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ABSTRACT

Induced pluripotent stem cells (iPSCs) stand to revolutionize the way we study human develop-
ment, model disease, and eventually, treat patients. However, these cell sources produce prog-
eny that retain embryonic and/or fetal characteristics. The failure to mature to definitive, adult-
type cells is a major barrier for iPSC-based disease modeling and drug discovery. To directly
address these concerns, we have developed a chemically defined, serum and feeder-free–
directed differentiation platform to generate hematopoietic stem-progenitor cells (HSPCs) and
resultant adult-type progeny from iPSCs. This system allows for strict control of signaling
pathways over time through growth factor and/or small molecule modulation. Through direct
comparison with our previously described protocol for the production of primitive wave hema-
topoietic cells, we demonstrate that induced HSPCs are enhanced for erythroid and myeloid col-
ony forming potential, and strikingly, resultant erythroid-lineage cells display enhanced
expression of adult b globin indicating definitive pathway patterning. Using this system, we
demonstrate the stage-specific roles of two key signaling pathways, Notch and the aryl hydro-
carbon receptor (AHR), in the derivation of definitive hematopoietic cells. We illustrate the
stage-specific necessity of Notch signaling in the emergence of hematopoietic progenitors and
downstream definitive, adult-type erythroblasts. We also show that genetic or small molecule
inhibition of the AHR results in the increased production of CD341CD451 HSPCs while con-
versely, activation of the same receptor results in a block of hematopoietic cell emergence.
Results presented here should have broad implications for hematopoietic stem cell transplanta-
tion and future clinical translation of iPSC-derived blood cells. STEM CELLS 2018;36:1004–1019

SIGNIFICANCE STATEMENT

Induced pluripotent stem cells (iPSCs) stand to revolutionize the way we study human develop-
ment, model disease, and eventually, treat patients. However, these cell sources produce prog-
eny that retain primitive characteristics, a major barrier for disease modeling and drug
discovery. We have developed a differentiation platform to create hematopoietic stem-
progenitor cells from iPSCs that can produce adult-type blood cells. We demonstrate the stage-
specific roles of two key signaling pathways, Notch and the aryl hydrocarbon receptor, in the
derivation of definitive hematopoietic cells. These results have broad implications for hemato-
poietic stem cell transplantation and clinical translation of iPSC-derived blood cells.

INTRODUCTION

A long-standing goal of developmental hematolo-
gists has been the derivation of non-genetically
modified hematopoietic stem-progenitor cells
(HSPCs) from embryonic stem cell (ESC) or
induced pluripotent stem cell (iPSC) sources.
These HSPCs should be capable of generat-
ing all adult hematopoietic cell lineages and

contribute to long-term repopulating hemato-
poiesis in vivo. Despite extensive efforts, this
goal has not yet been achieved, likely due to
an incomplete understanding of the complex
regulatory processes involved in the specifica-
tion and maintenance of these cells during
embryogenesis, and later, in the adult bone
marrow (BM). Complicating the issue, there are
known differences in the differentiation and
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engraftment capabilities of fetal and adult-stage HSPCs [1, 2]
and these developmentally distinct HSPCs likely require
unique maintenance and specification conditions. Moreover,
HSPC heterogeneity has been observed with purified, tissue-
specific HSPCs, suggesting that there are complex intrinsic or
extrinsic factors that may influence HSPC functionality [3–6].

