonal TCRs mediate highly precise cell targeting that
should broaden the therapeutic window for antigen-specific
T cell therapy by avoiding the troublesome mispairing TCRs
that can occur with the commonly used exogenous TCR transfer
technique for inducing antigen-specific T cells from hematopoi-
etic stem cells or peripheral mature T cells (Bendle et al., 2010;
Brenner and Okur, 2009).

DISCUSSION

Using a HIV-1-epitope-specific CTL clone as a model, we
demonstrated here that the reprogramming into pluripotency of
a T cell clone and the subsequent redifferentiation to mature
functional CD8" T cells are possible. These redifferentiated
CD8* T cells are highly proliferative naive cells with elongated
telomeres, and they exert T cell functions in the same HIV-1-
epitope-specific manner, permitting the inference that this
process of reprogramming and redifferentiation can rejuvenate
mature antigen-specific T cells.

Generation of iPSCs from T cells was initially difficult. On the
basis of reports by Seki et al. (2010), we also found that SeV is
suitable for the reprogramming of aged and exhausted fibro-
blasts, as well as of T cells. We also found that coexpression
of SV40 large T antigen acted synergistically with the classic
Yamanaka factors in enhancing the reprogramming efficiency
of T cells. Therefore, SV40 large-T antigen introduction using
the SeV vector system was also included in the protocol. Worth
noting is that c-MYC is a known oncogene, and when it is
inserted into the genomic DNA by the retroviral vector, it may
become a risk for tumorigenesis in the generation of iPSCs.
The same concern does not apply to SeV vector systems, given
that the genomic RNA could be removed from the cytosol after
reprogramming. Therefore, the utilization of SeV vectors both
improved reprogramming efficiency and shielded redifferentiat-
ing cells from oncogene- or provirus-mediated tumorigenesis
(Kohn et al., 2003).

In the redifferentiation experiments, mimicking TCR signaling
led to CD8-linage specification without reassembly of TCRA
genes. Preassembled TCR genes are a distinctive feature of
T-iPSCs not found on other pluripotent stem cells. TCRu«f is
aberrantly expressed on redifferentiating CD4/CD8 DN cells,
and the TCR signaling evoked results in the cessation of RAG
expression. Serwold and colleagues reported that aberrantly
early expression of TCR from preassembled Tcra and Tcrb
following TCR signaling in murine thymocytes drives later
lymphomagenesis (Serwold et al., 2010). They cautioned that
T-iPSCs might confer risk for TCR-mediated lymphomagenesis.
Therefore, the redifferentiation method will need to be further
optimized and confirmed for clinical safety before application
in practical treatments. This may be achieved by the use of an
inducible suicide-gene system for eliminating unwanted tumors
after injections (Hara et al., 2008; Veldwijk et al., 2004).

Immunological assays found that the redifferentiated CD8"
T cells exerted T cell functions such as cytolytic activity, IFN-y
secretion, and degranulation in a normal manner when stimu-
lated with their specific antigens. The most striking difference
was in their proliferation capacity and elongated telomeres,
which correlates with the central-memory T cell phenotype.
Stem cell-like memory T cells (Tscm) were recently identified as

Cell Stem Cell 12, 114-126, January 3, 2013 ©2013 Elsevier Inc.

a subpopulation of T cells that has the capacity for self-renewal
and that is multipotent and able to generate central memory,
effector memory, and effector T cells (Gattinoni et al., 2011;
Turtle et al., 2009). In a humanized mouse model, Tscpm cells re-
constituted the T cell population more efficiently than other
known memory subsets while mediating a superior antitumor
response. It was found that inhibition of GSK3B enhances the
generation of Tgom in culture. Combining T-IPSC-mediated
T cell rejuvenation with GSK38 inhibition may therefore enable
efficient generation of Tgom cells and permit highly effective
immunotherapy along with the reconstitution of a normal T cell
immune system.

Although these data suggest that rejuvenated T cells enjoy an
advantage over the original T cell clone, it remains unclear
whether these HIV-epitope-specific rejuvenated T cells are
effective in improving the overall status of HIV infection. This is
because the role of CD8" T cells in HIV infection appears to
vary depending on the disease stage (Appay et al., 2000; Borrow
et al., 1994; Brodie et al., 1999; Day et al., 2006; Koup et al.,
1994). Evasion of the immune response through CTL escape is
another important factor in HIV pathogenesis, and the escaped
virus is a substantial hurdle for HIV therapies (Phillips et al.,
1991). Therefore, this system may work best instead against
tumors such as a melanoma, for which certain antigenic epitopes
are known, or against viral infections other than HIV, for which
the roles of CD8* cytotoxic T cells are more established. None-
theless, the system described in our study will make it possible to
preserve and to supply highly proliferative, functional CD8"*
T cells specific to a variety of HIV epitopes without worrying
about exhaustion. It may also act as a valuable tool in better
understanding the role of adoptive immunity in HIV infection.

Here, we have presented a proof of concept of CD8" T cell
rejuvenation. The concept is not limited only to CD8" cytotoxic
T cells. It may also be applied to CD4* helper or regulatory
T cells to control desired or undesired immune reactions in the
context of malignancies, chronic viral infections, autoimmune
diseases, or transplantation-related immune disorders, if optimi-
zation of redifferentiation conditions can be achieved. Biological
and technical challenges lie ahead, but the data presented in this
work open new avenues toward antigen-specific T cell therapies
that will supply unlimited numbers of rejuvenated T cells and will
regenerate patients’ immune systems.

EXPERIMENTAL PROCEDURES

Generation of Antigen-Specific CTL Clones

Nef138-8(WT)-specific CTL lines were induced from PBMCs of a patient
chronically infected with HIV-1 who is positive for HLA-A24, as described
(Kawana-Tachikawa et al., 2002). Each CTL line was expanded from
a single-cell sorted tetramer®™ T cell, and the cells in every CTL line were
confirmed for expression of only one kind of TCRap. For more details of
CTL-clone establishment, see the Supplemental Experimental Procedures.

Generation of T-IPSCs

Human iPSCs were established from PB T cells or a CTL clone as described
(Takayama et al., 2010), slightly modifying the culture conditions. In brief,
T cells were stimulated by «-CD3/CD28 antibody-coated beads (Miltenyi Bio-
tec) or by 5 pg/ml PHA-L (Sigma-Aldrich). The activated cells were transduced
with reprogramming factors via retroviral or SeV vectors and were cultured in
RH10 medium (RPMI-1640 supplemented with 10% human AB Serum, 2 mM
L-glutamine, 100 U/mi penicillin, and 100 ng/ml streptomycin), which was
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gradually replaced with human iPSC medium (Dulbecco’s modified Eagle’s
medium/F12 FAM supplemented with 20% knockout serum replacer, 2 mM
L-glutamine, 1% nonessential amino acids, 10 pM 2-mercaptoethanol, and
5 ng/ml basic fibroblast growth factor [bFGF]). The established iPSC clones
were transfected with small interfering RNA L527 (Nishimura et al., 2011) using
Lipofectamine RNAI Max (Invitrogen) for removal of SeV vectors from the
cytoplasm.

Analysis of TCR Gene Rearrangement in Genomic DNA

Genomic DNA was extracted from approximately 5 x 108 cells using QlAamp
DNA kits (QIAGEN) according to the manufacturer’s instructions. For TCRB
gene rearrangement analysis, PCR was performed according to BIOMED-2
protocols (van Dongen et al., 2003). For TCRA gene rearrangement analysis,
PCR was performed using the primers shown in Figure S2 and LA Tag HS
(TaKaRa). The PCR protocol entailed three amplification cycles (30 s at
95°C, 45 s at 68°C, and 6 min at 72°C); 15 amplification cycles (30 s
at 95°C, 45 s at 62°C, and 6 min at 72°C); and 12 ampilification cycles (15 s
at 95°C, 30 s at 62°C, and 6 min at 72°C). The dominant band within the ex-
pected size range was purified using a QlAquick gel-extraction kit (QIAGEN)
and was then sequenced. V, D, and J segment usages were identified by
comparison to the ImMunoGeneTics (IMGT) database (http://www.imgt.org/)
and by using an online tool ((IMGT/V-QUEST) (Lefranc, 2003). Gene-segment
nomenclature follows IMGT usage.

