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Abstract: Hematopoietic stem cells (HSCs) differentiate into all cell types of the blood and can be
used therapeutically to treat hematopoietic cancers and disorders. Despite decades of research, it
is not yet possible to derive therapy-grade HSCs from pluripotent precursors. Analysis of HSC
development in model organisms has identified some of the molecular cues that are necessary to
instruct hematopoiesis in vivo, including Wnt9A, which is required during an early time window
in zebrafish development. Although bona fide HSCs cannot be derived in vitro, it is possible
to model human hematopoietic progenitor development by differentiating human pluripotent
stem cells to hematopoietic cells. Herein, we modulate WNT9A expression during the in vitro
differentiation of human embryonic stem cells to hematopoietic progenitor cells and demonstrate that
WNT9A also regulates human hematopoietic progenitor cell development in vitro. Overexpression
of WNT9A only impacts differentiation to CD34" /CD45" cells during early time windows and does
so in a dose-dependent manner. The cells that receive the Wnt signal—not the cells that secrete
WNT9A—differentiate most efficiently to hematopoietic progenitors; this mimics the paracrine
action of Wnt9a during in vivo hematopoiesis. Taken together, these data indicate that WNT9A is a
conserved regulator of zebrafish and human hematopoietic development.

Keywords: hematopoiesis; hematopoietic stem cells; Wnt signaling; WNT9A; human embryonic
stem cells; induced pluripotent stem cells

1. Introduction

Hematopoietic stem cells (HSCs) give rise to all blood cells. This property is exploited for
therapeutic use; HSC transplants from bone marrow or peripheral blood are commonly used to treat
hematopoietic cancers and disorders [1,2]. Induced pluripotent stem cell technology has made it
possible to derive patient-matched pluripotent cells that are theoretically capable of differentiating into
HSCs [3-5]. These cells represent a potential source of HSCs for each patient in need of a transplant,
which would be a significant advancement in the field of regenerative medicine. However, it is not yet
possible to derive therapy-grade HSCs in vitro from pluripotent precursors [4—6]. Current protocols
yield hematopoietic cells with limited repopulation capacity, subpar ability to differentiate into all
blood lineages, or utilize the enforced expression of hematopoietic transcription factors to induce
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hematopoietic fate [6-14]. Thus, many researchers are turning to vertebrate model organisms such
as mouse and the zebrafish to identify critical cues that instruct HSC identity in vivo, in order to
determine whether these signals can be leveraged to generate hematopoietic stem and progenitor cells
from pluripotent precursors in vitro.

Multiple studies have identified specific molecules required for HSC development in zebrafish.
These studies have shown great translational potential for increasing the functionality and viability of
human HSCs derived from umbilical cord blood [15-17]. Therefore, many of the signals that govern
HSC development are highly conserved across vertebrate species. However, it remains to be seen if this
is true of many other signaling cues that have been identified as critical regulators of hematopoietic
development in model organisms. Furthermore, how these regulators impact human hematopoietic
development during in vitro differentiation from pluripotent precursors remains unknown.

The molecular cues governing embryonic HSC development are highly conserved amongst
vertebrates, though the anatomical sites of hematopoiesis can vary between organisms [18]. In all
vertebrate organisms, HSCs develop from a specialized population of hemogenic endothelium derived
from the mesodermal lineage in vivo and this is recapitulated in vitro in human cells [19-27]. In vivo,
these cells originate as lateral populations of mesoderm that migrate to the midline underneath
the somites to eventually form the vasculature, which contains the hemogenic endothelium [28-31].
The somites provide many inductive cues to migrating endothelial cells to instruct hematopoietic
endothelium specification [20,32-35]. We and others have recently identified Wnt/ 3-catenin signaling
to be one such molecular cue that is required for the development of HSCs in zebrafish [15,36].

Wnt/3-catenin signaling has been implicated in directing hematopoietic stem and progenitor
cell development, both in vivo and in vitro [37-41]. Wnt ligands are lipid-modified secreted growth
factors that bind to Frizzled (Fzd) receptors to activate intracellular signaling cascades [42]. Upon
Wnt-Fzd binding, a protein complex that targets 3-catenin for proteasomal degradation is dissociated,
stabilizing 3-catenin, and allowing its translocation to the nucleus, where it interacts with co-activators
to initiate the expression of target genes. In zebrafish HSC development, Wnt/ 3-catenin signaling
is required in a temporally restricted manner during early endothelial cell migration, after which it
is dispensable [36]. We have shown that Wnt9a is the mediator of this critical Wnt signal. Wnt9a is
secreted by the somites and received by adjacent hemogenic endothelial cells, which later proliferate
in response to the activation of the Wnt target gene, myca [36]. Similar studies in differentiating mouse
embryonic stem cells also identified defined time windows during which BMP4, Wnt or Activin
signaling were required for mesoderm induction [43]. After this time window, Wnt signaling is
dispensable for HSC development.

Hematopoietic progenitor cells can be derived from human embryonic stem cells (hESCs),
which can be used as in vitro surrogates of human hematopoietic development [44,45]. Protocols
to derive hematopoietic progenitors from pluripotent precursors transition cells through mesodermal,
endothelial, and hematopoietic stages that are similar to the stage progressions that occur in vivo [6].
These developmental transitions are governed by molecular cues that are conserved across
vertebrates [18]. A notable difference between the in vitro system and normal in vivo hematopoietic
development is the absence of the highly organized spatial architecture that exists in a developing
embryo. Cellular migrations and tissue movements usually occur in a tightly regulated manner in
the embryo; in the in vitro model, cells do not exist in highly organized tissues, and do not move in
these prescribed fashions. As a result, cells are likely receiving important molecular cues at slightly
asynchronous times. Despite these differences, the in vitro differentiation of hematopoietic progenitors
is an accessible platform on which to dissect signaling inputs during human hematopoiesis.

Utilizing the in vitro hematopoietic differentiation system as a model for human hematopoietic
development, we show here that (1) Wnt positively regulates the differentiation of human progenitors;
(2) WNT9A impacts in vitro human hematopoiesis in a time-dependent manner; (3) WNT9A has
a dose-dependent effect on hematopoietic differentiation; (4) in vitro differentiation dynamics in
response to WNT9A mimic the paracrine nature of the Wnt9a signal observed in zebrafish.
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2. Materials and Methods

2.1. Human Pluripotent Stem Cells Culture

All experiments described in this study were approved by a research oversight committee
(IRB/ESCRO Protocol #100210, PI Willert). Human embryonic stem cell H9 (WA09, NIH Registration
Number 0062) cells were obtained from WiCell (Madison, W1, USA). H9-RUNX1c: Green fluorescent
protein (GFP); SOX17:mCherry (referred to hereafter as RUNX1c:GFP) knock-in reporter cells were
previously described [46]. Cells were maintained in Essential 8 (E8) media (DMEM/F12 supplemented
with L-ascorbic acid, selenium, transferrin, NaHCO3, insulin, Transforming Growth Factor (TGF)
1, and Fibroblast Growth Factor (FGF) 2) as described previously [47]. Transgenic cell lines were
maintained in 2 pg/mL puromycin (Thermo Fisher Scientific, Waltham, MA, USA). Cells were passaged
every five days with TrypLE Express (Thermo Fisher Scientific) and seeded onto Matrigel (Corning,
Corning, NY, USA) coated tissue culture dishes in medium containing 1 tM ROCK inhibitor (Y-27632
dihydrochloride; Enzo Life Sciences, Farmingdale, NY, USA).

2.2. Generation of Transgenic Human Pluripotent Stem Cells Lines

The doxycycline-inducible WNT9A hESC (H9) cell line was generated by co-transfecting PiggyBac
transposons [48] encoding the transgene with a plasmid constitutively expressing a hyperactive version
of the PiggyBac transposase [49-51] using Geneln transfection reagent (GlobalStem, Rockville, MD,
USA) according to manufacturer directions. On the day of transfection, 10% fetal bovine serum (FBS;
Peak Serum, Inc., Fort Collins, CO, USA) was added to E8 growth media. Cells were selected for
transgene integration with 4 pg/mL puromycin (Thermo Fisher Scientific). The Wnt reporter cell
line was generated by infecting H9 cells with a lentivirus containing a previously cloned lentivector
(Addgene Plasmid #24304; Cambridge, MA, USA). Infected cells with high expression of mCherry
were isolated using fluorescence-activated cell sorting on a BD FACSAria II (BD Biosciences, San Jose
CA, USA), and used for differentiation within ten passages of lentiviral infection.

