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Supplementary Figure 1. Oikawa et al.

Supplementary Figure 1. Representative double immunostaining of EpCAM/CK19, SALL4/EpCAM and
SALL4/CK19 expression in human normal livers. Fetal (16 weeks gestation) and neonatal (4 months) livers
(A). (a, b) EpCAM and CK19 expression in fetal (a) and neonatal (b) livers. Sections were stained with
anti-EpCAM and anti-CK19 antibody. Expression of EpCAM (green) or CK19 (red) was visualized with
Alexa488- and Alexa546-conjugated antibodies. Nuclei {blue) were stained with DAPIL. (c, d) SALL4 and
EpCAM expression in fetal (c) and neonatal (d) livers. (e, f) SALL4 and CK19 expression in fetal (e) and
neonatal (f) livers. Sections were stained with anti-SALL4 and anti-EpCAM or anti-CK19
antibody. Expression of SALL4 (brown) or EpCAM, CK19 (red) was visualized with 3,3'-diaminobenzidine
- and Warp Red. Arrows showed ductal plate cells, now recognized to be hHpSCs, and arrowheads indicated
hHBs respectively. Magnification x400. BD, bile duct; DP, ductal plate; PT, portal tract. (B) SALL4
expression in cultures of hBTSCs. The colony was stained with antibodies against EpCAM and
SALL4. Expression of EpCAM (green) or SALL4 (red) was visualized with Alexa488- and Alexa546-
conjugated antibodies. Nuclei (blue) were stained with DAPI. Magnification x400.
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Supplementary Figure 2. Oikawa et al.

Supplementary Figure 2. Representative immunostaining of SALL4 in non-cancerous liver and HCC
specimens (A-D). (A) chronic hepatitis, (B) liver cirrhosis, (C) SALL4-negative HCC (T7, well-differentiated)
and (D) SALL4-positive HCC (T48, well-differentiated). Sections were stained with anti-SALL4
antibody. Magnification x200. BD; bile duct. (E, F) Representative double immunostaining of
SALL4/EpCAM and SALL4/CK19 expression in CC specimens (T5, poorly-differentiated). Serial sections were
stained with anti-SALL4, anti-EpCAM and anti-CK19 antibody. Magnification x400.
165x214mm (300 x 300 DPI)
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Supplementary Figure 3. Oikawa et al.

Supplementary Figure 3. Over-expression of SALL4 proteins in cultures derived from Huh7 and PLC/PRF/5
cells. Cells were infected with mock- or SALL4-expressing viruses and stained with anti-SALL4 antibody
after fixation. SALL4 expression was detected immunocytochemically. Expression of SALL4 (red) was
detected using Alexa546-conjugated antibody. Nuclei (blue) were stained with DAPI.
88x125mm (300 x 300 DPI)

Hepatology

— 283 —



Hepatology
Huh?7
No infection sh-Luc
80 801
60 560
§ 40 0% % 401 o709
©20f{ | T ] ©20
O e 0 el
o 101102103104 o 107102103 104
FL-1-EGFP FL-1-EGFP
PLC/PRF/5
No infection sh-Luec
80 801
o 60 f\ o 607 f \4
54001 oy 5400 gl
O 20 k*‘*“‘““_ O 20/

o 107102103 104

FL-1-EGFP

sh-SALL4
801
0 60
€
3401 o7.9%
© 9p-

]

o0 101102103 10

FL-1-EGFP

sh-SALL4

80
a 60+
< 40/
o]

[$] 20

i
97.6‘/;
-\

o 107102103 104

FL-1-EGFP

0 S N
0 10110210310

FL-1-EGFP

Page 60 of 63

4

4

Supplementary Figure 4. Oikawa et al.

Supplementary Figure 4. Efficiencies of lentiviral transduction into Huh7 and PLC/PRF/5 cells. Transduction
efficiency was estimated using flow cytometer (EGFP expression). The percentages of Huh7 cells infected
with lentiviruses expressing-shRNA against luciferase or SALL4 were respectively 97.0%, 97.9% and (upper
panel).

or SALL4 were respectively 94.2%, 97.6% and (lower panel).

107x100mm (300 x 300 DPI)
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Supplementary Figure 5. Oikawa et al.

Supplementary Figure 5. Morphological features of Huh7 and PLC/PRF/5 cells infected with control- and
SALL4 knockdown-shRNA viruses. Cells were infected with lentiviruses expressing-shRNA against luciferase
or SALL4 and cultured for 7 days. Cells infected with lentiviruses were detected by expression of EGFP
(green). Nuclei (blue) were stained with DAPI.
158x80mm (300 x 300 DPI)
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Supplementary Figure 6. Expression of hepatocytic differentiation (A) and stemness (B) genes in SALL4-
over-expressing liver cancer cells. Cells were infected with a retroviral vector expressing SALL4 and
cultured for 3 days. UGT2B7, HNF4a, TACSTD1, POU5F1, and CD90 mRNA expression was detected using
gRT-PCR. Data are expressed as mean SD (triplicate samples, ¥**p<0.001, **p<0.01).
154x199mm (300 x 300 DPI)
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Supplementary Figure 7. Oitkawa et al.