Analysis of TCR Gene Rearrangement in mRNA

A method based on the “switch mechanism at the 5'-end of the reverse
transcript (SMART)” (Du et al., 2006) was used to synthesize double-stranded
cDNAs (Super SMART cDNA synthesis kit; BD Clontech). Reverse tran-
scription was conducted with the 3' SMART CDS primer, SMART Il A oligonu-
cleotides (Super SMART cDNA synthesis ki), and PrimeScript Reverse
Transcriptase (TaKaRa) for 90 min at 42°C. Double-stranded cDNA was then
synthesized and was amplified with 5 PCR Primer Il A (Super SMART cDNA
synthesis kit), and reagents were provided in an Advantage 2 PCR Kit (BD
Clontech). The PCR protocol entailed 20 cycles of 5 s at 95°C, 5 s at 65°C,
and 3 min at 68°C. The amplified double-stranded cDNA was used as
templates in TCRA- or TCRB-specific ampilification reactions. With forward
primer (2"_5-SMART) and reverse primer (3-TRAC for TCRA or 3’-TRBC
for TCRB), 25 cycles of ampilification were performed (30 s at 94°C, 30 s at
55°C, and 1 minat 72°C). PCR products were cloned into pGEM-T Easy Vector
(Promega) and were sequenced.

T Cell Differentiation from T-iPSCs

To differentiate human iPSCs into hematopoietic cells, we slightly modified
a previously described protocol (Takayama et al., 2008). Small clumps of
iPSCs (<100 cells) were transferred onto irradiated C3H10T1/2 cells and co-
cultured in EB medium (Iscove’s modified Dulbecco’s medium supplemented
with 16% fetal bovine serum [FBS] and a cocktail of 10 pg/ml human insulin,
5.5 pg/ml human transferrin, 5 ng/ml sodium selenite, 2 mM L-giutamine,
0.45 mM a-monothioglycerol, and 50 ug/ml ascorbic acid) in the presence of
VEGF, SCF, and FLT-3L. Hematopoietic cells contained in iPSC sacs were |
collected and were transferred onto irradiated OPS-DL1 cells (provided by
RIKEN BRC through the National BioResource Project of the Ministry of
Education, Culture, Sports, Science, and Technology [MEXT]) (Watarai et al.,
2010). The hematopoietic cells underwent T lineage differentiation on OP9-
DL1 cells during coculture in OP9 medium («MEM supplemented with 15%
FBS, 2 mM L-glutamine, 100 U/mi penicillin, and 100 ng/ml streptomycin) in
the presence of FLT-3L and IL-7. The T lineage cells were then harvested,
mixed with irradiated HLA-A24~ PBMCs, and cocultured in RH10 medium in
the presence of IL-7 and IL-15.

Intracellular Staining

For intracellular staining of granzyme B, T cells were stimulated by «-CD3/28
beads or peptide-loaded HLA-A24* B-LCLs. After 2 hr, brefeldin A (5 pg/mi;
Invitrogen) was added, with incubation for 4 hours more. Cells were then har-
vested and fixed in Fixation/Permeabilization solution (BD Biosciences). Intra-
cellular staining was performed as per the manufacturer’s protocol using
Perm/Wash buffer (BD Biosciences) and fluorescein isothiocyanate (FITC)-
conjugated granzyme B antibody (BD Biosciences). For capturing CD107a
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transiently expressed on cell surfaces, T cells were incubated with «-CD3/28
beads or peptide-loaded HLA-A24* B-LCLs and were cultured with FITC-
conjugated CD107a antibody (BioLegend) for 6 hr. Harvested cells were fixed
and stained as described above. Data were acquired on FACSAria [l equip-
ment (BD Biosciences) and analyzed using FlowJo software (Tree Star).

Measurement of Telomere Length by Flow-FISH
Telomere length was measured using a Telomere PNA Kit/FITC (DAKO) as
previously described (Neuber et al., 2003).

ELISPOT and 5'Cr Release Assays
The antigen-specific responses of T cells were measured using an ELISPOT
assay for IFN-y and a standard 3'Cr release assay as described (Kawana-
Tachikawa et al., 2002; Tsunetsugu-Yokota et al., 2003). HLA-A24* B-LCLs
were used as antigen-presenting cells.

Statistics

All data are presented as mean + SD. All statistics were performed using Excel
(Microsoft) and Prism (GraphPad software) programs, applying two-tailed
Student’s t test. Values of p < 0.05 were considered significant. For additional
details, see the Supplemental Experimental Procedures.

ACCESSION NUMBERS

The Gene Expression Omnibus accession number for microarray data re-
ported in this paper is GSE43136.
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Experimental Procedures and can be found with this article online at http://dx.
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? To search for genes that promote hematopoietic development from human embryonic
stem cells (hESCs) and induced pluripotent stem cells (iPSCs), we overexpressed
several known hematopoietic regulator genes in hESC/iPSC-derived CD34tCD43~
endothelial cells (ECs) enriched in hemogenic endothelium (HE). Among the genes
tested, only Sox17, a gene encoding a transcription factor of the SOX family, promoted
cell growth and supported expansion of CD34+CD43+CD45~/°¥ cells expressing the HE
marker VE-cadherin. SOX17 was expressed at high levels in CD34+CD43~
ECs compared with low levels in CD34+CD43+CD45~ pre-hematopoietic progenitor cells
(pre-HPCs) and CD34+CD43+CD45* HPCs. Sox17-overexpressing cells formed semiadherent cell aggregates and generated few
hematopoietic progenies. However, they retained hemogenic potential and gave rise to hematopoietic progenies on inactivation of
Sox17. Global gene-expression analyses revealed that the CD34+CD43+CD45-/low cells expanded on overexpression of Sox77 are
HE-like cells developmentally placed between ECs and pre-HPCs. Sox17 overexpression also reprogrammed both pre-HPCs and
HPCs into HE-like cells. Genome-wide mapping of Sox17-binding sites revealed that Sox17 activates the transcription of key
regulator genes for vasculogenesis, hematopoiesis, and erythrocyte differentiation directly. Depletion of SOX77 in CD34+CD43~
ECs severely compromised their hemogenic activity. These findings suggest that SOX17 plays a key role in priming hemogenic

¢ SOX17 plays a key role in
priming hemogenic potential in

endothelial cells during hema-
topoietic development from
ES cells.

potential in ECs, thereby regulating hematopoietic development from hESCs/iPSCs. (Blood. 2013;121(3):447-458)

Introduction

During mammalian development, 2 waves of hematopoiesis occur
in sequential stages: first, a transient wave of primitive hematopoi-
esis, followed by definitive hematopoiesis. These stages are
temporally and anatomically distinct and involve unique cellular
and molecular regulators. The formation of primitive blood cells
occurs early during fetal life, with coordinated progression from
extraembryonic to intraembryonic sites of hematopoiesis. Within
the embryo, definitive hematopoiesis undergoes developmentally
stereotyped transitions; hematopoietic stem cells (HSCs) arising
from the aorta-gonad-mesonephros region migrate first to the
placenta and fetal liver and then to the spleen. Eventually,
hematopoiesis shifts to the BM, where homeostatic blood forma-
tion is maintained postnatally.!