To date, primitive erythroid, myeloid, and lymphoid-
lineage hematopoietic cells have been successfully generated
from human PSCs (hPSCs) using a variety of embryoid body
(EB), monolayer, serum-dependent, and serum-free differenti-
ation methods [7–12]. This suggests that it is technically possi-
ble to generate cells analogous to yolk sac primitive, yolk sac
definitive, and also possibly intra-embryonic definitive hema-
topoietic cells from hPSCs. However, notably, the hematopoi-
etic progenitors generated from both murine and human ESCs
and iPSCs demonstrate extremely limited engraftment poten-
tial compared with native HSPCs, an indication that cells ful-
filling the most stringent criteria for HSPC functionality have
yet to be generated from PSC sources. This point is
highlighted by the fact that hPSC-derived hematopoietic cells
possess predominantly primitive/early developmental charac-
teristics with hPSC-derived erythroid cells (Erys) exhibiting
mainly embryonic and early fetal characteristics with an inabil-
ity to progress toward adult-stage cells. Multiple protocols for
the production of PSC-derived erythroid-lineage cells have
been characterized, and all describe the formation of hemo-
globinized but developmentally blocked erythrocytes that are
mostly nucleated and predominantly express embryonic (HbE:
f, E) and fetal (HbF, g) globins. These cells are developmen-
tally analogous to erythrocytes found in embryonic circulation,
the embryonic yolk sac and in the developing fetal liver (FL)
[10, 11, 13]. In contrast, adult Erys generated from post-natal
BM erythroid progenitor cells express adult (HbA) hemoglobin
(Hb) comprised of alpha (HBA, a) and beta (HBB, b) chains,
enucleate more efficiently, and adopt a classic biconcave
shape in circulation [14]. The current inability to produce
hPSC-derived definitive, end-stage erythrocytes is a roadblock
for many promising applications of hPSC technologies in the
study of erythropoiesis, such as the disease modeling of b-
hemoglobinopathies (sickle cell disease [SCD] and b-thalasse-
mia) with patient-derived iPSCs. Notably, two recent high-
profile publications have demonstrated the production of
HSPCs with long-term engraftment potential and the ability to
produce “adult-type” cells via the overexpression of multiple
transcription factors in PSC-derived putative hemogenic endo-
thelium [15, 16]. Transcription factor-mediated reprogramming
confers hPSC-derived Erys with some measure of globin-
switching ability, with cells expressing levels of b-globin simi-
lar to cord blood erythrocytes [16, 17]. Although these
approaches are promising for near-term clinical application,
they further demonstrate the inability to recapitulate the nat-
ural developmental cascade required to produce such cells
from PSCs. Ideally, an optimal differentiation system would
induce the natural, progressive molecular and transcriptional
changes that occur during the switch from primitive to defini-
tive hematopoiesis, without the need for extraneous genetic
manipulations.

The signaling events that drive the commitment of plurip-
otent cells to early hematopoietic tissues are well-defined
[18–20] and can be replicated in a controlled manner with
serum-free, cytokine-dependent differentiation conditions. The

importance of mesodermal patterning for the efficient deriva-
tion of hematopoietic cell types of interest has been
highlighted by studies of ActivinA/Nodal/TGFb and Wnt sig-
naling in the differential specification of hematopoietic meso-
derm toward primitive versus definitive hematopoietic cell
fates [7, 8, 21].

The first HSCs during embryogenesis arise in the aorta–
gonad–mesonephros (AGM region) from the endothelial cells
lining the ventral wall of the dorsal aorta through the process
of endothelial-to-hematopoietic transition (EHT) [22–24].
Notch is a key signaling pathway in this process and its abla-
tion prevents definitive AGM hematopoiesis in vertebrates
but is dispensable for primitive/yolk sac-stage hematopoiesis
[25–29]. A comparison of definitive murine HSPCs in vivo with
murine ESC (mESC)-derived hematopoietic progenitors in vitro
showed under-representation of Notch pathway gene expres-
sion in ESC-derived cells [30]. Notably, primate PSCs differenti-
ated in contact with Notch-ligand expressing endothelial cells
demonstrated enhanced engraftment potential in recipient
mice [31] highlighting the potential impact of this pathway on
the ability to generate de novo HSPCs in vitro.