2.3. Reverse Quantitative Polymerase Chain Reaction

Synthesis of RNA and complementary DNA (cDNA) was performed using the Zymo Direct-zol
(Zymo, Irvine, CA, USA) and iScript Supermix (Bio-Rad, Hercules, CA, USA) kits, and quantitative
PCR (qPCR) was performed using iTaq Universal SYBR Green Supermix (Bio-Rad) according to the
manufacturer’s recommendations and analyzed using the 2~24Ct method [52]. Sequences of primers
used are shown in Table 1.

Table 1. List of quantitative reverse transcription polymerase chain reaction (RT-qPCR) primers used
in this study.

Gene Name Forward (5’ — 3/) Reverse (5'— 3')
ACTB CATCCGTAAAGACCTCTATGCC ATGGAGCCACCATCCACA
BRY CAGTGGCAGTCTCAGGTTAAGAAGGATACTGCAGGTGTGAGCAA
CD31 TTCCTGACAGTCTCTTGAGTGG TTTGGCTAGGCGTGGTTCTCAT
CD45 CTCTACGCAAAGCTAGGCCA ACTTGTCCATTCTGAGCAGG
CMYB GTCACAAATTGACTGTTACAACAUATACTAGATGAGAGGGTGTCTGAGG
GATA2 AGCCGGCACCTGTTGTGCAA TGACTTCTCCTGCATGCACT
WNT3 AACAAGCACAACAACGAGGC CCAGCAGGTCTTCACCTCAC

2.4. Hematopoietic Differentiation

Human embryonic stem cells (hESCs) were differentiated to hematopoietic progenitor cells as
described by Ng et al. [44,45]. Briefly, on the day before beginning the differentiation, cells were
passaged at a high density (approximately 1.5 x 10° cells/cm?) into E8 media with 2.5 uM ROCK
inhibitor (Y-27632 dihydrochloride) onto Matrigel-coated tissue culture dishes using TrypLE Express.
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Twenty-four hours later, cells were dissociated using TrypLE Express and resuspended in STEMdiff
APEL2 medium (Stemcell Technologies, Vancouver, BC, Canada) supplemented with 40 ng/mL BMP4,
40 ng/mL SCE, 20 ng/mL VEGF (R&D Systems, Minneapolis, MN, USA), 10 ng/mL FGF2 (Peprotech,
Rocky Hill, NJ, USA), and 2.5 puM ROCK inhibitor. Then, 3 x 103 cells were seeded per well of a
low-attachment U-bottom 96-well plate in 100 uL of media and incubated for seven days in a 37 °C/5%
CO, incubator. After seven days, embryoid bodies (EBs) were transferred to gelatin-coated plates and
one volume of media with growth factors was added. Cells were harvested and analyzed after 14 days
of differentiation (unless otherwise indicated). When indicated, CHIR98014 (CHIR) and C59 (Selleck
Chemicals, Houston, TX, USA) were added to the differentiation at the indicated dosage in a final
concentration of 0.1% dimethyl sulfoxide (DMSO). Doxycycline (Sigma-Aldrich, St. Louis, MO, USA)
was added to induce transgene expression when indicated at the specified dosage.

2.5. Flow Cytometry and Fluorescence-Activated Cell Sorting

Cells were dissociated using TrypLE Express and resuspended in flow cytometry and
fluorescence-activated cell sorting (FACS) buffer. When indicated, cells were stained with anti-CD34
and anti-CD45 antibodies (BioLegend, San Diego, CA, USA). Cells were analyzed by standard means
on a BD FACSCanto (BD Biosciences) or a BD LSRFortessa (BD Biosciences). Cells were sorted on a
BD FACSAria II according to standard procedures. Flow cytometry data was analyzed using Flow]Jo
software (FlowJo, Ashland, OR, USA).

2.6. Blue Sepharose Pull Down from Conditioned Media

Media treated for the indicated length of time after treatment with 50 ng/mL doxycycline
were collected from cells, and TritonX-100 (Sigma-Aldrich) and Tris-Cl pH 7.5 were added to final
concentrations of 1%, and 20 mM, respectively, and sterile filtered. Blue Sepharose bead slurry (1:1
ratio of phosphate-buffered saline (PBS): beads) was added to conditioned media in a 1:100 dilution
and rotated at room temperature for 1 h. The beads were spun down at 1000 x g for 3 min and washed
three times with 1% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) in PBS.
The washed beads were diluted in 1X protein loading buffer, heated at 95 °C for 5 min, then used for
immunoblotting with the indicated antibodies.

2.7. Western Blot

Cells were lysed in 1% TritonX-100, 150 mM NaCl, and 50 mM Tris, pH 8.0 supplemented
with protease inhibitor cocktail (Roche, Basel, Switzerland) on ice, and centrifuged at 20,000x g for
10 min at 4 °C to remove insoluble material. Twenty micrograms of cleared lysate was run on a
SDS-polyacrylamide gel and transferred to nitrocellulose, blotted with antibodies against the indicated
target protein, which was detected using enhanced chemiluminescence.

2.8. Antibodies

The  anti-WNT9A  antibody @ was  generated against a  fusion  protein
comprised of Glutathione S-Transferase (GST) fused to 70 amino
acids of the  zebrafish Wnt9a  protein (zZWnt9a, amino acid  sequence
LAPFHEIGKQLKQRYETSVKVASSTNEATGEGEISQSRSQSQQPPQPDIPRTPDLLHIEDSPSLERPHRD),
or 65 amino acids of the human WNT9A protein (hWNT9A, amino acid sequence
LAPFHEVGKHLKHKYETALKVGSTTNEAAGEAGAISPPRGRASGAGGSDPLPRTPELVHLDDSPS).
These GST-WNT9A fusion proteins were generated by subcloning the open reading frame encoding
the above amino acids of zWnt9a or hWNT9A into pGEX4T-1 (GE Healthcare Life Sciences,
Marlborough, MA, USA), expressing the protein in BL21 bacteria induced with 1 mM IPTG, and
purifying the protein using glutathione Sepharose beads (GE Healthcare Life Sciences). This purified
fusion protein was injected into rabbits at Lampire Biological Laboratories (Pipersville, PA, USA)
according to standard practices. Serum from rabbits immunized with the GST-zWnt9a protein
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was depleted of anti-GST antibodies by affinity purification over a GST column, and enriched for
anti-Wnt9a antibodies by affinity purification over a GST-Wnt9a column. This enriched material
was utilized for immunoblotting at a 1:1000 dilution. This Wnt9a antibody was reactive with both
the zebrafish and human WNT9A (data not shown) and was utilized in the immunoblot shown
in Figure 3C. Serum from rabbits immunized with the GST-hWNT9A protein was purified over a
MBP-hWNT9A column and concentrated over a 30 kDa molecular weight cutoff column. This material
was utilized for immunoblotting at a 1:5000 dilution in the blot shown in Figure 2B. The anti-{3-actin
antibody was purchased from Sigma—Aldrich (Cat. No. A2228) and utilized for immunoblotting at a
1:10,000 dilution.

3. Results

3.1. Wnt/B-Catenin Signaling Regulates in Vitro Development of Human Hematopoietic Progenitor Cells

We have previously identified that a (3-catenin-mediated Wnt signal is required in zebrafish
during a tightly regulated time window as endothelial descendants of posterior lateral mesoderm
migrate underneath the somites [36]. The process of deriving hematopoietic progenitors in vitro
closely mimics how hematopoietic cells develop in an organism. Pluripotent cells progress through
mesodermal and endothelial cell fates before a subset is further specified towards hematopoietic
progenitor cells (Figure 1A,B); the corresponding time window for the Wnt requirement in vitro
is approximately between day two and day four of differentiation, according to the expression of
marker genes for mesoderm (BRY, WNT3) and endothelium (CD31/PECAM) (Figure 1B). We inhibited
Wnt signaling using a small-molecule inhibitor of Wnt secretion (C59, [53]) during multiple stages
of differentiation (Figure 1C), and analyzed hematopoietic differentiation by flow cytometry for a
RUNX1c:GFP knock-in reporter which marks hematopoietic stem and progenitor cells [46]. Only Wnt
inhibition from days 2—4 significantly decreased differentiation efficiency (Figure 1D). We confirmed
this effect on the differentiation outcome by additionally analyzing surface markers CD34 and CD45;
the double-labeled population contains hematopoietic progenitors (Figure 1E). These results suggest
that similar to the zebrafish and the mouse, Wnt signaling is required during a narrow time window
during human in vitro hematopoietic development.
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Figure 1. Wnt/ 3-catenin signaling positively regulates in vitro hematopoietic progenitor development.