During definitive fetal hematopoiesis, HSCs emerge directly
from a small population of endothelial cells (ECs) in the conceptus,
referred to as the “hemogenic endothelium™ (HE).2* HE is located
in all sites of HSC emergence, including the ventral aspect of the
dorsal aorta, vitelline and umbilical arteries, yolk sac, and placenta.

The process by which blood forms from HE involves an endothelial-
to-hematopoietic cell transition during which individual cells bud
out and detach from the endothelial layer.>* HE is distinguished
from all other ECs by the presence of a transcription factor called
Runx1.” Runxl is expressed in HE cells, in newly formed
hematopoietic cell clusters, and in all functional HSCs.%7 A similar
process occurs during hemangioblast differentiation in primitive
blood cell formation. The extraembryonic yolk sac is considered to
be the first site of emergence of the “hemangioblast,” a mesodermal
precursor with both endothelial and hematopoietic potential. Heman-
gioblasts differentiate into a HE intermediate, which gives rise to
primitive hematopoietic cells but also definitive hematopoietic
cells on activation of Runx1.%

Human embryonic stem cells (hESCs) and induced pluripotent
stem cells (iIPSCs) have been demonstrated to reproduce many
aspects of embryonic hematopoiesis in stromal coculture or
embryoid body (EB) culture. A recent study has provided evidence
that hematopoietic differentiation of hESCs progresses through
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sequential stages: first is the HE, then primitive hematopoiesis, and
finally definitive hematopoiesis, a process resembling the develop-
ment of physiologic hematopoiesis.” However, the induction of
hematopoietic cells from hESCs/iPSCs is still inefficient. Signifi-
cant innovations are required before it will be possible to obtain
sufficient numbers of the specific types of hematopoietic cells
needed for therapeutic uses.

Sry-related high-mobility group box 17 (SOX17) is a member
of the SOX family of DNA-binding transcription factors. Sox17
participates in various developmental processes and biologic
activities, such as formation of definitive endoderm!® and vascular
development.!! Moreover, recent studies have shown that Sox17
also plays an important role in fetal hematopoiesis in the yolk sac
and fetal liver, especially in the maintenance of fetal and neonatal
HSCs, but not adult HSCs.!2 Overexpression of SoxI7 has also
been shown to confer fetal HSC characteristics onto adult hemato-
poietic progenitors.!? Among SOX family members, Sox7, Sox17,
and Sox18 are highly related and constitute the Sox subgroup F
(SoxF). Sox7 and Sox18 are transiently expressed in hemangio-
blasts and hematopoietic precursors, respectively, at the onset of
blood specification. Sustained expression of Sox7 and Sox18, but
not Sox17, in early hematopoietic precursors from mouse ESCs
and embryos enhances their proliferation while blocking their
maturation.!415 However, the role of Sox17 in early hematopoietic
development, particularly from hESCs, has not yet been clarified.
In the present study, we tested the effect of overexpression of
known hematopoietic regulator genes in hiPSC-derived
CD34*CD43~ ECs enriched in HE to find genes that could be
manipulated to efficiently produce hematopoietic cells from hESCs.
‘We found that Sox/7 promotes the expansion of HE-like cells. We
demonstrate that SOX17 functions in HE and plays a role in the
development of hematopoietic cells from hESCs/iPSCs.

Methods

Cell lines

H1 hESCs (WiCell Research Institute) and TkCBV4-7 hiPSCs generated
from human cord blood (CB) CD34™ cells were maintained on irradiated
murine embryonic fibroblasts in DMEM-F12 (Sigma-Aldrich) supple-
mented with 1X MEM nonessential amino acids (Gibco-Invitrogen), 1X
GlutaMAX-I (Gibco-Invitrogen), 20% knockout serum replacement (Gibco-
Invitrogen), 0.1mM 2-mercaptoethanol (Sigma-Aldrich), 1% penicillin/
streptomycin solution (Sigma-Aldrich), and 5 ng/mL of human basic
fibroblast growth factor (ReproCELL). Every 3-4 days, the cells were
dissected into clumps of approximately 300-500 cells in a dissociation
solution consisting of 0.25% trypsin, 20% knockout serum replacement,
and 1mM CaCl, in PBS and transferred to a new feeder layer to maintain
them in an undifferentiated state. The OP9 stromal cell line was kindly
provided by Toru Nakano (Osaka University, Osaka, Japan). OP9 cells were
maintained in a-MEM (Gibco-Invitrogen) supplemented with 2.2 g/L of
sodium bicarbonate, 20% FBS, and 1%  L-glutamine and penicillin/
streptomycin solution (Sigma-Aldrich).

EB differentiation

HI1 hESCs or TkCBV4-7 hiPSCs were dissociated into single cells with
Accumax (Innovative Cell Technologies). The cells were washed with
DMEM-F12 and recultured at 1 X 10° cells per 60-mm Petri dish (Falcon)
in 5-mL mTeSR1 (StemCell Technologies) supplemented with 10puM
LY27632 (Cayman), 2 ng/mL of human Bone Morphogenetic Protein 4 (BMP4;
PeproTech), and 2 ng/mL of human activin A (PeproTech). At day 2 of culture,
EBs were split from 1 60-mm Petri dish to 2 60-mm Petri dishes and cultured in
EB medium consisting of IMDM (Sigma-Aldrich) containing 15% FBS, 1X
GlutaMAX 1, 1% penicillin/streptomycin solution, 200 pg/mL of bovine holo
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transferrin (Bovogen), 50 jg/mL of ascorbic acid (Sigma-Aldrich), and 450pM
1-thioglycerol (Sigma-Aldrich) supplemented with 2 ng/mL of human BMP4
and 5 ng/mL of human VEGF (PeproTech). At day 4 of culture, medium
conditions were changed as described in Figure 1B. L'Y363947 (Cayman) was
used as an inhibitor of TGF signaling. EBs were constantly cultured on a shaker
at 70 rpm.

Flow cytometric analysis and OP9 coculture

EBs were dissociated with 0.25% trypsin-EDTA solution (Sigma-Aldrich)
and filtered through a nylon screen to obtain a single-cell suspension. Flow
cytometric analysis and cell sorting were performed using a FACSAria I1
cell sorter (BD Biosciences) and the data were analyzed using FlowJo
Version 9.5.3 software (TreeStar). The following Abs were used for the flow
cytometric analysis: CD34 (clone 581; Alexa Fluor 647 or PE-Cy7), CD43
(clone CD43-10G7; PE), CD45 (clone HI30; PE-Cy7), CD11b (clone
M1/70; Brilliant Violet 421), CD235a (clone HIR2; PE), CD144 (VE-Cad;
clone 16B1; PE), and CD309 (KDR; clone HKDR-1; APC). Sorted cells
were resuspended in hematopoietic medium (IMDM, 10% FBS, 1%
L-glutamine and penicillin/streptomycin solution) supplemented with 20
ng/mL of human SCF and 20 ng/mL of human thrombopoietin (TPO;
PeproTech), and transferred onto semiconfluent irradiated OP9 cells. For
mature hematopoietic cell differentiation, sorted cells were resuspended in
HE medium supplemented with 20 ng/mL of SCF, 20 ng/mL of TPO, 10
ng/mL of human IL-3 (PeproTech), and 3 units/mL of human erythropoietin.