While we have characterized the ability of aryl hydrocar-
bon receptor (AHR) signaling activation to drive hPSC-primitive

hematopoietic progenitor cell expansion [32], this signaling
pathway also plays a key role in normal HSPC physiology. In
the murine knockout (KO) model, young AHR–/– mice have a
circadian-rhythm associated twofold increase in LT-HSC and
white blood cell compartments (myeloid and lymphoid cells)
[33, 34], while aged AHR–/– mice display a HSC exhaustion
and myeloproliferative disorder phenotype [35]. Interestingly,
a small-molecule AHR inhibitor, SR-1, was able to expand
CD341 primary cord blood HSPCs ex vivo [36], and UM171,
which also acts as an AHR modulator, has a similar effect
both alone and together with SR-1 [37, 38]. Recent studies
also suggest that AHR inhibition increases hematoendothelial/
HSPC generation from human PSCs [39, 40]. The mechanisms
through which AHR controls these different hematopoietic
processes are not well-defined. These studies highlight the
potential multifaceted, differential roles for the AHR spanning
both primitive and definitive hematopoiesis.

In this study, we harness a chemically defined, serum and
feeder-free hPSC hematopoietic differentiation system to
interrogate the molecular mechanisms and signaling pathways
controlling hematopoietic progenitor cell generation. We use
this system to efficiently generate human hematopoietic cells
from human iPSCs (hiPSCs) with characteristics of HSPCs.
These cells exhibit enhanced erythroid and myeloid colony
forming potential, and are able to generate progeny with
definitive, adult-type characteristics including the expression
of adult globin, suggesting patterning toward the definitive
hematopoietic pathway. We highlight the critical importance
of Notch signaling in the emergence of putative HSPCs and
resultant adult-type erythroblasts from iPSCs. Moreover, using
genetic and small molecule approaches to modulate AHR sig-
naling, we illustrate the stage-specific effect of the receptor
on the expansion and maintenance of HSPCs. We directly
compare iPSC-derived primitive versus putative definitive
hematopoietic progenitor cells from the same parental lines
to examine the differential signaling, expression patterning,
and functionality of these two populations. The presented
studies have implications for the ex vivo manipulation of HSCs
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from primary human sources and de novo generation of
hPSC-derived HSPCs.

MATERIALS AND METHODS

iPSC Generation and Maintenance

hiPSCs (BU5, BU6, and BS31) were generated by hSTEMCCA
lentiviral transduction of human peripheral blood mononu-
clear cells as described previously [41, 42]. iPSCs were main-
tained in mTESR (StemCell Technologies, Vancouver, Canada)
on matrigel optimized for hPSC growth (Corning, Corning, NY
Matrigel hESC-qualified Matrix, #354277) and passaged
approximately every 7–8 days through ReLeSR (StemCell
Tech., Vancouver, Canada) dissociation, following manufacturer
instructions.

CRISPR-Cas9 Generation of AHR KO Lines

AHR KO lines were created using lentiCRISPR v2 (Addgene no.
52961, Cambridge, MA), which contains Cas9 and a guide
RNA cloning site (BsmBI). The two target sequences (50-CCT-
ACGCCAGTCGCAAGCGG-30 and 50-CCGAGCGCGTCCTCATCGCG-
30, NM_001621), selected by CRISPR designer (http://crispr.
mit.edu), are located in the first exon of the AHR. The con-
struction was confirmed by DNA sequence analysis using a
WPRE-R primer (50CATAGCGTAAAAGGAGCAACA). Cells were
selected for 10 days with 1.0 lg/ml puromycin. AHR KO was
confirmed by Western blotting: AHR (1:1,000, 13,790; Cell Sig-
naling Technologies, Danvers, MA) and b-actin–specific anti-
body (1:2,000, A5441; Sigma-Aldrich, St. Louis, MO) for
loading control.

Generation of Hematopoietic Cells from iPSC

iPS-megakaryocyte–erythroid progenitor (MEP) cells were gen-
erated as described previously [32]. D15/D16 suspension MEP
hematopoietic cells were cultured for an additional 5 days in
erythroid maturation media [IMDM (Thermo Fisher, Waltham,
MA), 5% protein-free hybridoma media (PFHM-II, Thermo Fisher,
Waltham, MA), 50 lg/ml ascorbic acid (Sigma, St. Louis, MO),
4 3 1024 M monothioglycerol (MTG, Sigma, St. Louis, MO), 100
lg/ml Primocin (Invivogen, San Diego, CA), 2 mM L-glutamine
(Invitrogen, Carlsbad, CA), 2 U/ml EPOgen (Amgen, Thousand
Oaks, CA), 1% B-27 supplement (Thermo Fisher, Waltham, MA),
0.5% N-2 supplement (Thermo Fisher, Waltham, MA), 0.5% bovine
serum albumin (BSA, Sigma, St. Louis, MO)] to generate more
developmentally advanced erythroid-lineage cells.