Supplementary Figure 7. Expression of hepatocytic differentiation and EMT-related genes in SALL4-
knockdown liver cancer cells. Cells were infected with a lentiviral vector expressing-shRNA against
luciferase or SALL4. UGT2B7, HNF4a, TACSTD1, POUSF1, and CXCR4, TWIST1, CDH1 mRNA expression was
detected using gRT-PCR. Data are expressed as mean £ SD (triplicate samples, *p<0.05).
150x125mm (300 x 300 DPI)
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Supplementary Figure 8. Representative immunostaining of SALL4 in HCC specimens (T37, moderately-
differentiated) by using citrate buffer pH 6.0 (A) or EDTA buffer pH 8.0 (B) for antigen retrieval. Serial
sections were stained with anti-SALL4 antibody. Magnification x200.
165x75mm (300 x 300 DPI)
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HEMATOPOIESIS AND STEM CELLS

Role of SOX17 in hematopoietic development from human embryonic stem
cells

Yaeko Nakajima-Takagi, 2 Mitsujiro Osawa, 2 Motohiko Oshima, -2 Haruna Takagi,! Satoru Miyagi,’2 Mitsuhiro Endoh,23
Takaho A. Endo,?#* Naoya Takayama,5® Koji Eto,58 Tetsuro Toyoda,* Haruhiko Koseki,23 Hiromitsu Nakauchi,® and
Atsushi lwama’-2

'Department of Cellular and Molecular Medicine, Graduate School of Medicine, Chiba University, Chiba, Japan; 2JST, CREST, Tokyo, Japan; SRIKEN Research
Center for Allergy and Immunology, Yokohama, Japan; SRIKEN Genomic Sciences Cener, Yokohama, Japan; Center for iPS Cell Research and Application,
Kyoto University, Kyoto, Japan; and Division of Stem Cell Therapy, Center for Stem Cell Biology and Regenerative Medicine, institute of Medical Science,
University of Tokyo, Tokyo, Japan

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 regulaior genes in hESC/iPSC-derived CD34*CD43~
endothelial cells (ECs) enriched in hemogenic endethelium (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. SOX77 was expressed at high levels in CD34+CD43~
ECs compared with low levels in CD347CD43*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 poteniial and gave rise to hematopoietic progenies on inactivation of
Sox17. Global gene-expression analyses revealed thai the CD347CD43+CD45/° cells expanded on overexpression of Sox77 are
HE-like cells developmentally placed between ECs and pre-HPCs. Sox77 overexpression also reprogrammed both pre-HPCs and
HPCs into HE-like cells. Genome-wide mapping of Sox17-binding sites revealed that Sox17 activaies the transcription of key
regulaior genes for vasculogenesis, hematopoiesis, and erythrocyte differentiation direcily. Depletion of SOX77 in CD34+CD43~
ECs severely compromised their hemogenic activity. These findings suggest that SOX17 plays a key role in priming hemogenic

e 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).>* 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.57 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 Runx1.8

Human embryonic stem cells (hRESCs) and induced pluripotent
stem cells (iPSCs) 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.!? Overexpression of Sox/7 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.'*!> 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*7CD43~ ECs enriched in HE to find genes that could be
manipulated to efficiently produce hematopoietic cells from hESCs.
‘We found that Sox7 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.ImM 2-mercaptoethano! (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 ImM 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 «-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

H1 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 108 cells per 60-mm Petri dish (Falcon)
in 5-mL mTeSRI (StemCell Technologies) supplemented with 10uM
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

BLOOD, 17 JANUARY 2013 - VOLUME 121, NUMBER 3

transferrin (Bovogen), 50 pg/mL of ascorbic acid (Sigma-Aldrich), and 450p.M
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. LY363947 (Cayman) was
used as an inhibitor of TGFB signaling. EBs were constantly cultured on a shaker
at 70 rpm.

Flow cyiometric 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 11
cell sorter (BD Biosciences) and the data were analyzed using Flowlo
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), CDI11b (clone
M1/70; Brilliant Violet 421), CD235a (clone HIRZ2; 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 Sox]7 fused to ERT with a 1X 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 SOXI7, lentiviral vectors (CS-H1-
shRNA-EF-1a-EGFP) expressing shRNA against human SOXJ7 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 SOX17 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 methyleellulose (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 20XC
(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 culture 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 fevels were normalized to GAPDH expression.
Expression levels relative to that in hRESCs (day 0 of EB culture) are shown as the means * SD for triplicate analyses. (D) Celi 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 cuftured on OPY 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 SOX17 during differentiation of hESCs in EBs determined by quantitative RT-PCR analysis.
mRNA fevels 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+CD43+CD45~ cells (pre-HPCs), and CD34+CD43+7CD45™ 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
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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%tCD43~ 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 (T'SSs) 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 100X H (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-a-tubulin (CP06; Calbiochem) and an HRP-
conjugated secondary Ab. The protein bands were detected with Super-
Signal West Pico Chemiluminescent Substrate (Thermo Scientific).