(A) Schematic of differentiation protocol; (B) Reverse transcription quantitative PCR (RT-quantitative
PCR) analysis of mesoderm, endothelial, and hematopoietic marker gene expression throughout the
differentiation protocol; (C) Schematic of C59 treatment windows and analysis of RUNX1c: Green
fluorescent protein (GFP) reporter expression by flow cytometry at d14; (D) RUNX1c:GFP* cells
normalized to control (0 nM C59, 0.1% dimethyl sulfoxide (DMSO) treated) cells. Tx = treatment; (E)
%RUNX1c:GFP* (green dot) and %CD34" /CD45" (black square) cells in C59 or control (0 nM C59,
0.1% DMSO treated) cells; (F) Schematic of CHIR98014 (CHIR) treatment and analysis of RUNX1c:GFP
reporter expression by flow cytometry at d14; (G) RUNX1c:GFP* cells normalized to control (0 nM
CHIR, 0.1% DMSO treated) cells; (H) RUNX1c:GFP* cells normalized to control (0 nM CHIR, 0.1%
DMSO treated) cells, treated with the indicated dose of CHIR added at days 2—4. Data shown are
representative of two biological replicates. Error bars represent standard deviation; * = p value < 0.05,
** = p value < 0.01, *** = p value < 0.001, n.s. = Not significant.
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We next sought to determine if ectopic activation of Wnt signaling during this time window could
boost hematopoietic differentiation efficiency by treating cells with the Wnt activator CHIR [54,55]
during multiple stages of differentiation (Figure 1F). Consistent with Wnt inhibition and previous
reports [41,46], we found that only activating Wnt during days 2—4 increased the efficiency of
differentiation to RUNX1c:GFP™" cells, while Wnt activation during other time windows did not
(Figure 1EG). Consistent with the role of Wnt in stem cell maintenance and differentiation, we also
observed a dose-specific effect, where both low and high doses of CHIR were suboptimal for the
derivation of hematopoietic progenitors (Figure 1H) [39]. Taken together, these data indicated that Wnt
signaling is required in a time- and dose-dependent manner during in vitro development of human
pluripotent stem cells to hematopoietic progenitors.

3.2. WNTYA Increases the Efficiency of Hematopoietic Progenitor Differentiation in a Time-Dependent Manner

We previously identified Wnt9a to be specifically required during zebrafish HSC development [36].
To determine to what extent the requirement for this Wnt protein is conserved during human
hematopoietic development, we generated an hESC cell line (H9) carrying a WNT9A transgene under
the control of a doxycycline-inducible promoter, and a constitutive promoter driving Citrine expression
to monitor silencing of the transgene (Figure 2A). WNT9A secretion peaked at 48 h after doxycycline
treatment, and WNT9A persisted in the media for at least 24 h after doxycycline removal (Figure 2B).
Upon expression of WNT9A during various time windows of differentiation, we determined that
induction of WNT9A from days 0-2 (i.e., WNT9A treatment from days 1-3) resulted in an increase in
CD34"/CD45" hematopoietic progenitors, while other induction timepoints did not (Figure 2C-E).
This is in line with treatment with activation of the Wnt pathway with CHIR from days 2—4, and
previous studies indicating that the critical window for Wnt activation during in vitro hematopoietic
progenitor differentiation is after the formation of mesoderm from approximately days 2-3 [41,43].
These data demonstrate that WNT9A impacts human hematopoietic progenitor development in a
temporally-regulated manner.
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protein expression dynamics in response to 50 ng/mL doxycycline treatment. Cells were treated with
doxycycline for 0, 12, 24, or 48 h and analyzed for expression of WNT9A. The 72-h sample was treated
with doxycycline for 48 h, then changed to fresh media without doxycycline for 24 h. Top: Conditioned
media was pulled down with Blue Sepharose beads and blotted for WNT9A; Middle: Cell lysate
was blotted for WNT9A; Bottom: Cell lysate was blotted for 3-ACTIN. (C) Schematic of doxycycline
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treatment, black diamonds indicate the resultant WNT9A protein expression. (D) Representative flow
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control. Data represent average of three independent biological replicates; ** = p value < 0.01, n.s. =
Not significant. Error bars represent standard deviation.
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3.3. WNT9A Stimulates Hematopoietic Differentiation in a Dose-Dependent Manner

The above data indicate that there is an optimal level of Wnt activation that results in maximal
increases in differentiation efficiency (Figure 1H). We assessed the dose-dependent effect of WNT9A
during days 0-2 of differentiation (Figure 3A,B) and found that while all doses tested resulted in an
increase in hematopoietic differentiation efficiency, a maximal effect was reached with a moderate
dosage of doxycycline (50 ng/mL), which led to sub-maximal levels of WNT9A protein (Figure 3C-E),
consistent with the previously observed ideal level of Wnt signaling (Figure 1G) [39]. Taken together,
our data suggest that WNT9A can modulate in vitro human hematopoietic development in a time-
and dose-dependent manner.
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Figure 3. WNT9A has a dose-dependent effect on hematopoietic differentiation efficiency. (A)
Schematic of doxycycline-inducible WNT9A transgene. (B) Schematic of doxycycline induction of
WNTO9A expression and flow cytometry readout for the data shown in (D,E). (C) Immunoblot (IB)
showing increasing WNT9A protein expression in response to the dosages of doxycycline shown.
Top: WNT9A, Bottom: 3-ACTIN loading control. (D) Representative flow cytometry plots for data
graphed in (E); (E) Percentage of CD34* /CD45" cells normalized to untreated control. Data represent
the average of three biological replicates. ** = p value < 0.01, *** = p value < 0.001, n.s. = Not significant.
Error bars represent standard deviation.
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3.4. WNT9A Stimulates Hematopoietic Differentiation in a Paracrine Manner

In the zebrafish embryo, WNT9A is secreted by the somites and received by the developing
hemogenic endothelium in a paracrine manner [36]. To model this, we used the inducible WNT9A
hESC line shown in Figures 2 and 3 (constitutively labeled with Citrine), and co-cultured these cells
with an hESC line harboring a TOP:GFP;SV40:mCherry transgene (constitutively labeled with mCherry)
(Figure 4A). This cell line will express GFP after receiving a 3-catenin-mediated Wnt cue, and can
be distinguished from the WNT9A producing cells by mCherry expression, allowing for analysis of
(1) all cells (black bars); (2) WNT9A-secreting cells (Citrine*, green bars); (3) non-WNT9A-secreting,
non-Wnt-receiving cells (mCherry™, red bars); (4) Wnt-receiving cells (GFP*/mCherry™, yellow bars)
(Figure 4A—C). When WNT9A was expressed, differentiation efficiency was increased in all cell
populations (Figure 4C). By analyzing hematopoietic markers in sorted CD34" endothelial cells within
each of the above populations, we found that Wnt-receiving cells were biased to differentiate to
hematopoietic cells as early as day five of the differentiation, since Wnt-receiving endothelial cells are
enriched for expression of the hematopoietic marker genes GATA2, CMYB, and CD45 (Figure 4D,E).
Taken together, these data indicate that during in vitro hematopoietic differentiation, cells must receive
a Wnt signal to efficiently differentiate to hematopoietic progenitors. Receiving a WNT9A signal
increases this differentiation efficiency. Interestingly, Wnt-receiving cells that received a WNT9A signal
differentiated more efficiently than cells that received endogenous Wnt cues. Altogether, this suggests
that, like in the zebrafish, there is a requirement for specific Wnt ligands during in vitro differentiation
of hematopoietic progenitors.
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Figure 4. WNT9A signals in a paracrine fashion to instruct differentiation to hematopoietic progenitor
cells. (A) Schematic of inducible WNT9A and Tcf optimal promoter (TOP):GFP;SV40:mCherry transgenes
and flow cytometry gating strategy. (B) Schematic of doxycycline induction of WNT9A expression,
and readout of hematopoietic progenitor differentiation by flow cytometry for GFP/mCherry
expression, then subsequent CD34 and CD45 expression for the data shown in (C). (C) Percentage of
CD34*/CD45*cells in the indicated cell populations normalized to all cells in the untreated control.
Data are representative of three biological replicates. (D) Schematic of doxycycline induction of WNT9A
expression and isolation of CD34* endothelial cells within the indicated cell populations for data shown
in (E); (E) Quantitative reverse transcription polymerase chain reaction (RT-qPCR) for hematopoietic
markers GATA2, CMYB, and CD45 in CD34* endothelial cells from the indicated cell populations.
Expression values are shown as fold change, normalized to WNT9A-secreting cells (Citrine*, green
bar). Data represent average of three technical replicates; ** = p value < 0.01, *** = p value < 0.001, n.s. =
Not significant. Error bars represent standard deviation.
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4. Discussion