For iPS-HSPCs generation, key changes were made to cer-
tain stages of the iPS-MEP protocol. In summary, dissociated
hiPS colonies were plated onto matrigel-coated wells and
hematopoietic differentiation was initiated once the cultures
reached 10%–15% confluency (approximately 1–2 days). For
both the iEry and iHSPC differentiation protocols, we found
optimal hematopoietic differentiations are achieved with
10%–15% confluent hiPSC cultures comprised of evenly
spaced small clusters of cells which allows sufficient space for
the growth and establishment of the critical precursor meso-
dermal and endothelial cells before hematopoietic cell genera-
tion. Between D0 and D1 (2 days), cells were cultured with
RPMI-1640 (Thermo Fisher, Waltham, MA), 10% KO serum
replacement (KOSR; Thermo Fisher, Waltham, MA,
#10828028), 50 ng/ml human vascular endothelial growth

factor A (hVEGFA), 5 ng/ml human bone morphogenic protein
4 (hBMP4), and 25 ng/ml hWnt3a. At D2: RPMI-1640, 10%
KOSR, 50 ng/ml hVEGFA, 5 ng/ml hBMP4, 20 ng/ml human
basic fibroblast growth factor (hbFGF), 3 lM CHIR99021 (Toc-
ris, Bristol, UK, #4423). At D3: StemPro-34 SFM (Thermo
Fisher, Waltham, MA, #10639011), 50 ng/ml hVEGFA, 5 ng/ml
hBMP4, 20 ng/ml hbFGF. Between D4 and D5: SP-34 serum
free medium (SFM), 15 ng/ml hVEGFA, 5 ng/ml hbFGF. From
D6 onwards, cells were continually cultured in HSPC medium,
which is comprised of SP-34 SFM, 50 ng/ml hVEGFA, 100 ng/
ml hbFGF, 100 ng/ml hSCF, 100 ng/ml hFLT3L, 100 ng/ml
hTPO (Genentech, San Francisco, CA), 100 ng/ml human inter-
leukin 6 (cytokines from R&D Systems, Minneapolis, MN).
Fresh HSPC medium was added to the cultures every 1–2
days without aspiration of existing media. All culture media
mixes contained 2 mM L-glutamine, 50 lg/ml ascorbic acid,
4 3 1024 M MTG, and 100 lg/ml Primocin, and were cul-
tured at 378C in normoxic, 5% CO2 conditions.

For experiments involving SB (activin/TGFb inhibition),
gamma secretase inhibitor (GSI; Notch inhibition), CH (AHR
inhibition) ,and 6-formylindolo[3,2-b]carbazole (FICZ) (AHR
activation); SB was added to D2 media (5.4 lM SB-431542,
Tocris, Bristol, UK), GSI was added to D4–5 and/or HSPC
media (10 lM L-685,458; Tocris, Bristol, UK), and CH and FICZ
were added to D4–5 and/or HSPC media (10 lM CH-223191,
Tocris, Bristol, UK/0.2 lM 6-formylindolo[3,2-b]carbazole, Cay-
man Chemical, Ann Arbor, MI). In general, for all noted iHSPC
culture conditions, we begin with 0.5–1 3 105 hiPSCs (10%
confluency), per well of a six-well plate, from which we even-
tually obtain 2–4 3 105 floating hematopoietic progenitor
cells by D15–16 of culture.