Retrovirus and lentivirus vectors, virus production, and
transduction

Mouse Sox17 fused to ERT with a 1 X or 3X Flag tag was subcloned into the
MIG retrovirus vector, which contains the long-terminal repeats from the
murine stem cell virus and an internal ribosomal entry site upstream of the
enhanced green fluorescent protein (GFP) as a marker gene. A recombinant
vesicular stomatitis virus glycoprotein—pseudotyped high-titer retrovirus
was generated using a 293gpg packaging cell line.!® The virus containing
media from the 293gpg cell cultures was concentrated by centrifugation at
6000g for 16 hours. To knock down SOXI17, lentiviral vectors (CS-H1-
shRNA-EF-1a-EGFP) expressing shRNA against human SOXI7 and
luciferase were prepared. Target sequences were as follows; Sh-
SOX17#1143; GCATGACTCCGGTGTGAAT, and Sh-SOX17#1273; GGC-
CAGAAGCAGTGTTACA. The viruses were produced as described previ-
ously.!” EBs at approximately day 5-12 of culture were dissociated and the
indicated cell populations were sorted using a FACSAria II. Sorted cells
were seeded onto semiconfluent irradiated OP9 cells and transduced with a
SOX17-ERT retrovirus or a SOXI7 knock-down virus. Transduced cells
were cocultured with OP9 cells in the presence of the indicated cytokines.
To induce nuclear translocation of SOX17-ERT, 4-hydroxy tamoxifen
(4-OHT) was added to the medium to a concentration of 200nM on the
following day.

Quantitative RT-PCR analysis

Total RNA was extracted using TRIzol reagent according to the manufactur-
er’s instructions (Invitrogen). cDNA was synthesized from total RNA using
ThermoScript RT-PCR System (Invitrogen). Quantitative RT-PCR was
carried out using FastStart Universal Probe Master (Roche Applied
Science), the Universal Probe Library (Roche Applied Science), and the
Applied Biosystems 7300 Fast Real-Time PCR system (Applied Biosys-
tems). Primer sequences and probe numbers used are listed in supplemental
Methods (available on the Blood Web site; see the Supplemental Materials
link at the top of the online article).

Colony-forming assay

Colony assays were performed in methylcellulose (StemCell Technologies)
containing IMDM supplemented with 20 ng/mL of human SCF, 10 ng/mL
of human IL-3, 10 ng/mL of human TPO, and 3 units/mL of human
erythropoietin, and incubated at 37°C in a 5% CO, atmosphere. The
colonies were counted at day 12 of culture. Images were captured by
BIOREVO BZ-9000 (KEYENCE) with CFI Plan Fluor ELWD DM 20X C
(Nikon) and processed using Adobe Photoshop Elements 4.0.
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Figure 1. Screening of genes that promote expansion of hematopoietic cells from hESCs/hiPSCs. (A) Hematopoietic fractions derived from hESCs in EB cuiture used in
this study. (B) Schematic representation of the protocol modified for efficient induction of pre-HPCs/HPCs from hESCs/hiPSCs in EB culture. (C) Expression of BRACHYURY,
RUNX1, and TAL1/SCL expression during differentiation of hESCs in EBs determined by quantitative RT-PCR analysis. mRNA levels were normalized to GAPDH expression.
Expression levels relative to that in hESCs (day 0 of EB culture) are shown as the means = SD for triplicate analyses. (D) Cell growth of CD34+CD43~ cells from day 6 EBs and
CD34*CD43* cells from day 8 EBs. EBs were formed by suspension culture of hiPSCs. Sorted cells (2 X 10%) were transduced with the indicated hematopoietic regulator
genes and cultured on OP9 cells in the presence of 20 ng/ml of SCF and TPO. At day 14 of culture, the absolute numbers of cells were determined and are indicated in bars.
Representative data from repeated experiments are shown. (E) Expression of SOX77 during differentiation of hESCs in EBs determined by quantitative RT-PCR analysis.
mRNA levels were normalized to GAPDH expression. Expression levels relative to that in hESCs (day 0 of EB culture) are shown as the means = SD for triplicate analyses.
(F) Expression of SOX17, SOX7, and SOX18in bulk EB cells, CD34*CD43~ cells (ECs), CD34+*CD437CD45™ cells (pre-HPCs), and CD34"CD43+CD45* cells (HPCs) from
day 8 EBs determined by quantitative RT-PCR analysis. mRNA levels were normalized to GAPDH expression. Expression levels relative to those in CB CD34" cells are shown

as the means =+ SD for triplicate analyses.

— 153 —



450  NAKAJIMA-TAKAGI et al

Gene-expression microarray

Total RNA was extracted using TRIzol reagent according to the manufactur-
er’s instructions (Invitrogen). Purified total RNA was amplified and labeled
using the WT expression kit (Ambion) according to the manufacturer’s
instructions. The labeled samples were hybridized to Human Promoter
Gene 1.0 ST GeneChip arrays (Affymetrix) to assess and compare overall
gene-expression profiles as described previously.!® Microarray data were
submitted to the Gene Expression Omnibus under accession number
GSE38156. Expression profiles of the cells were clustered using hierarchi-
cal clustering. Distance between 2 samples was defined with the Pearson
correlation using all or selected probes. Probes were selected using the
Gene Ontology (GO) database or ChIP-on-chip data of Sox17.

ChIP-on-chip experiment

CD34*CD43~ cells from EBs at day 6 of culture were seeded on irradiated
OP9 cells and transduced with a 3X Flag SOX17-ERT retrovirus. The cells
were further cultured on OP9 cells in the presence of SCF, TPO (20 ng/mL),
and 200nM 4-OHT. CD34* cells were collected at day 27 of culture by
magnetic cell sorting using magnetic beads conjugated with anti-CD34 Abs
(Miltenyi Biotec) and subjected to a ChIP assay using an anti-FLAG Ab
(M2, Sigma). ChIP was carried out as described previously.'® ChIP on chip
analysis was carried out using the SurePrint G3 Human Promoter Kit,
1 X 1M (G4873A, Agilent Technologies). Purified immunoprecipitated and
input DNA was subjected to T7 RNA polymerase-based amplification as
described previously.)® Labeling, hybridization, and washing were carried
out according to the Agilent mammalian ChIP-on-chip protocol (Version
9.0). Scanned images were quantified with Agilent Feature Extraction
software under standard conditions. The assignment of regions bound by
SOX17 around transcription start sites (TSSs) was carried out using direct
sequence alignment on the human genome database (National Center for
Biotechnology Information Version 36). The location of SOX17-bound
regions was compared with a set of transcripts derived from the MGI
database. Bound regions that were within —8.0 kb to +4.0 kb of the TSS
were assigned. Alignments on the human genome and TSSs of genes were
retrieved from Ensembl (http://www.ensembl.org). Intensity ratios (IP/
input: fold enrichment) were calculated, and the maximum value for each
promoter region of a gene was used to represent the fold enrichment of the
gene. Fold enrichment was calculated only for probes for which signals
both from IP and input DNA were significant (P < 1073). ChIP-on-chip
data were submitted to Gene Expression Omnibus under accession number
GSE38156.

GO analysis

GO annotation was obtained using gene2go database (ftp:/ftp.ncbi.nih.gov/
gene/DATA/gene2go.gz) from Entrez (retrieved January 2012). Human
genes were collected from the database and enrichment of SOX17-binding
genes was distributed to 2 X 2 contingency tables for all GO terms
(having/not having GO and binding/not binding to SOX17). We calculated
P for each contingency table using hypergeometric distribution. The P
value reflects the likelihood that we would observe the distribution by
chance and significant GO terms were selected when P < .001.

Immunostaining

Sox17-ERT-transduced cells were sorted by flow cytometry and cultured
on MAS-coated glass slides (Matsunami Glass Industries,) for 4 hours. The
cells were then fixed with 2% paraformaldehyde and immunostained with
an anti-laminin Ab (ab11575; Abcam) or an anti-FLAG Ab (M2; Sigma-
Aldrich) for primary antibody reaction, and an Alexa Fluor 555 goat
anti-rabbit IgG (Molecular Probes) or Alexa Fluor 555 goat anti-mouse
IgG (Molecular Probes) for secondary antibody reaction, respectively.
Images were captured by BIOREVO BZ-9000 (KEYENCE) with CFI Plan
ApoVC 100xH (Nikon) and processed using Adobe Photoshop Elements 4.0.