Wnt signaling has been shown to regulate adult and developmental hematopoiesis in vivo, as
well as in the in vitro differentiation of hematopoietic progenitor cells [37]. We recently identified
Wnt9a as a specific mediator of a critical Wnt signal required for HSC development in zebrafish [36].
In this study, we sought to extend our findings to human cells and determine to what extent WNT9A
can regulate the differentiation of human hematopoietic progenitors from pluripotent precursors.

We found that—as in the zebrafish embryo—Wnt/ 3-catenin signaling positively regulates human
hematopoietic differentiation. Similarly, WNT9A improves differentiation efficiency in a time- and
dose-dependent manner. We also show that the paracrine nature of the Wnt9a signal identified in the
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zebrafish occurs in the in vitro hematopoietic differentiation. This is the first report describing a role
for WNT9A in mammalian hematopoiesis.

We show that Wnt/p-catenin stimulation improves human hematopoietic progenitor
differentiation efficiency, which is consistent with other reports [41,46,56-58]. These studies have
described an in vitro requirement for Wnt/3-catenin signaling to properly instruct mesodermal
fate commitment first to primitive streak-like mesoderm [59], and then further to hematopoietic
mesoderm [41,46,58]. This requirement for Wnt/3-catenin signaling is stage-specific; we found
that inhibition of Wnt secretion negatively impacted hematopoietic only during certain windows of
differentiation. The Wnt pathway is known to have temporally restricted effects on hematopoietic
differentiation in vitro; early Wnt stimulation typically stimulates hematopoietic differentiation,
and later Wnt stimulation results in differentiation to mesenchymal cells [41,46,60] and cells
restricted to intermediate mesoderm [61], which contributes to the urogenital system, and not to the
hematopoietic system. The effect of Wnt activation on in vitro hematopoietic progenitor differentiation
is dose-dependent, which was previously described in vivo during adult hematopoiesis using an allelic
series of APC mutations [39]. Fine-tuning of the level of Wnt activation during in vitro hematopoietic
differentiation protocols may be critical for maximizing the number and functionality of hematopoietic
progenitors derived from pluripotent precursors.

Herein, we specifically modulated the expression of WNT9A, which resulted in a five-fold increase
in CD34*/CD45" hematopoietic progenitor cells. In contrast, stimulation of the Wnt pathway using a
small-molecule activator CHIR resulted in a two-fold increase in RUNX1c" hematopoietic progenitor
cells. In this system, the addition of a specific ligand afforded a larger increase in efficiency than
ligand-independent activation of the pathway. This may be partly due to off-target effects that small
molecules—such as this potent GSK3 inhibitor—can have on other cellular processes; it is possible
that these off-target effects slightly inhibit hematopoietic differentiation. Additionally, GSK3 is a
major signaling hub for multiple pathways, including insulin, reelin, neurotransmitter, and Hedgehog
signaling; modulation of one of these processes through GSK3 inhibition could potentially decrease
hematopoietic differentiation efficiency [62-64]. If this is the case, stimulation with a specific Wnt
ligand may activate the Wnt/3-catenin signaling cascade more uniquely. The expression of other
Wnts, including WNT1, WNT5, WNT3, and WNT3A, were modulated during in vitro hematopoietic
differentiation with varying effects on the differentiation outcome, suggesting that specific Wnts may
act non-redundantly during differentiation [57,58,60]. This has also been described during in vivo
hematopoietic stem cell development [36,40,65]. This may be due to differential Wnt/Fzd binding
affinities and the activation of subsequent Fzd-specific gene programs [66—69]. Interestingly, WNT9A
has been described to signal in both a (3-catenin-dependent [36,70,71] and -independent [72,73] manner,
so it is also possible that WNT9A is additionally activating a 3-catenin-independent signaling cascade,
which could contribute to the differences in hematopoietic differentiation efficiency between CHIR
and WNT9A. Investigation into which ligand(s) most efficiently instruct hematopoietic progenitor fate
in vitro may further improve current differentiation protocols.

In zebrafish, Wnt9a is secreted by the somites and received by neighboring cells of the hemogenic
endothelium in a paracrine fashion [36]. This signaling mechanism also holds true in vitro; it is
the cells that receive a Wnt signal, and not the cells that secrete WNT9A, that differentiate most
efficiently to hematopoietic progenitors. This is somewhat surprising, since the spatial architecture
that is characteristic of a complex zebrafish embryo does not exist during in vitro hematopoietic
differentiation; a small population of WNT9A-secreting cells is not a limiting factor in vitro, as it may
be during zebrafish development. Interestingly, Wnt9a has also been described to signal in a paracrine
fashion during zebrafish palate morphogenesis and chick hepatic endothelium development [70,74].
This may indicate that the secretion of WNT9A precludes a cell from responding to the Wnt signal
in an autocrine manner, and thus largely signals in a paracrine fashion. This differentiation protocol
utilizing a co-culture method to study Wnt-secreting and Wnt-receiving cells could prove to be a useful
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platform in future experiments to dissect the mechanisms of paracrine versus autocrine Wnt signaling,
and to better understand the mechanics of Wnt ligand secretion.

Our data indicate that signals identified as regulators of hematopoietic development in zebrafish
can be translated to impact human hematopoietic progenitor cells during in vitro models of
development. Wnt9a, which is required for HSC development in zebrafish, can be modulated to
increase the efficiency of CD34* /CD45" hematopoietic cell differentiation from human pluripotent
stem cells. These findings represent an important initial step in translating our knowledge of molecular
cues governing organismal hematopoiesis to protocols for instructing HSC differentiation in vitro.

Acknowledgments: This work was supported in part by the NIH/NHLBI under the Grant R0O1HL135205 and was
made possible in part by the CIRM Major Facilities grant (FA1-00607) to the Sanford Consortium for Regenerative
Medicine. JR was supported in part by the UCSD Interdisciplinary Stem Cell Training Program (CIRM TG2-01154)
and by the American Heart Association Predoctoral Fellowship 16PRE27340012. E.G.S. and A.G.E. are Research
Fellows of the NHMRC of Australia.

Author Contributions: ].R. conceived, designed, and performed the experiments. J.R. wrote the paper. A.G.E.,
E.S.N. and E.G.S. provided a cell line (RUNX1c:GFP) and edited the manuscript. D.T. and K.W. supervised
experiments and edited the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hatzimichael, E.; Tuthill, M. Hematopoietic stem cell transplantation. Stem Cells Cloning Adv. Appl. 2010, 3,
105-117. [CrossRef]

2. Peters, A.; Burridge, PW.; Pryzhkova, M.V.; Levine, M.A ; Park, T.-S.; Roxbury, C.; Yuan, X.; Peault, B.;
Zambidis, E.T. Challenges and strategies for generating therapeutic patient-specific hemangioblasts and
hematopoietic stem cells from human pluripotent stem cells. Int. . Dev. Biol. 2010, 54, 965-990. [CrossRef]
[PubMed]

3. Takahashi, K.; Tanabe, K.; Ohnuki, M.; Narita, M.; Ichisaka, T.; Tomoda, K.; Yamanaka, S. Induction of
Pluripotent Stem Cells from Adult Human Fibroblasts by Defined Factors. Cell 2007, 131, 861-872. [CrossRef]
[PubMed]

4. Vo, L.T.; Daley, G.Q. De novo generation of HSCs from somatic and pluripotent stem cell sources. Blood 2015,
125, 2641-2648. [CrossRef] [PubMed]