Methycellulose Colony Assays

To assess hematopoietic colony forming unit (CFU) potential,
2 3 104 to 1 3 105 viable cells were plated in individual
35 mm dishes (StemCell Tech., Vancouver, CA; #27150) in
1.5 ml multi-lineage CFU semi-solid media (StemCell Technolo-
gies, Vancouver, CA; MethoCult H4034 Optimum) per dish.
Duplicate dishes were generated for each condition. Colonies
were scored after 14 days of culture at 378C in normoxic, 5%
CO2 conditions. CFU values were normalized to the number of
cells plated (CFU per 104 cells plated).

MACs Separation

Isolation of CD34-enriched/depleted subpopulations was car-
ried out with the MACs CD34 MicroBead Kit (human cells,
Miltenyi Biotec, Bergisch, Germany; #130-046-702). Cells were
either collected for RNA, put into CFU assays, or for adherent
progenitor cells; replated onto matrigel-coated wells in HSPC
medium.

RNA Extraction and qPCR

RNA was extracted using the RNAeasy kit (Qiagen, Hilden, Ger-
many) according to manufacturer’s recommendations and quan-
tified using a NanoDrop Lite Spectrophotometer (Thermo
Scientific, Waltham, MA). Up to 1000ng of RNA/sample was
DNase-treated to remove trace contaminating genomic DNA
using a DNA-free kit (Thermo Fisher, Waltham, MA). cDNA was
generated using the High Capacity cDNA reverse Transcription
Kit (Applied Biosystems, Foster City, CA) following manufacturer
instructions. Diluted cDNA was used for quantitative polymerase
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chain reaction (qPCR) analyses; predesigned TaqMan primers
(Applied Biosystems, Foster City, CA) were used in conjunction
with Taqman Universial Master Mix II (Applied Biosystems, Fos-
ter City, CA, #4440038) and the StepOne/QuantStudio 6 Flex
Real Time PCR Systems (Applied Biosystems, Foster City, CA) fol-
lowing manufacturer’s recommendations. Transcript levels were
calculated using the relative standard curve method, normalized
to the housekeeping gene beta actin.

Western Blot for Globin Analyses

Cell pellets were resuspended in Roche lysis buffer (protease
inhibitor, 0.3% NP-40 (Sigma, St. Louis, MO), 10% glycerine,
2 mM EDTA, 246 mM NaCl, 10% phosphatase inhibitor,
phosphate-buffered saline [PBS], and water), placed on ice for
1 hour and centrifuged at 14,500 rpm for 15 minutes at 48C
to extract protein. Standard methodology was used for West-
ern blot analysis. The following antibodies were used: HBB
(16216-1-AP, Proteintech, Rosemont, IL), HBA (sc-21756, Santa
Cruz Biotechnology, Dallas, TX), and GAPDH (sc-47724, Santa
Cruz Biotechnology, Dallas, TX).

Fluorescence-Activated Cell Sorting Analysis

Adherent cells were washed with Dulbecco’s PBS (DPBS)
(Thermo Fisher, Waltham, MA, #12563011) and treated with
Tryp-LE Select (Thermo Fisher, Waltham, MA, #12563011) at
378C for 5 minutes, followed by gentle pipetting to complete
cell dissociation. The dissociated cells were then washed with
DPBS several times before antibody staining for flow cytometry.
For suspension hematopoietic cells, gentle pipetting was used
to dislodge any loosely adhered hematopoietic cells from the
adherent stromal layer, and the cells were washed multiple
times with PBS before staining. Cells were stained in ice-cold
fluorescence-activated cell sorting buffer (PBS, 1% BSA). Anti-
bodies used; KDR-PE (BD Pharmingen, San Jose, CA, #560872),
CD34-APC (BD, San Jose, CA, #555824), CD144-PE (BD, San Jose,
CA, #561714), CD45-PE (BD, San Jose, CA, #561866), CD117-APC
(Thermo Fisher, Waltham, MA, clone 104D2), CD117-PE (BD,
San Jose, CA, #555714), CD235a-FITC/PE (BD, San Jose, CA,
Clone GA-R2 (HIR2)), CD41a-APC (BD, San Jose, CA, #559777),
CD71-FITC (BD, San Jose, CA, #555536), CD73-PE (BD, San Jose,
CA, #561014), CXCR4-Biotin (BD, San Jose, CA, #555973), and
Streptavidin-FITC (BD, San Jose, CA, #554060). Flow cytometry
was conducted on a Stratadigm S1000EXI or Beckton Dickinson
(BD) dual-laser FacsCalibur flow cytometer. Analyses were con-
ducted using FlowJo v8.7 (FlowJo, LLC) software.