Western blotting

Total cell lysate was resolved by SDS-PAGE and transferred to a PVDF
membrane. The blots were probed with an anti-Sox17 Ab (09-038;
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Millipore) or an anti-oa-tubulin (CP06; Calbiochem) and an HRP-
conjugated secondary Ab. The protein bands were detected with Super-
Signal West Pico Chemiluminescent Substrate (Thermo Scientific).

Results

Screening of genes that promote hematopoietic development
from hESCs/iPSCs

Hematopoietic development from hESCs and hiPSCs recapitulates
physiologic development, beginning in the conceptus and proceed-
ing in a stepwise manner. CD34*CD43~ endothelial cells (ECs)
enriched in HE give rise to the earliest hematopoietic progenitors,
pre-hematopoietic progenitor cells (pre-HPCs) with an immunophe-
notype of CD34+CD43*CD45~. Pre-HPCs then mature into
CD34+CD43*CD45" HPCs that express CD45, a marker antigen
specific to hematopoietic cells (Figure 1A).29%2! We improved the
conventional culture system to efficiently induce HPCs in EB
culture by modifying cytokine conditions and adding an inhibitor
of TGF-B signaling (Figure 1B). In our culture system, the
expression of hematopoietic regulator genes such as RUNXI and
SCL/TALI increased in EBs after day 4 of culture accompanied by
the decrease in expression of early mesodermal marker genes such
as Brachyury (Figure 1C).

To identify genes that promote hematopoietic development
from PSCs, we transduced hiPSC-derived ECs purified from
day 6 EBs with several known hematopoietic regulator genes. We
selected 13 genes that are known to play an important role in the
development and/or maintenance of HSCs, including RUNXI,
Scl/Tall, Gata2, and HOXB4. The growth of the transduced cells
was monitored in the presence of SCF and TPO for 14 days.
Unexpectedly, most of these known regulator genes did not
promote cell growth, but SoxI7 did. A similar effect was
observed when we transduced CD34*CD43* pre-HPCs/HPCs
from day 8 EBs (Figure 1D). To confirm these findings, we
overexpressed SoxI7 in hESC-derived ECs and pre-HPCs/HPCs.
Overexpression of Sox!7 also promoted cell growth of hESCs (data not
shown). Based on these results, we decided to conduct a detailed
analysis of the function of SOX17 using hESCs.

Sox17 promotes expansion of HE-like cells

SOX17 mRNA was highly expressed in EBs between days 2 and
4 of culture (Figure 1E). SOX17 has been described as one of the
master regulator genes for endodermal development.!%?? High
expression of SOXI17 in EBs at early time points supposedly
reflects the development of endodermal cells. In contrast, ECs
emerged at approximately day 6 in our culture system at the same
time as increased expression of hematopoietic regulator genes such
as RUNXI and SCL/TALI (Figure 1C). Therefore, the expression of
SOX17 after day 6 may indicate a role of SOXI7 in hematopoietic
development (Figure 1E). Indeed, SOXI7 was expressed at high
levels in ECs, but at significantly lower levels in pre-HPCs, HPCs,
and human CB CD34" cells (Figure 1F). Other SOXF family
genes, SOX7 and SOXI8, showed a very similar pattern of
expression profiles (Figure 1F).

To evaluate the effect of overexpression of Sox/7 in hematopoi-
etic development in detail, we produced a retrovirus containing
Soxi7 fused to ERT (Soxl7-ERT). We transduced ECs from
day 6 EBs with the SoxI7-ERT retrovirus on OP9 stromal cells and
cultured them in the presence of SCF and TPO. The addition of
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Figure 2. Sox17 promotes the expansion of CD34+CD43+CD45~/°¥ cells. (A) Growth curve of ECs from day 6 EBs that were transduced with a Sox17-ERT or a control
retrovirus. ECs (2 X 10%) were transduced with the indicated retrovirus on OP9 cells and cultured in the presence of 20 ng/mL of SCF and TPO and 200nM 4-OHT. The absolute
numbers of cells were determined and plotted. Representative data from repeated experiments are shown. (B) Appearance of a representative colony generated by
Sox17-overexpressing cells in panel A observed under an inverted microscope. Images were collected using BIOREVO BZ-9000 (KEYENCE) with CF| Plan Fluor ELWD DM
20xC (Nikon). (C) Typical cell morphology of Sox17-overexpressing cells in panel A. Sorted cells were cytospun onto glass slides and observed after Wright-Giemsa staining.
ECs, pre-HPCs, and HPCs from day 8 EBs served as controls. Images were collected using BIOREVO BZ-9000 (KEYENCE) with CFI Plan ApoVC 100xH (Nikon). (D) Flow
cytometric analysis of expanded cells on overexpression of Sox17. ECs from day 6 EBs and pre-HPCs and HPCs from day 8 EBs were transduced with a Sox77-ERT or a
control retrovirus cultured on OP9 in the presence of 20 ng/mL of SCF and TPO and 200nM 4-OHT for 10-15 days and then analyzed for their immunophenotypes.

4-OHT, which induces nuclear translocation of ERT fusion protein, 4-OHT, suggesting leaky translocation of Sox17-ERT (data not
considerably stimulated cell growth (Figure 2A). Overexpression  shown). Indeed, Sox17-ERT was detected in both the nucleus and
of SoxI7-ERT promoted cell growth moderately even without cytoplasm without 4-OHT, whereas the addition of 4-OHT induced
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efficient nuclear translocation of Sox17-ERT (supplemental Figure
1A). SoxI7-overexpressing cells formed semiadherent cell aggre-
gates on OP9 cells (Figure 2B). Morphologic analysis revealed that
they showed a monotonous morphology intermediate between ECs
and pre-HPCs (Figure 2C). We performed further immunostaining
with an anti-laminin Ab. After incubation in slide chambers for
4 hours, ECs attached to the slide glasses and stretched their
cytoplasm out. In contrast, SoxI7-overexpressing cells behaved
like pre-HPCs and maintained a round shape, suggesting that
Sox17-overexpressing cells do not retain strong adhesive properties
of ECs, although they form semiadherent cell aggregates on OP9
cells (supplemental Figure 1B). Flow cytometric analysis demon-
strated that SoxI7-overexpressing cells expanded on OP9 cells
were mostly CD34+CD43* and did not express or expressed a low
level of CD45 (CD45 7°%). These cells coexpressed the HE
producer VE-cadherin (Figure 2D). Interestingly, overexpression
of SoxI7 in pre-HPCs and HPCs from day 8 EBs similarly
expanded CD34+CD437CD45~%VE-cadherin™ cells (Figure 2D).
Although the endothelial-specific marker KDR/FLK1 was
expressed in the majority of ECs from day 6 and 8 EBs (data not
shown), its expression was immediately down-regulated during
differentiation into pre-HPCs and HPCs and also on activation of
Sox17 (Figure 2D).