5. Slukvin, LI. Hematopoietic specification from human pluripotent stem cells: Current advances and challenges
toward de novo generation of hematopoietic stem cells. Blood 2013, 122, 4035-4046. [CrossRef] [PubMed]

6. Ditadi, A.; Sturgeon, C.M.; Keller, G. A view of human haematopoietic development from the Petri dish.
Nat. Rev. Mol. Cell Biol. 2017, 18, 56—-67. [CrossRef] [PubMed]

7. Kyba, M,; Perlingeiro, R.C.R.; Daley, G.Q. HoxB4 Confers Definitive Lymphoid-Myeloid Engraftment
Potential on Embryonic Stem Cell and Yolk Sac Hematopoietic Progenitors. Cell 2002, 109, 29-37. [CrossRef]

8. Riddell,].; Gazit, R.; Garrison, B.S.; Guo, G.; Saadatpour, A.; Mandal, PK.; Ebina, W.; Volchkov, P; Yuan, G.-C.;
Orkin, S.H.; et al. Reprogramming Committed Murine Blood Cells to Induced Hematopoietic Stem Cells
with Defined Factors. Cell 2014, 158, 226. [CrossRef]

9. Sandler, VM.; Lis, R,; Liu, Y.; Kedem, A.; James, D.; Elemento, O.; Butler, ].M.; Scandura, J.M.; Rafii, S.
Reprogramming human endothelial cells to haematopoietic cells requires vascular induction. Nature 2014,
511, 312-318. [CrossRef] [PubMed]

10. Sugimura, R.; Jha, D.K,; Han, A.; Soria-Valles, C.; da Rocha, E.L.; Lu, Y.-E; Goettel, ].A.; Serrao, E.; Rowe, R.G.;
Malleshaiah, M.; et al. Haematopoietic stem and progenitor cells from human pluripotent stem cells. Nature
2017, 545, 432-438. [CrossRef] [PubMed]

11. Wang, L.; Menendez, P; Shojaei, F.; Li, L.; Mazurier, E; Dick, ].E.; Cerdan, C.; Levac, K.; Bhatia, M. Generation
of hematopoietic repopulating cells from human embryonic stem cells independent of ectopic HOXB4
expression. |. Exp. Med. 2005, 201, 1603-1614. [CrossRef] [PubMed]

12.  Lu, M,; Kardel, M.D.; O’Connor, M.D.; Eaves, C.J. Enhanced generation of hematopoietic cells from human
hepatocarcinoma cell-stimulated human embryonic and induced pluripotent stem cells. Exp. Hematol. 2009,
37,924-936. [CrossRef] [PubMed]


http://dx.doi.org/10.2147/SCCAA.S6815
http://dx.doi.org/10.1387/ijdb.093043ap
http://www.ncbi.nlm.nih.gov/pubmed/20563986
http://dx.doi.org/10.1016/j.cell.2007.11.019
http://www.ncbi.nlm.nih.gov/pubmed/18035408
http://dx.doi.org/10.1182/blood-2014-10-570234
http://www.ncbi.nlm.nih.gov/pubmed/25762177
http://dx.doi.org/10.1182/blood-2013-07-474825
http://www.ncbi.nlm.nih.gov/pubmed/24124087
http://dx.doi.org/10.1038/nrm.2016.127
http://www.ncbi.nlm.nih.gov/pubmed/27876786
http://dx.doi.org/10.1016/S0092-8674(02)00680-3
http://dx.doi.org/10.1016/j.cell.2014.06.014
http://dx.doi.org/10.1038/nature13547
http://www.ncbi.nlm.nih.gov/pubmed/25030167
http://dx.doi.org/10.1038/nature22370
http://www.ncbi.nlm.nih.gov/pubmed/28514439
http://dx.doi.org/10.1084/jem.20041888
http://www.ncbi.nlm.nih.gov/pubmed/15883170
http://dx.doi.org/10.1016/j.exphem.2009.05.007
http://www.ncbi.nlm.nih.gov/pubmed/19481135

Genes 2018, 9, 66 14 of 17

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Ledran, M.H.; Krassowska, A.; Armstrong, L.; Dimmick, I; Renstrom, J.; Lang, R.; Yung, S.;
Santibanez-Coref, M.; Dzierzak, E.; Stojkovic, M.; et al. Efficient Hematopoietic Differentiation of Human
Embryonic Stem Cells on Stromal Cells Derived from Hematopoietic Niches. Cell Stem Cell 2008, 3, 85-98.
[CrossRef] [PubMed]

Doulatov, S.; Vo, L.T.; Chou, S.S.; Kim, P.G.; Arora, N.; Li, H.; Hadland, B.K.; Bernstein, I.D.; Collins, J.J.;
Zon, L.I; et al. Induction of multipotential hematopoietic progenitors from human pluripotent stem cells via
respecification of lineage-restricted precursors. Cell Stem Cell 2013, 13, 459-470. [CrossRef] [PubMed]
Goessling, W.; North, T.E.; Loewer, S.; Lord, A.M.; Lee, S.; Stoick-Cooper, C.L.; Weidinger, G.; Puder, M.;
Daley, G.Q.; Moon, R.T; et al. Genetic Interaction of PGE2 and Wnt Signaling Regulates Developmental
Specification of Stem Cells and Regeneration. Cell 2009, 136, 1136-1147. [CrossRef] [PubMed]

Goessling, W.; Allen, R.S.; Guan, X.; Jin, P.; Uchida, N.; Dovey, M.; Harris, ].M.; Metzger, M.E;
Bonifacino, A.C.; Stroncek, D.; et al. Prostaglandin E2 Enhances Human Cord Blood Stem Cell
Xenotransplants and Shows Long-Term Safety in Preclinical Nonhuman Primate Transplant Models. Cell
Stem Cell 2011, 8, 445-458. [CrossRef] [PubMed]

Cortes, M.; Chen, M.].; Stachura, D.L.; Liu, S.Y.; Kwan, W.; Wright, E; Vo, L.T.; Theodore, L.N.; Esain, V.;
Frost, LM.; et al. Developmental Vitamin D Availability Impacts Hematopoietic Stem Cell Production. Cell
Rep. 2016, 17, 458-468. [CrossRef] [PubMed]

Clements, W.K.; Traver, D. Signalling pathways that control vertebrate haematopoietic stem cell specification.
Nat. Rev. Immunol. 2013, 13, 336-348. [CrossRef] [PubMed]

Ditadi, A.; Sturgeon, C.M.; Tober, J.; Awong, G.; Kennedy, M.; Yzaguirre, A.D.; Azzola, L.; Ng, E.S;;
Stanley, E.G.; French, D.L.; et al. Human definitive haemogenic endothelium and arterial vascular
endothelium represent distinct lineages. Nat. Cell Biol. 2015, 17, 580-591. [CrossRef] [PubMed]

Bertrand, ].Y.; Chi, N.C.; Santoso, B.; Teng, S.; Stainier, D.Y.R.; Traver, D. Haematopoietic stem cells derive
directly from aortic endothelium during development. Nature 2010, 464, 108-111. [CrossRef] [PubMed]
Kissa, K.; Herbomel, P. Blood stem cells emerge from aortic endothelium by a novel type of cell transition.
Nature 2010, 464, 112-115. [CrossRef] [PubMed]

Eilken, H.M.; Nishikawa, S.-I1.; Schroeder, T. Continuous single-cell imaging of blood generation from
haemogenic endothelium. Nature 2009, 457, 896-900. [CrossRef] [PubMed]

Mizuochi, C.; Fraser, S.T.; Biasch, K.; Horio, Y.; Kikushige, Y.; Tani, K.; Akashi, K.; Tavian, M.; Sugiyama, D.
Intra-aortic clusters undergo endothelial to hematopoietic phenotypic transition during early embryogenesis.
PLoS ONE 2012, 7, €35763. [CrossRef] [PubMed]

Kissa, K.; Murayama, E.; Zapata, A.; Cortés, A.; Perret, E.; Machu, C.; Herbomel, P. Live imaging of emerging
hematopoietic stem cells and early thymus colonization. Blood 2008, 111, 1147-1156. [CrossRef] [PubMed]
Boisset, ].-C.; van Cappellen, W.; Andrieu-Soler, C.; Galjart, N.; Dzierzak, E.; Robin, C. In vivo imaging of
haematopoietic cells emerging from the mouse aortic endothelium. Nature 2010, 464, 116-120. [CrossRef]
[PubMed]