BrdU Assay

Cell cycle analysis of iPS-HSPCs was carried out using the FITC
BRDU Flow Kit (BD Pharmingen, San Jose, CA) following manu-
facturer’s recommendations. 50-Bromo-20-deoxyuridine (BrdU)
substrate was added to iPS-HSPC cultures 18 hours before col-
lection for analyses; samples were prestained with mouse anti-
human CD34-APC (BD; San Jose, CA, #555824) before fixation.

DGE Analysis. For digital gene expression (DGE), RNA was col-
lected from all samples using the RNeasy Mini Kit (Qiagen, Hil-
den, Germany) and sent out for library construction and
sequencing at the Broad Institute (Cacchiarelli, Trapnell et al.
2015). Samples were rescaled to a common target across plates
and cubic root transformed to follow approximately normal

distribution. Differential expression was tested using t-tests and
level of significance was corrected using Bonferroni correction.
Data are displayed using heatmaps generated with the Heatplus
package in R v3. Enrichment analysis was conducted using the
David portal (https://david.ncifcrf.gov/home.jsp).

3C Assay. Approximately 2 3 106 iPSC-derived erythroid pro-
genitor (iEry or iHSPC-Ery) cells were harvested after 25 days dif-
ferentiation and crosslinked with 1% formaldehyde for 10
minutes at room temperature, followed by glycine quenching at
a final concentration of 125 mM. Crosslinked cells were lysed
with ice cold lysis buffer (10 mM Tris-HCl at pH 8.0, 10 mM
NaCl, 5 mM MgCl2; 0.2% NP-40, 13 complete protease inhibi-
tor) for 10 minutes and nuclei were harvested. The nuclei were
resuspended in nuclei lysis buffer and incubated for 1 hour at
378C with vigorous shaking. Triton X-100 was added to 2% to
sequester the SDS, and the samples were incubated for 1 hour
at 378C. Samples were further digested with EcoRI (New England
Biolabs, Ipswich, MA) overnight at 378C, and intramolecularly
ligated with T4 ligases (New England Biolabs) for 4.5 hours at
168C and 30 minutes at room temperature. Digestion and liga-
tion efficiencies were monitored. Samples were further reverse
crosslinked overnight at 658C and DNA from a chromatin confor-
mation capture (3C) library was then purified by phenol extrac-
tion and ethanol precipitation. A template titration of the 3C
library was performed to generate the linear range of amplifica-
tion. 3C ligation products were quantified in triplicates by real-
time using SYBR Green real-time qPCR (Applied Biosystems 7500
Real-Time PCR System).

RESULTS

Generation and Characterization of iPSC-Derived HSPC-
Like Cells

We have described previously the efficient derivation of large
numbers of MEP cells from a monolayer hPSC differentiation
protocol [32]. In this system, suspension cells that emerge
from an adherent layer of endothelial and stromal cells are
comprised of bipotent CD235a1CD41a1 progenitor cells that
upon further specification, can generate low ploidy, platelet-
producing megakaryocytes, and hemoglobinized erythroblasts
with primitive and fetal characteristics. The abundance of
embryonic and fetal globins coupled with a lack of adult glo-
bin in these erythroblasts suggested that these differentiation
conditions favor the formation of predominantly embryonic-
type (yolk sac) erythroblasts.