Comprehensive gene-expression analyses using microarrays
were performed to investigate the developmental stage of the cells
expanded on overexpression of Sox17. ECs from day 6 and 8 EBs,
pre-HPCs from day 8 EBs, and HPCs from day 8 and 12 EBs were
transduced with SoxI7-ERT and cultured on OP9 cells. These cells
were then treated with 4-OHT and the resulting CD34+CD43*
CD45~ % cells were subjected to microarray analysis. Freshly
isolated ECs from day 6, 8, and 12 EBs, pre-HSCs from day 8 EBs,
and HPCs from day 8 and 12 EBs served as control samples. The
CD34+CD43*CD45 % cells overexpressing SoxI7 appeared to
express both EC-related genes such as VE-cadherin/CDHS5 and
ESAM and hematopoietic-related genes such as RUNXI and
SCL/TALI (supplemental Table 1). Hierarchical clustering of the
cell populations based on the microarray data of total genes
revealed that Sox/7-overexpressing cells showed very similar
profiles of gene expression irrespective of the cell sources (ie, ECs,
pre-HPCs, and HPCs; Figure 3A). We next performed clustering
using probes corresponding to genes identified as “Transcription
factor” and “Hemopoiesis” from the GO database. SoxI7-
overexpressing cells were developmentally placed between ECs
and pre-HPCs/HPCs (Figure 3B-C). These findings, together with
the intermediate morphology between ECs and pre-HPCs, suggest
that CD34*CD43*CD45~ "% cells expanded on the overexpression
of Sox17 are at a developmental stage between HE and early HPCs.
To confirm this possibility, we then investigated whether the
CD347CD43%CD451°% cells overexpressing Soxl7 give rise to
mature hematopoietic cells on inactivation of Sox17 (Figure 4A).
As expected, after depletion of 4-OHT, CD34+CD43+CD45/lov
cells lost expression of CD34 and VE-cadherin but gained a higher
level of CD45 expression and gave rise to CD235a* erythroblasts
and CD11b* myeloid cells more efficiently than they did in the
presence of 4-OHT (Figure 4B-C). This trend was confirmed in
colony-forming assays. We seeded CD34+CD43+CD45~o% cells
overexpressing SoxI7 in methylcellulose medium in the presence
and absence of 4-OHT. SoxI7-overexpressing cells in the presence
of 4-OHT mainly formed compact colonies consisting of nonhemo-
globinated cells with a morphology similar to ECs (Figure 2B),
whereas they generated hemoglobinated erythroid colonies and
myeloid colonies in the absence of 4-OHT (Figure 4D). These
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Figure 3. CD34+CD43+CD45/°¥ cells expanded on overexpression of Sox17
developmentally place between ECs and pre-HPCs/HPCs. Gene-expression
patterns of wild-type and Sox77-overexpressing cells obtained in microarray analy-
ses were clustered using hierarchical clustering. The distance between 2 samples
was defined with the Pearson correlation using total genes (A) or certain probes
selected from the GO database (B-C). “Transcription factor” represents genes that
are located in the nucleus and have at least 1 of the GO terms “regulation of
transcription, DNA-dependent,” “transcription factor activity,” or “transcription factor
complex” (B). “Hemopoiesis” represents genes that are annotated with the GO terms
“hemopoiesis,” “vasculogenesis,” “erythrocyte differentiation,” “erythrocyte matura-
tion,” and/or “erythrocyte development” (C). The color of each cell represents the
value of correlation indicated on the right side of the matrix.

findings clearly indicate that the CD34TCD43+CD45~o% cells
overexpressing SoxI7 still retain hemogenic potential, which
becomes apparent on removal of 4-OHT.
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Figure 4, CD34*CD43+CD45~/°¥ cells expanded on
overexpression of Sox77 retain hemogenic potential.
(A) Experimental design to evaluate effects of withdrawal
of 4-OHT on Sox77-overexpressing cells. ECs from day
6 EBs transduced with a Sox77-ERT retrovirus were
cultured in the presence of 20 ng/mL of SCF and TPO
and 200nM 4-OHT for 15 days. Then, the cells were
subjected to coculture with OP9 cells and colony-forming
assays. For coculture with OP9 cells, the cells were
replated onto OP9 cells and cultured in the presence of
20 ng/mL of SCF and TPO, 10 ng/mL of IL-3, and
3 units/mL of erythropoietin with and without 4-oht. at day
7 of culture, the cells were analyzed for their immunophe-
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tive flow cytometric profiles of cells overexpressing Sox17-
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We next compared the expression of globin genes in SoxI7-
overexpressing CD34+CD43%CD45~°% HE-like cells and their
hematopoietic progeny with globin gene expression in CB CD34*
cells. CD34*CD43+CD45 o cells expanded on overexpression
of SoxI7 were further cultured in the presence and absence of
4-OHT for 7 days and then GFP™ cells expressing Sox!7-ERT were
collected by cell sorting. RT-PCR analysis revealed that embryonic
globin (e) and fetal globin ('y), but not adult globin (), were highly
expressed in Sox]7-overexpressing cells and/or their hematopoietic
progeny (supplemental Figure 2). These results raise the possibility
that the CD34*CD43*CD45~" % HE-like cells expanded on over-
expression of SoxI7 are a hemogenic intermediate differentiated
from hemangioblasts that primarily give rise to yolk sac—type
blood cells.?

SOX17 is essential for the hemogenic activity of HE cells

Our results so far indicate that the overexpression of SoxI7
promotes the expansion of HE-like cells, but inhibits their
hematopoietic differentiation into pre-HPCs. Because SOXI17

is highly expressed in ECs enriched in HE, we examined the
role of SOX17 by knock-down analysis. We transduced ECs
from day 5 EBs with lentiviruses expressing shRNA against
SOX17 on OP9 cells and allowed them to differentiate into
hematopoietic cells for 9 days. The most effective shRNA,
sh-SOX17#1273 (Figure 5A), suppressed the development and
differentiation of hematopoietic cells including both erythro-
blasts and myeloid cells significantly, whereas it only moder-
ately diminished the growth of CD235a~CD11b™ nonhematopoi-
etic cells, the majority of which do not express SOX17 even
though approximately 25%-30% of these cells are SOX17* ECs
(Figure 5B-C). sh-SOX17#1143 similarly, albeit modestly, sup-
pressed the production of hematopoietic cells. Similar results
were obtained when we knocked down SOX17 in ECs from day
6 EBs (data not shown). However, hematopoietic differentiation
was not affected on SOXI7 knock-down in pre-HPCs from
day 8 EBs (Figure 5D). These findings indicate that SOX17
plays a key role in the acquisition of hematopoietic potential in
HE cells.
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Figure 5. Hematopoietic differentiation from HE is
inhibited by depletion of SOX17. (A) Knock-down
efficiencies of shRNAs against SOX17. Western blot
analysis of SOX17 in 293T cells transduced with sShRNAs
against SOX17 (top panel). a-Tubulin was used as the
loading control. pre-HPCs from day 8 EBs were trans-
duced with shRNAs against SOX77 on OP9 cells and
cultured in the presence of 20 ng/mL of SCF and TPO,
10 ng/mL of IL-3, and 3 units/mL of erythropoietin (EPO)
for 7 days. Levels of endogenous SOX17 were analyzed
by quantitative RT-PCR analysis (bottom panel). mRNA
levels were normalized to GAPDH expression. Expres-
sion levels relative to that in the control celis transduced
with an shRNA against Luciferase are shown as the
means = SD for triplicate analyses. (B) Effects of deple-
tion of 8OX17 on hematopoietic development from HE
cells. ECs from day 5 EBs were transduced with ShRNAs
against SOX17 on OP9 cells and were cultured in the
presence of 20 ng/mL of SCF and TPO, 10 ng/mL of IL-3,
and 3 units/mL of EPO for 9 days. Representative flow
cytometric profiles of cells at day 9 of culture are
depicted. (C) Absolute numbers and proportion of
CD235a* erythroblasts and CD11b* myeloid cells in
panel B at day 9 of culture. Data are shown as the means
+ 8D for 3 independent cultures. (D) Effects of depletion
of SOX17 on pre-HPCs. Pre-HPCs from day 8 EBs were
transduced with shRNAs against SOX77 on OP9 cells
and were cultured in the presence of 20 ng/mL of SCF
and TPO, 10 ng/mL of IL-3, and 3 units/mL of EPO for
7 days. Absolute numbers and proportion of CD235a*
erythroblasts and CD11b* myeloid cells at day 7 of
culture are presented. Data are shown as the means
=+ SD for triplicate cultures of 1 of 2 independent experi-
ments that gave similar results.
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S0X17 regulates directly the transcription of key regulator
genes for HE cells