Boisset, J.-C.; Clapes, T.; Klaus, A.; Papazian, N.; Onderwater, J.; Mommaas-Kienhuis, M.; Cupedo, T.;
Robin, C. Progressive maturation toward hematopoietic stem cells in the mouse embryo aorta. Blood 2015,
125, 465-469. [CrossRef] [PubMed]

Turpen, ].B.; Knudson, C.M.; Hoefen, P.S. The early ontogeny of hematopoietic cells studied by grafting
cytogenetically labeled tissue anlagen: Localization of a prospective stem cell compartment. Dev. Biol. 1981,
85,99-112. [CrossRef]

Medvinsky, A.; Rybtsov, S.; Taoudi, S. Embryonic origin of the adult hematopoietic system: Advances and
questions. Development 2011, 138, 1017-1031. [CrossRef] [PubMed]

Fouquet, B.; Weinstein, B.M.; Serluca, E.C.; Fishman, M.C. Vessel Patterning in the Embryo of the Zebrafish:
Guidance by Notochord. Dev. Biol. 1997, 183, 37-48. [CrossRef] [PubMed]

Herbert, S.P.; Huisken, J.; Kim, T.N.; Feldman, M.E.; Houseman, B.T.; Wang, R.A.; Shokat, K.M.;
Stainier, D.Y.R. Arterial-venous segregation by selective cell sprouting: An alternative mode of blood
vessel formation. Science 2009, 326, 294-298. [CrossRef] [PubMed]

Jin, S5.-W.,; Beis, D.; Mitchell, T.; Chen, ].-N.; Stainier, D.Y.R. Cellular and molecular analyses of vascular tube
and lumen formation in zebrafish. Development 2005, 132, 5199-5209. [CrossRef] [PubMed]

Burns, C.E.; Traver, D.; Mayhall, E.; Shepard, J.L.; Zon, L.I. Hematopoietic stem cell fate is established by the
Notch—-Runx pathway. Genes Dev. 2005, 19, 2331-2342. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.stem.2008.06.001
http://www.ncbi.nlm.nih.gov/pubmed/18593561
http://dx.doi.org/10.1016/j.stem.2013.09.002
http://www.ncbi.nlm.nih.gov/pubmed/24094326
http://dx.doi.org/10.1016/j.cell.2009.01.015
http://www.ncbi.nlm.nih.gov/pubmed/19303855
http://dx.doi.org/10.1016/j.stem.2011.02.003
http://www.ncbi.nlm.nih.gov/pubmed/21474107
http://dx.doi.org/10.1016/j.celrep.2016.09.012
http://www.ncbi.nlm.nih.gov/pubmed/27705794
http://dx.doi.org/10.1038/nri3443
http://www.ncbi.nlm.nih.gov/pubmed/23618830
http://dx.doi.org/10.1038/ncb3161
http://www.ncbi.nlm.nih.gov/pubmed/25915127
http://dx.doi.org/10.1038/nature08738
http://www.ncbi.nlm.nih.gov/pubmed/20154733
http://dx.doi.org/10.1038/nature08761
http://www.ncbi.nlm.nih.gov/pubmed/20154732
http://dx.doi.org/10.1038/nature07760
http://www.ncbi.nlm.nih.gov/pubmed/19212410
http://dx.doi.org/10.1371/journal.pone.0035763
http://www.ncbi.nlm.nih.gov/pubmed/22558218
http://dx.doi.org/10.1182/blood-2007-07-099499
http://www.ncbi.nlm.nih.gov/pubmed/17934068
http://dx.doi.org/10.1038/nature08764
http://www.ncbi.nlm.nih.gov/pubmed/20154729
http://dx.doi.org/10.1182/blood-2014-07-588954
http://www.ncbi.nlm.nih.gov/pubmed/25301706
http://dx.doi.org/10.1016/0012-1606(81)90239-6
http://dx.doi.org/10.1242/dev.040998
http://www.ncbi.nlm.nih.gov/pubmed/21343360
http://dx.doi.org/10.1006/dbio.1996.8495
http://www.ncbi.nlm.nih.gov/pubmed/9119113
http://dx.doi.org/10.1126/science.1178577
http://www.ncbi.nlm.nih.gov/pubmed/19815777
http://dx.doi.org/10.1242/dev.02087
http://www.ncbi.nlm.nih.gov/pubmed/16251212
http://dx.doi.org/10.1101/gad.1337005
http://www.ncbi.nlm.nih.gov/pubmed/16166372

Genes 2018, 9, 66 15 0f 17

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

Kobayashi, I.; Kobayashi-Sun, J.; Kim, A.D.; Pouget, C.; Fuyjita, N.; Suda, T.; Traver, D. Jamla-Jam2a
interactions regulate haematopoietic stem cell fate through Notch signalling. Nature 2014, 512, 319-323.
[CrossRef] [PubMed]

Clements, WK.; Kim, A.D.; Ong, K.G.; Moore, ].C.; Lawson, N.D.; Traver, D. A somitic Wnt16/Notch
pathway specifies haematopoietic stem cells. Nature 2011, 474, 220-224. [CrossRef] [PubMed]

Butko, E.; Distel, M.; Pouget, C.; Weijts, B.; Kobayashi, I.; Ng, K.; Mosimann, C.; Poulain, FE.; McPherson, A.;
Ni, C.-W.,; et al. Gata2b is a restricted early regulator of hemogenic endothelium in the zebrafish embryo.
Development 2015, 142, 1050-1061. [CrossRef] [PubMed]

Grainger, S.; Richter, J.; Palazon, R.E.; Pouget, C.; Lonquich, B.; Wirth, S.; Grassme, K.S.; Herzog, W.;
Swift, M.R.; Weinstein, B.M.; et al. Wnt9a Is Required for the Aortic Amplification of Nascent Hematopoietic
Stem Cells. Cell Rep. 2016, 17, 1595-1606. [CrossRef] [PubMed]

Richter, J.; Traver, D.; Willert, K. The role of Wnt signaling in hematopoietic stem cell development. Crit. Rev.
Biochem. Mol. Biol. 2017, 52, 414-424. [CrossRef] [PubMed]

Ruiz-Herguido, C.; Guiu, J.; D’Altri, T.; Inglés-Esteve, J.; Dzierzak, E.; Espinosa, L.; Bigas, A. Hematopoietic
stem cell development requires transient Wnt/(-catenin activity. J. Exp. Med. 2012, 209, 1457-1468.
[CrossRef] [PubMed]

Luis, T.C.; Naber, B.A.E.; Roozen, PP.C.; Brugman, M.H.; de Haas, E.FE.; Ghazvini, M.; Fibbe, WE,;
van Dongen, J.J.M.; Fodde, R.; Staal, E].T. Canonical Wnt signaling regulates hematopoiesis in a
dosage-dependent fashion. Cell Stem Cell 2011, 9, 345-356. [CrossRef] [PubMed]

Luis, T.C.; Naber, B.AE.; Fibbe, WE.; Dongen, J.J.M.; van Staal, EJ.T. Wnt3a nonredundantly controls
hematopoietic stem cell function and its deficiency results in complete absence of canonical Wnt signaling.
Blood 2010, 116, 496-497. [CrossRef] [PubMed]

Sturgeon, C.M.; Ditadi, A.; Awong, G.; Kennedy, M.; Keller, G. Wnt signaling controls the specification of
definitive and primitive hematopoiesis from human pluripotent stem cells. Nat. Biotechnol. 2014, 32, 554-561.
[CrossRef] [PubMed]

Clevers, H.; Nusse, R. Wnt/ 3-catenin signaling and disease. Cell 2012, 149, 1192-1205. [CrossRef] [PubMed]
Jackson, S.A.; Schiesser, J.; Stanley, E.G.; Elefanty, A.G. Differentiating Embryonic Stem Cells Pass through
“Temporal Windows” That Mark Responsiveness to Exogenous and Paracrine Mesendoderm Inducing
Signals. PLoS ONE 2010, 5, €10706. [CrossRef] [PubMed]

Ng, E.S,; Davis, R.; Stanley, E.G.; Elefanty, A.G. A protocol describing the use of a recombinant protein-based,
animal product-free medium (APEL) for human embryonic stem cell differentiation as spin embryoid bodies.
Nat. Protoc. 2008, 3, 768-776. [CrossRef] [PubMed]