Here, we have modified our differentiation protocol to
define a set of conditions that allows for the robust, experi-
mentally reproducible, specification, and expansion of popula-
tions of definitive-lineage hematopoietic stem progenitor-
like cells (HSPCs) from which adult-type blood cells can be
derived. This differentiation protocol (iPS-HSPC) retains the
advantages of the previously described iPS-MEP system in
that it is also monolayer, serum-free, and augmented by the
temporal control of signaling pathways through stage-specific
cytokine modulation (Fig. 1A). Cell formation is clearly visible
in this culture system as an immediate read-out of the effi-
ciency of hematopoiesis under defined conditions (Fig. 1D). In
HSPC media, emerging hematopoietic cells, generated through
the process of EHT, can be observed from approximately D81
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Figure 1. Characterization of the induced pluripotent stem (iPS)–hematopoietic stem-progenitor cell (HSPC) differentiation protocol.
(A): Schematic representation highlighting the differences between the iPS-megakaryocyte–erythroid progenitor (MEP) versus the iPS-
HSPC differentiation protocols. (B): Representative fluorescence-activated cell sorting (FACS) analyses of D4 and D6 iPS-HSPC cultures for
expression of early hem–endothelial cell surface markers. (C): Representative FACS analyses of arterial/venous/hemogenic endothelial
cell populations. D8 adherent cells were analyzed for CD34, CD73 and CXCR4 expression. (D): Photomicrographs of D12 iPS-MEP and
iPS-HSPC cultures. Suspension hematopoietic cells can be observed floating above the adherent cell layer. (E): Representative FACS anal-
yses of D12 iPS-MEP and iPS-HSPC suspension cells for early/widely expressed hematopoietic cell surface markers (CD34, CD45, VeC and
CD41a) and erythroid specific markers (CD235a, CD71). (F): Representative FACS analyses of D15 iPS-MEP and iPS-HSPC suspension cells
for early (CD34, CD45) and erythroid specific markers (CD235a, CD71). Abbreviations: AHR, aryl hydrocarbon receptor; bFGF, basic fibro-
blast growth factor; BMP, bone morphogenic protein; EHT, endothelial-to-hematopoietic transition; EPO, erythropoietin; FICZ, 6-formylin-
dolo[3,2-b]carbazole; HSPC, hematopoietic stem-progenitor cell; IL6, interleukin 6; iPSC, induced pluripotent stem cell; MEP,
megakaryocyte–erythroid progenitor; RUNX1; SCF, stem cell factor; TPO, thrombopoietin; VEGF, vascular endothelial growth factor.
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of culture, and steadily expand in number as the culture pro-
gresses (Supporting Information Movie S1).

The first definitive lineage hematopoietic progenitor cells
that arise in vivo in the AGM can be identified by coexpres-
sion of the pan-endothelial/hematopoietic cell surface
markers CD34, CD45, Ve-Cadherin (CD144), and cKIT (CD117)
[43]. In our system, modeling early hematopoietic develop-
ment, hematopoietic/endothelial mesodermal cell populations
are observed in the culture between D4 and D6; at this time-
point, KDR1CD341 and CD235a1 cells represent subsets of
mesodermal cells fated to generate endothelial cells (including
definitive hemogenic endothelium) and primitive Erys, respec-
tively [7] (Fig. 1B). By D8, as the process of hematopoietic
cell emergence begins, the CD341 cells of the adherent cell
population can be fractionated into CD341CD73-CXCR4-

(hemogenic endothelium), CD341CD731CXCR4- (venous) and
CD341CD731CXCR41 (arterial) subsets [44] (Fig. 1C). CD73
and CXCR4 are not expressed at earlier timepoints (Supporting
Information Fig. S1A). Fractionation of D6 and D8 cultures
based on CD34 expression and extended culture of these cells
confirmed that the vast majority of endothelial and hemato-
poietic potential resides within the CD341 cell population at
these timepoints (Supporting Information Fig. S1B, S1C).