A ChIP-on-chip analysis was conducted to identify the direct target
genes of SOX17 in HE cells. We transduced ECs cells from
day 6 EBs with a 3xFlag-Sox17-ERT retrovirus and expanded
CD34*CD43+CD45~"o% HE-like cells on OP9 cells. At day 27 of
culture, 94.2% of the expanded cells were positive for CD34.
CD34%* cells were further enriched (99.8%) by magnetic cell
sorting using magnetic beads conjugated with anti-CD34 Abs, and
these purified cells were then subjected to ChIP-on-chip analysis.
The ChIP-on-chip analysis was performed with human pro-
moter microarrays containing approximately 21 000 probe sets
covering from —8.0 kb upstream to +4.0 kb downstream of the
TSS of RefSeq genes. 3xFlag-Sox17 was cross-linked to DNA and
precipitated using the anti-FLAG M2 Ab. Gene promoters bound
by Sox17 were ranked according to fold enrichments calculated in
comparison with signals obtained with the input DNA. Of the

19457 gene promoter regions analyzed, 182 and 98 regions
showed Sox17 binding with an enrichment greater than 2- and
3-fold, respectively (full data are listed in supplemental Table 2).
The functional annotation of the genes bound by Sox17 with a fold
enrichment greater than 3 was performed based on GO and showed
significant enrichment for genes that fell into categories such as
“vasculogenesis,” “hemopoiesis,” and “positive regulation of eryth-
rocyte differentiation” (Figure 6A, Table 1, and supplemental Table
2). The genes bound by Sox17 include genes well characterized as
regulators of hematopoietic development from HE cells, such as
VE-cadherin/CDH5, RUNX1, SCL/TALI, and HHEX (Table 1 and
supplemental Table 2). VE-cadherin, an endothelial marker anti-
gen, is expressed by HE cells and by early HSCs, which appear in
the yolk sac and the aorta-gonad-mesonephros region, as well as by
a transient HSC population of the fetal liver.?>» RUNXI, SCL/
TALI, and HHEX encode transcription factors essential for the
development of HSCs from HE cells or hemangioblasts.>?%2” The
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Figure 6. Targets of SOX17 detected by ChiP-on-chip A
analysis. (A) GO analysis of the Sox17 targets detected
by ChIP-on-chip analysis. CD34*CD43~ cells from
day 6 EBs were transduced with a 3x Flag SOX17-ERT
retrovirus. The cells were further cultured on OP9 cells in
the presence of 20 ng/mL of SCF and TPO and 200nM
4-OHT. CD34* cells were collected at day 27 of culture
and subjected to ChlP-on-chip analysis. P for each GO
term is indicated. (B) ChiP-on-chip profile of SOX17
occupancy at genes related to hematopoietic develop-
ment from HE cells. Plot under the x-axis shows the
position of probe sets. Arrowhead at the VE-cadherin/
CDH5 promoter indicate consensus motif of Sox17-
binding site. (C) Gene-expression patterns of wild-type
and engineered cells obtained in microarray analyses
clustered using hierarchical clustering. Distance between
2 samples was defined with the Pearson correlation of
Sox17 target genes with S8ox17 binding more than 3-fold
in the ChlP-on-chip analysis presented in supplemental
Table 2. The color of each cell represents the value of
correlation indicated on the right side of the matrix.
(D) Comparative analysis of ChlP-on-chip and microarray
data. Venn diagrams showing the number of genes
bound by Sox17 (> 3-fold enrichment) and the number of
genes up-regulated in expression more than 2-fold in at
least 1 cell type among ECs, pre-HPCs, and HPCs on
overexpression of Sox717 (Sox17-overexpressing
CD34+CD43+CD45o% cells compared with those of
respective fresh controls; left panel). The percentages of
overlapping and nonoverlapping bound genes are indi-
cated in parentheses. Shown are the correlation of Sox17
binding (fold enrichment) in ChlP-on-chip analysis and
the fold changes in expression during differentiation of
ECs to HPCs (right panel). The fold enrichments and fold
changes in expression were plotted for 84 genes of
98 showing enrichments greater than 3-fold (the microar-
ray data were not available for the remaining 14 genes).
Correlation coefficients (R) are indicated for genes with
fold enrichment greater than 3- and 6-fold, respectively.
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distribution of SOX17 signals at these genes varied greatly across
the promoter region (Figure 6B). SOX17 is reported to bind to the
consensus motif of “ATTGT.”?2 The VE-cadherin/CDHS5 promoter
contains the consensus motif between —107 bp and —103 bp from
the TSS. It was recently reported that this site is conserved in
mouse and Sox7 binds directly to it to activate transcription.?® Qur
ChIP-on-chip data showed that Sox17 binds to this site as well
(Figure 6B arrowhead). These findings clearly indicate that SOX17
regulates directly the expression of a set of key genes for
hematopoietic development in HE cells.

‘We next performed hierarchical clustering of the cell popula-
tions based on the microarray data using “SOX17 targets” that we
arbitrarily selected as genes with Sox17 binding greater than
3-fold over the input levels in the ChIP-on-chip analysis
(supplemental Table 2). As expected, SoxI7-overexpressing
cells were again developmentally placed between ECs and
pre-HPCs/HPCs (Figure 6C).

Comparison of gene lists between the ChiP-on-chip and
microarray assays

‘We next examined the changes in expression of the 98 genes bound
by Sox17 (> 3-fold enrichment in the ChIP-on-chip analysis) on
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Sox17 overexpression. The microarray data of SoxI7-overexpressing
CD34+CD43+CD45 o cells shown in Figure 3 were compared
with those of respective fresh controls. Sox17 is thought to activate
the transcription of target genes.?? As expected, 36 of the 98 genes
showed up-regulation in expression of more than 2-fold in at least
in 1 cell type (Figure 6D, Table 1, and supplemental Table 2). This
tendency was evident in the top 15 genes with Sox17 binding
(Table 1 and supplemental Table 2), although in 4 genes of 15, the
effects of overexpression of SoxI7 were obvious only in pre-HPCs
and HPCs, but not in ECs, which possess a high level of
endogenous SOX17 (supplemental Table 2). Similarly, a negative
correlation was detected between the levels of Sox17 binding in
ChIP-on-chip analysis and the fold changes in expression during
differentiation of ECs (SOX17%) to HPCs (SOX17~; Figure 6D).
Among genes bound by Sox17, EGFL7 and VE-cadherin/CDHS5
have been shown to be up-regulated in BM HPCs transduced with
Sox17.3 However, in our ChIP-on-chip analysis, Sox17 did not
show any binding to the genes directly regulated by Sox17 during
differentiation of ES cells into extraembryonic endoderm.??> These
data suggest that SOX17 regulates different targets in hematopoi-
etic and endodermal development.
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Table 1. Candidate SOX17 target genes according to ChIP-chip scores

GO term Fold difference
Positive regulation of Sox17 ECs  Sox17 pre-HPCs  Sox17 HPCs