Ng, E.S.; Davis, R.P; Azzola, L.; Stanley, E.G.; Elefanty, A.G. Forced aggregation of defined numbers of
human embryonic stem cells into embryoid bodies fosters robust, reproducible hematopoietic differentiation.
Blood 2005, 106, 1601-1603. [CrossRef] [PubMed]

Ng, E.S.; Azzola, L.; Bruveris, FF; Calvanese, V.; Phipson, B.; Vlahos, K.; Hirst, C.; Jokubaitis, V.J.; Yu, Q.C.;
Maksimovic, J.; et al. Differentiation of human embryonic stem cells to HOXA+ hemogenic vasculature that
resembles the aorta-gonad-mesonephros. Nat. Biotechnol. 2016, 34, 1168-1179. [CrossRef] [PubMed]

Chen, G.; Gulbranson, D.R.; Hou, Z.; Bolin, ].M.; Ruotti, V.; Probasco, M.D.; Smuga-Otto, K.; Howden, S.E.;
Diol, N.R; Propson, N.E.; et al. Chemically defined conditions for human iPSC derivation and culture. Nat.
Methods 2011, 8, 424-429. [CrossRef] [PubMed]

Li, X.; Burnight, E.R.; Cooney, A.L.; Malani, N.; Brady, T.; Sander, ].D.; Staber, J.; Wheelan, S.J.; Joung, ] K.;
McCray, P.B.; et al. PiggyBac transposase tools for genome engineering. Proc. Natl. Acad. Sci. USA 2013, 110,
E2279-E2287. [CrossRef] [PubMed]

Doherty, ].E.; Huye, L.E.; Yusa, K.; Zhou, L.; Craig, N.L.; Wilson, M.H. Hyperactive piggyBac Gene Transfer
in Human Cells and In vivo. Hum. Gene Ther. 2011, 23, 311-320. [CrossRef] [PubMed]

Burnight, E.R.; Staber, ].M.; Korsakov, P.; Li, X.; Brett, B.T.; Scheetz, T.E.; Craig, N.L.; McCray, P.B. A
Hyperactive Transposase Promotes Persistent Gene Transfer of a piggyBac DNA Transposon. Mol. Ther.
Nucleic Acids 2012, 1, €50. [CrossRef] [PubMed]

Yusa, K.; Zhou, L.; Li, M.A ; Bradley, A.; Craig, N.L. A hyperactive piggyBac transposase for mammalian
applications. Proc. Natl. Acad. Sci. USA 2011, 108, 1531-1536. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nature13623
http://www.ncbi.nlm.nih.gov/pubmed/25119047
http://dx.doi.org/10.1038/nature10107
http://www.ncbi.nlm.nih.gov/pubmed/21654806
http://dx.doi.org/10.1242/dev.119180
http://www.ncbi.nlm.nih.gov/pubmed/25758220
http://dx.doi.org/10.1016/j.celrep.2016.10.027
http://www.ncbi.nlm.nih.gov/pubmed/27806298
http://dx.doi.org/10.1080/10409238.2017.1325828
http://www.ncbi.nlm.nih.gov/pubmed/28508727
http://dx.doi.org/10.1084/jem.20120225
http://www.ncbi.nlm.nih.gov/pubmed/22802352
http://dx.doi.org/10.1016/j.stem.2011.07.017
http://www.ncbi.nlm.nih.gov/pubmed/21982234
http://dx.doi.org/10.1182/blood-2010-04-282624
http://www.ncbi.nlm.nih.gov/pubmed/20651084
http://dx.doi.org/10.1038/nbt.2915
http://www.ncbi.nlm.nih.gov/pubmed/24837661
http://dx.doi.org/10.1016/j.cell.2012.05.012
http://www.ncbi.nlm.nih.gov/pubmed/22682243
http://dx.doi.org/10.1371/journal.pone.0010706
http://www.ncbi.nlm.nih.gov/pubmed/20502661
http://dx.doi.org/10.1038/nprot.2008.42
http://www.ncbi.nlm.nih.gov/pubmed/18451785
http://dx.doi.org/10.1182/blood-2005-03-0987
http://www.ncbi.nlm.nih.gov/pubmed/15914555
http://dx.doi.org/10.1038/nbt.3702
http://www.ncbi.nlm.nih.gov/pubmed/27748754
http://dx.doi.org/10.1038/nmeth.1593
http://www.ncbi.nlm.nih.gov/pubmed/21478862
http://dx.doi.org/10.1073/pnas.1305987110
http://www.ncbi.nlm.nih.gov/pubmed/23723351
http://dx.doi.org/10.1089/hum.2011.138
http://www.ncbi.nlm.nih.gov/pubmed/21992617
http://dx.doi.org/10.1038/mtna.2012.12
http://www.ncbi.nlm.nih.gov/pubmed/23344650
http://dx.doi.org/10.1073/pnas.1008322108
http://www.ncbi.nlm.nih.gov/pubmed/21205896

Genes 2018, 9, 66 16 of 17

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Schefe, J.H.; Lehmann, K.E.; Buschmann, LR.; Unger, T.; Funke-Kaiser, H. Quantitative real-time RT-PCR
data analysis: Current concepts and the novel “gene expression’s CT difference” formula. ]. Mol. Med. 2006,
84,901-910. [CrossRef] [PubMed]

Proffitt, K.D.; Madan, B.; Ke, Z.; Pendharkar, V.; Ding, L.; Lee, M.A.; Hannoush, R.N.; Virshup, D.M.
Pharmacological inhibition of the Wnt acyltransferase PORCN prevents growth of WNT-driven mammary
cancer. Cancer Res. 2013, 73, 502-507. [CrossRef] [PubMed]

Naujok, O.; Lentes, J.; Diekmann, U.; Davenport, C.; Lenzen, S. Cytotoxicity and activation of the
Wnt/beta-catenin pathway in mouse embryonic stem cells treated with four GSK3 inhibitors. BMC Res.
Notes 2014, 7, 273. [CrossRef] [PubMed]

Chen, E.Y.; DeRan, M.T.; Ignatius, M.S.; Grandinetti, K.B.; Clagg, R.; McCarthy, K.M.; Lobbardi, R-M.;
Brockmann, J.; Keller, C.; Wu, X; et al. Glycogen synthase kinase 3 inhibitors induce the canonical
WNT/ 3-catenin pathway to suppress growth and self-renewal in embryonal rhabdomyosarcoma. Proc. Natl.
Acad. Sci. USA 2014, 111, 5349-5354. [CrossRef] [PubMed]

Kitajima, K.; Nakajima, M.; Kanokoda, M.; Kyba, M.; Dandapat, A.; Tolar, J.; Saito, M.K.; Toyoda, M.;
Umezawa, A.; Hara, T. GSK3p inhibition activates the CDX/HOX pathway and promotes hemogenic
endothelial progenitor differentiation from human pluripotent stem cells. Exp. Hematol. 2015, 44, 68-74.
[CrossRef] [PubMed]

Woll, PS.; Morris, J.K.; Painschab, M.S.; Marcus, R.K.; Kohn, A.D.; Biechele, T.L.; Moon, R.T.; Kaufman, D.S.
Wnt signaling promotes hematoendothelial cell development from human embryonic stem cells. Blood 2008,
111, 122-131. [CrossRef] [PubMed]

Wang, Y.; Nakayama, N. WNT and BMP signaling are both required for hematopoietic cell development
from human ES cells. Stem Cell Res. 2009, 3, 113-125. [CrossRef] [PubMed]

Sumi, T.; Tsuneyoshi, N.; Nakatsuji, N.; Suemori, H. Defining early lineage specification of human embryonic
stem cells by the orchestrated balance of canonical Wnt/beta-catenin, Activin/Nodal and BMP signaling.
Development 2008, 135, 2969-2979. [CrossRef] [PubMed]

Gertow, K.; Hirst, C.E.; Yu, Q.C.; Ng, E.S.; Pereira, L.A.; Davis, R.P.; Stanley, E.G.; Elefanty, A.G. WNT3A
Promotes Hematopoietic or Mesenchymal Differentiation from hESCs Depending on the Time of Exposure.
Stem Cell Rep. 2013, 1, 53-65. [CrossRef] [PubMed]