Resulis

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).20?! 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 RUNX! 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 Sox/7 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 SoxI7 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). SOXI7 has been described as one of the
master regulator genes for endodermal development.'®?? High
expression of SOXI7 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/TAL] (Figure 1C). Therefore, the expression of
SOX17 after day 6 may indicate a role of SOXI7 in hematopoietic
development (Figure 1E). Indeed, SOX17 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 SoxI7 in hematopoi-
etic development in detail, we produced a retrovirus containing
Sox17 fused to ERT (Soxl7-ERT). We transduced ECs from
day 6 EBs with the Sox17-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~/ow cells, (A) Growth curve of ECs from day 6 EBs that were transduced with a Sox17-ERT or a control
retrovirus. ECs (2 X 104) 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 Sox77-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 (KEYENGCE) with CFI Plan ApoVC 100xH (Nikon). (D) Flow
cytometric analysis of expanded cells on overexpression of Sox77. ECs from day 6 EBs and pre-HPCs and HPCs from day 8 EBs were transduced with a Sox17-EAT 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, Sox/7-overexpressing cells behaved
like pre-HPCs and maintained a round shape, suggesting that
SoxI7-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 (CD4577o), These cells coexpressed the HE
producer VE-cadherin (Figure 2D). Interestingly, overexpression
of Sox17 in pre-HPCs and HPCs from day 8 EBs similarly
expanded CD34*CD43*CD45*¥VE-cadherin* cells (Figure 2D).
Although the endothelial-specific marker KDR/FLKI 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 Sox/7. ECs from day 6 and 8 EBs,
pre-HPCs from day 8 EBs, and HPCs from day 8 and 12 EBs were
transduced with Sox!7-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+7CD43*CD45 % cells overexpressing Sox/7 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 SoxI7-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~/1ov 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
CD34+CD43+CD45~"o cells overexpressing SoxI7 give rise to
mature hematopoietic cells on inactivation of Sox17 (Figure 4A).
As expected, after depletion of 4-OHT, CD34+CD43+CD45~/1o%
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 /% 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~"o% cells expanded on overexpression of Sox17
developmentally place between ECs and pre-HPCs/HPCs. Gene-expression
patterns of wild-type and Sox17-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
transciiption, 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 CD34*CD43+CD45/°% cells
overexpressing SoxI7 still retain hemogenic potential, which
becomes apparent on removal of 4-OHT.
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Figure 4. CD347CD43+CD45iow cells expanded on
overexpression of Sox17 retain hemogenic potential.
(A) Experimental design to evaluate effects of withdrawal
of 4-OHT on Sox17-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 cuitured 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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12 of culture, the colonies were counted. (B) Representa-
tive flow cytometric profites of cells overexpressing Sox17-
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We next compared the expression of globin genes in SoxI7-
overexpressing CD347CD43*CD45~/o% HE-like cells and their
hematopoietic progeny with globin gene expression in CB CD34%
cells. CD34+*CD43*CD45~ % cells expanded on overexpression
of Sox17 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 (), but not adult globin (B), 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 /o~ HE-like cells expanded on over-
expression of Sox/7 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 Sox/7
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 SOX77 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 SOX717. Western blot
analysis of SOX17 in 293T cells transduced with shRNAs
against SOX77 (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
cuftured 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 cells transduced
with an shRNA against Luciferase are shown as the
means = SD for triplicate analyses. (B) Effects of deple-
tion of SOX17 on hematopoietic development from HE
cells. ECs from day 5 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 9 days. Representative flow
cytometric profiles of cells at day 9 of culture are
depicted. (C) Absolute numbers and proportion of
CD235at 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 OPS9 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.

(CD235aCD11b cells)

C 00000 100
o —_ CD235a" cells
& 80000~ g0~ [ cD11b* cells
E % 7 others
E 60000~ S 60+
o] o
o
@ 40000+ S 40~
2 8
[ o
2 20000+ & 20
< o
0- 0
& X
& &
D 50000
” — CD235a" cells
8 £ CD11b* cells
Q -
£ 60000 2 T Others
o~ o
T 40000 B
2 8
E| ‘ 5
S 20000 |: g
k=1 g
< o
O-

SOX17 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-SoxI7-ERT retrovirus and expanded
CD34*CD437CD45~ 0% 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/TAL1, 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.>?6>7 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 ChlP-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 ChiP-on-chip analysis. P for each GO
term is indicated. (B) ChlP-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/
CDHS5 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 Sox17 binding more than 3-fold
in the ChiP-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 ChiP-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*CD45~/ow cells compared with those of
respective fresh controls; left panel). The percentages of
overlapping and nonoveriapping bound genes are indi-
cated in parentheses. Shown are the correlation of Sox17
binding (fold enrichment) in ChiP-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 8-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.”? 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.”® Our
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, Sox/7-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~/ov 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 (SOX177; Figure 6D).
Among genes bound by Sox17, EGFL7 and VE-cadherin/CDHS5
have been shown to be up-regulated in BM HPCs transduced with
Sox17.13 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.

— 298 —