Rank Symbol Gene name Fold enrichment  Vasculogenesis erythrocyte differentiation Hemopoiesis  d6/ECs d6 d8/pre-HPCs d8 d8/HPCs d8
1 GPSM3 G-protein signaling modulator 3 48,50 No No No 1.38 2.42 2.56
2 MAST4 Microtubule associated serine/threonine kinase family member 4 41.62 No No No 1.02 3.22 4.75
3 TXLNB Taxilin beta, muscle-derived protein 77 38.05 No No No 1.18 2.89 4.29
4 EGOT Eosinophil granule ontogeny transcript 37.53 No No No ND ND ND
5 PPBPL1 Pro-platelet basic protein-like 1 35.26 No No No ND ND ND
6 MFSD6 Major facilitator superfamily domain containing 6 30.27 No No No 19.79 14.24 19.26
7 CDH5 Cadherin 5, type 2 29.86 No No No 0.70 9.07 10.81
8 BCL6B B-cell CLU/lymphoma 6, member B 28.05 No No No 1.11 5.73 8.50
9 Clorf55 Chromosome 1 open reading frame 55 25.81 No No No 2.23 1.77 1.44
10 PTTG1IP Pituitary tumor-transforming 1 interacting protein 25.28 No No No 0.93 1.49 1.67
11 TRIM67 Tripartite motif containing 67 24.08 No No No 4.16 4.28 5.03
12 MYCT1 myc target 1myc target 1 21.26 No No No 0.74 2.90 7.66
13 CD40LG CD40 ligand 14,12 No No No 6.65 11.57 16.69
14 SCOC Short coiled-coll protein 13.45 No No No 0.97 0.79 1.04
15 PPP1R16B Protein phosphatase 1, regulatory subunit 16B 13.18 No No No 0.70 1.83 1.15
19 ACVR2A Activin A recepior, type lIA 9.45 No Yes No 0.15 0.42 0.67
26 HHEX Hematopoietically expressed homeobox 6.87 Yes No Yes 0.66 1.44 0.89
37 RUNX1 runt-related transcription factor 1 5.46 No No Yes 5.02 1.25 1.12
41 TAL1/SCL T-cell acute lymphocytic leukemia 1 5.28 No Yes Yes 1.82 1.76 1.92
50 EGFL7 EGF-like-domain, multiple 7 4.69 Yes No No 0.67 2.11 1.92
69 JUNB jun B protooncogene 3.78 Yes No No 3.50 3.87 3.24

ND indicates no data.
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Discussion

In the present study, we found that all of the SOXF subfamily
genes, SOX7, SOX17, and SOXI8, are highly expressed in hESC-
derived ECs enriched in HE and markedly down-regulated in
pre-HPCs and HPCs to the levels comparable to that in CB CD34~
cells. Overexpression of SoxI7 in ECs resulted in expansion of
monotonous cells with a CD34*CD43*CD45~/1°% immunopheno-
type. These cells coexpressed hematopoietic marker antigens such
as CD43 and a low level of CD45, as well as the HE marker
VE-cadherin. These unique characteristics of SoxI7-overexpressing
ECs are reminiscent of HE cells. Overexpression of SoxI7 inhib-
ited the hematopoietic differentiation of both pre-HPCs and HPCs
and reprogrammed them into HE-like cells. In contrast, depletion
of SOXI7 in pre-HPCs did not affect their hematopoietic differen-
tiation. These findings suggest that SOX17 is one of the master
regulators that define HE but must be down-regulated during the
development of pre-HPCs to allow hematopoietic differentiation.

The effects of overexpression of SOXI7 in hESC-derived ECs
and HPCs are very similar to that of overexpression of Sox7 and
Sox18 in early hematopoietic precursors from mouse embryos and
mouse ESCs.!41528 However, it has been reported in mice that
Sox17 remains marginally expressed during blood specification and
the overexpression of SoxI7 in early hematopoietic precursors
induces massive apoptosis.!* The contrasting effects of SoxI7
between humans and the mouse is somewhat surprising but could
be partially attributed to the difference in expression during early
hematopoiesis (see previous paragraph). The expression of all of
the SOXF subfamily genes in ECs evokes the possibility that they
have redundant function in the development of hematopoiesis from
hESCs, as they do in postnatal angiogenesis in mice.!! Nonetheless,
the effects of knock-down of Sox7 in mice and SOXI7 in the
present study are different. Sox7 knock-down in Brachyury *Flk1~
mesodermal precursors, which give rise on further differentiation
to Flk1* cells containing hemangioblast precursors, profoundly
inhibited the production of both hematopoietic progenitors and
endothelial progenitors, leaving open the possibility that Sox7
inhibits the production of hematopoietic progenitors through
inhibiting the formation of HE or hemangioblasts. In contrast,
SOXI7 knock-down in ECs enriched in HE in the present study
mainly compromised the development of mature hematopoietic
cells and only mildly affected the proliferation of nonhematopoi-
etic cells. Furthermore, depletion of SOXI7 in pre-HPCs did not
significantly affect their hematopoietic differentiation. Therefore,
the role of SOX17 at the developmental stage of blood specification
could be more specific to the establishment of a hemogenic
program in mesodermal or endothelial precursors compared with
that of Sox7. Although we did not detect the effects of SOXI7
knock-down in pre-HPCs, recent studies have shown that Sox17
also plays an important role in the maintenance of fetal and
neonatal HSCs, but not adult HSCs.!> Sox17 has also been
demonstrated to confer fetal HSC characteristics to adult hemato-
poietic progenitors.!* SOX 17 may again exert its critical function at
a stage later than the pre-HPC stage, when pre-HPCs/HPCs
differentiate into embryonic HSCs.

Very similar results have been demonstrated in the murine
system with the transcription factor HoxA3. HoxA3 is a gene
uniquely expressed in the embryonic vasculature, but not in the
yolk sac vasculature. HoxA3 restrains hematopoietic differentia-
tion of the earliest endothelial progenitors and can induce reversion
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of the earliest hematopoietic progenitors into CD41-negative
endothelial cells.? This reversible modulation of endothelial-
hematopoietic state is accomplished by down-regulation of key
hematopoietic transcription factors. Among these, Runx1 is able to
erase the endothelial program set up by HoxA3 and promote
hematopoietic differentiation. Sox/7 was listed as one of the targets
regulated by HoxA3. Given that SOX17 appeared to regulate
directly the expression of RUNX1 in this study, it could be assumed
that HoxA3 functions as an apical regulator of HE, eventually
activating the transcription of Runx] via up-regulation of SoxI7 to
initiate hematopoietic differentiation. It would be intriguing to
address this question.

The direct targets for Sox17 have been characterized during
endodermal differentiation of mouse ESCs using ChIP-on-chip
analysis. The Sox17-binding consensus motif has also been identi-
fied using de novo motif analysis from the ChIP-on-chip data.?? As
expected, the genes bound by Sox17 in SoxI7-overexpressing
HE-like cells were quite different from those detected during
endodermal differentiation and were related to the GO terms
“vasculogenesis,” “hemopoiesis,” or “positive regulation of eryth-
rocyte differentiation.” Among these genes, VE-cadherin/CDHS5
encodes one of the well-known marker antigens of HE and is also
expressed by embryonic HSCs.?42% Sox17 appears to bind directly
to the promoters of RUNXI, SCL/TALI, and HHEX, which encode
key transcription factors essential to the development of HSCs
from HE cells or hemangioblasts. #2627 Other target genes included
BAZF/BCL6B, JUNB, and EGFL7, which encode a POZ/BTB zinc
finger protein, a basic HLH transcription factor, and a secreted
angiogenic factor, respectively. These genes have been implicated
in vasculogenesis and/or angiogenesis and BAZF/BCL6B and
JUNB have also been implicated in hematopoiesis.?*-34 The profiles
of these Sox17 targets during early hematopoietic development
further support the critical role of SOX17 in the regulation of HE.

The results of the present study have unveiled a novel function
of SOX17 in hematopoietic development. Because the overexpres-
sion of Sox17 expands HE-like cells, it is possible that conditional
expression of SOXI7 in hESC-derived endothelial progenitors
facilitates hematopoietic development. Therefore, SOXI7 could be
a novel target for manipulation to improve the yield of hematopoi-
etic progenies from hESCs for regenerative cell therapies.
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