Kumar, N.; Richter, J.; Cutts, J.; Bush, K.T,; Tryjillo, C.; Nigam, S.K.; Gaasterland, T.; Brafman, D.; Willert, K.
Generation of an expandable intermediate mesoderm restricted progenitor cell line from human pluripotent
stem cells. eLife 2015, 4, e08413. [CrossRef] [PubMed]

Doble, B.; Woodgett, J.R. GSK-3: Tricks of the trade for a multi-tasking kinase. J. Cell Sci. 2003, 116, 1175-1186.
[CrossRef] [PubMed]

Herz, J.; Chen, Y. Reelin, lipoprotein receptors and synaptic plasticity. Nat. Rev. Neurosci. 2006, 7, 850-859.
[CrossRef] [PubMed]

Beaulieu, J.-M.; Sotnikova, T.D.; Yao, W.-D.; Kockeritz, L.; Woodgett, ].R.; Gainetdinov, R.R.; Caron, M.G.
Lithium antagonizes dopamine-dependent behaviors mediated by an AKT/glycogen synthase kinase 3
signaling cascade. Proc. Natl. Acad. Sci. USA 2004, 101, 5099-5104. [CrossRef] [PubMed]

Luis, T.C.; Weerkamp, F.; Naber, B.A.E.; Baert, M.R.M.; de Haas, E.FE.; Nikolic, T.; Heuvelmans, S.; De
Krijger, R.R.; van Dongen, J.].M.; Staal, E.J.T. Wnt3a deficiency irreversibly impairs hematopoietic stem cell
self-renewal and leads to defects in progenitor cell differentiation. Blood 2009, 113, 546-554. [CrossRef]
[PubMed]

Carmon, K.S.; Loose, D.S. Development of a Bioassay for Detection of Wnt-Binding Affinities for Individual
Frizzled Receptors. Anal. Biochem. 2010, 401, 288-294. [CrossRef] [PubMed]

Dijksterhuis, J.P.; Baljinnyam, B.; Stanger, K.; Sercan, H.O.; Ji, Y.; Andres, O.; Rubin, J.S.; Hannoush, R.N.;
Schulte, G. Systematic mapping of WNT-FZD protein interactions reveals functional selectivity by distinct
WNT-FZD pairs. J. Biol. Chem. 2015, 290, 6789-6798. [CrossRef] [PubMed]

Li, H.; Malbon, C.C.; Wang, H.-Y. Gene profiling of Frizzled-1 and Frizzled-2 signaling: Expression of
G-protein-coupled receptor chimeras in mouse F9 teratocarcinoma embryonal cells. Mol. Pharmacol. 2004, 65,
45-55. [CrossRef] [PubMed]

Voloshanenko, O.; Gmach, P.; Winter, J.; Kranz, D.; Boutros, M. Mapping of Wnt-Frizzled interactions by
multiplex CRISPR targeting of receptor gene families. FASEB |. 2017, 31, 4832-4844. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s00109-006-0097-6
http://www.ncbi.nlm.nih.gov/pubmed/16972087
http://dx.doi.org/10.1158/0008-5472.CAN-12-2258
http://www.ncbi.nlm.nih.gov/pubmed/23188502
http://dx.doi.org/10.1186/1756-0500-7-273
http://www.ncbi.nlm.nih.gov/pubmed/24779365
http://dx.doi.org/10.1073/pnas.1317731111
http://www.ncbi.nlm.nih.gov/pubmed/24706870
http://dx.doi.org/10.1016/j.exphem.2015.09.007
http://www.ncbi.nlm.nih.gov/pubmed/26477526
http://dx.doi.org/10.1182/blood-2007-04-084186
http://www.ncbi.nlm.nih.gov/pubmed/17875805
http://dx.doi.org/10.1016/j.scr.2009.06.001
http://www.ncbi.nlm.nih.gov/pubmed/19595658
http://dx.doi.org/10.1242/dev.021121
http://www.ncbi.nlm.nih.gov/pubmed/18667462
http://dx.doi.org/10.1016/j.stemcr.2013.04.002
http://www.ncbi.nlm.nih.gov/pubmed/24052942
http://dx.doi.org/10.7554/eLife.08413
http://www.ncbi.nlm.nih.gov/pubmed/26554899
http://dx.doi.org/10.1242/jcs.00384
http://www.ncbi.nlm.nih.gov/pubmed/12615961
http://dx.doi.org/10.1038/nrn2009
http://www.ncbi.nlm.nih.gov/pubmed/17053810
http://dx.doi.org/10.1073/pnas.0307921101
http://www.ncbi.nlm.nih.gov/pubmed/15044694
http://dx.doi.org/10.1182/blood-2008-06-163774
http://www.ncbi.nlm.nih.gov/pubmed/18832654
http://dx.doi.org/10.1016/j.ab.2010.03.009
http://www.ncbi.nlm.nih.gov/pubmed/20227380
http://dx.doi.org/10.1074/jbc.M114.612648
http://www.ncbi.nlm.nih.gov/pubmed/25605717
http://dx.doi.org/10.1124/mol.65.1.45
http://www.ncbi.nlm.nih.gov/pubmed/14722236
http://dx.doi.org/10.1096/fj.201700144R
http://www.ncbi.nlm.nih.gov/pubmed/28733458

Genes 2018, 9, 66 17 of 17

70.

71.

72.

73.

74.

Matsumoto, K.; Miki, R.; Nakayama, M.; Tatsumi, N.; Yokouchi, Y. Wnt9a secreted from the walls of
hepatic sinusoids is essential for morphogenesis, proliferation, and glycogen accumulation of chick hepatic
epithelium. Dev. Biol. 2008, 319, 234-247. [CrossRef] [PubMed]

Tanaka, S.; Terada, K.; Nohno, T. Canonical Wnt signaling is involved in switching from cell proliferation to
myogenic differentiation of mouse myoblast cells. J. Mol. Signal. 2011, 6, 12. [CrossRef] [PubMed]

Ali, I; Medegan, B.; Braun, D.P. Wnt9A Induction Linked to Suppression of Human Colorectal Cancer Cell
Proliferation. Int. J. Mol. Sci. 2016, 17, 495. [CrossRef] [PubMed]

Landeira, D.; Bagci, H.; Malinowski, A.R.; Brown, K.E.; Soza-Ried, ].; Feytout, A.; Webster, Z.; Ndjetehe, E.;
Cantone, I.; Asenjo, H.G.; et al. Jarid2 Coordinates Nanog Expression and PCP/Wnt Signaling Required
for Efficient ESC Differentiation and Early Embryo Development. Cell Rep. 2015, 12, 573-586. [CrossRef]
[PubMed]

Rochard, L.; Monica, S.D.; Ling, LT.C.; Kong, Y.; Roberson, S.; Harland, R.; Halpern, M.; Liao, E.C. Roles of
Wnt pathway genes wls, wnt9a, wnt5b, frzb and gpc4 in regulating convergent-extension during zebrafish
palate morphogenesis. Development 2016, 143, 2541-2547. [CrossRef] [PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.ydbio.2008.04.021
http://www.ncbi.nlm.nih.gov/pubmed/18513713
http://dx.doi.org/10.1186/1750-2187-6-12
http://www.ncbi.nlm.nih.gov/pubmed/21970630
http://dx.doi.org/10.3390/ijms17040495
http://www.ncbi.nlm.nih.gov/pubmed/27049382
http://dx.doi.org/10.1016/j.celrep.2015.06.060
http://www.ncbi.nlm.nih.gov/pubmed/26190104
http://dx.doi.org/10.1242/dev.137000
http://www.ncbi.nlm.nih.gov/pubmed/27287801
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Human Pluripotent Stem Cells Culture 
	Generation of Transgenic Human Pluripotent Stem Cells Lines 
	Reverse Quantitative Polymerase Chain Reaction 
	Hematopoietic Differentiation 
	Flow Cytometry and Fluorescence-Activated Cell Sorting 
	Blue Sepharose Pull Down from Conditioned Media 
	Western Blot 
	Antibodies 

	Results 
	Wnt/-Catenin Signaling Regulates in Vitro Development of Human Hematopoietic Progenitor Cells 
	WNT9A Increases the Efficiency of Hematopoietic Progenitor Differentiation in a Time-Dependent Manner 
	WNT9A Stimulates Hematopoietic Differentiation in a Dose-Dependent Manner 
	WNT9A Stimulates Hematopoietic Differentiation in a Paracrine Manner 

	Discussion 
	References