As round, hematopoietic suspension cells begin to emerge
in our iPS-HSPC system, and in contrast to the iPS-MEP proto-
col, iPS-HSPC cultures are greatly enriched for both
CD341CD451 and CD341VeC1 cells, suggesting that these
conditions favor the emergence, expansion, and maintenance
of putative HSPCs (Fig. 1E). Additionally, when comparing the
two protocols, there is also a striking decrease in the number
of erythroid-committed cells (CD235a1/CD235a1CD711) in
iPS-HSPC cultures (Fig. 1E, 1F). As the differentiation pro-
gresses, the number of iPS-HSPC suspension hematopoietic
cells robustly increases in number. By D15-D16, the yield is in
the range of 2–4 3 105 suspension cells per well of a six-well
plate, originally seeded with hiPS at 10%–15% confluency
(Supporting Information Fig. S1D). The proportion of CD341/
CD451 cells gradually decreases as the differentiation pro-
gresses after D12 but constitutes approximately 20%–40% of
the suspension hematopoietic cells at D15–16. Approximately
20%–40% of D15–16 cells are positive for CD34/CD45 which
represent more mature, non-erythroid committed hematopoi-
etic cells. In contrast, at this timepoint, the vast majority of
suspension cells in iPS-MEP cultures are negative for CD34/
CD45 and are erythroid-committed (CD235a1CD711) (Fig. 1F).
Notably, similar patterns of iPS-HSPC emergence, expansion,
and cell surface marker distributions were observed for multi-
ple hiPSC lines, including wild-type (WT) and blood disease-
specific lines (data not shown).

Modulation of ActivinA/TGFb/Nodal and Wnt
Pathways in the Production of iPSC-Derived HSPCs

Studies on the modulation of key tissue-patterning signaling
pathways in a hPSC EB model for hematopoietic differentiation
suggest that early-stage inhibition and activation of ActivinA/
TGFb/Nodal and Wnt pathways, respectively, skew differentia-
tion outcomes toward definitive rather than primitive hemato-
poietic cells [7, 8, 45]. In our differentiation system, the
formation of primitive streak and resultant hematopoietic
mesoderm occurs in the D2–6 timeframe, as determined by
time course expression of Brachyury (T) and GATA2 (data not

shown) and cell surface expression of KDR, CD34 and CD235a
(Fig. 1B). We tested the effects of the ActivinA/TGFb/Nodal
inhibitor SB-431542 (SB) and the Wnt agonist/GSK3 inhibitor
CHIR99021 (CHIR) on the specification of hematopoietic endo-
thelial cells when added at early stages of the iPS-HSPC differ-
entiation system (Supporting Information Fig. S2A). Adherent
cells at D6 of differentiation, consisting of pre-EHT hematopoi-
etic mesodermal/endothelial progenitor cells, were analyzed for
the cell surface expression of endothelial/early hematopoietic
markers CD34, CD235a, Ve-Cadherin, and cKit by flow cytome-
try. CD235a1 cells at this stage in development are fated to
form primitive hematopoietic progenitor cells. There was a
striking decrease in the population of CD235a1 cells in D3-SB
treated cultures, in agreement with the observation that
CD235a1 cells at this developmental timepoint are fated to
form primitive hematopoietic progenitor cells and that early-
stage ActivinA/TGFb inhibition results in a block in primitive
hematopoietic potential [7]. SB treatment also led to an approx-
imately 10-fold increase in the proportion of CD341 cells, and
an increase in the number of VeC1 cells. Treatment with CHIR
(D2) did not have an effect on CD235a, CD34, or VeC expression
in D6 cultures, but numbers of cKIT1 cells were markedly
increased (Supporting Information Fig. S2B).

Notably, our analyses of later-stage iPS-HSPC cultures
revealed differences in the proportions of hematopoietic cells
generated upon early SB and CHIR treatment, with SB-treated
cultures giving rise to far fewer suspension hematopoietic
progenitor cells. Conversely, CHIR-treated cultures were robust
and gave rise to comparable numbers of cells as control cul-
tures. Of the cells that were generated, the proportion of
CD341CD451 cells was broadly similar for SB- and CHIR-
treated cultures (Supporting Information Fig. S2C). However,
D21 SB suspension cells demonstrated markedly decreased
multi-lineage hematopoietic potential in CFU assays (Support-
ing Information Fig. S2D). In contrast, CHIR cultures gave rise
to hematopoietic progenitor cells that had similar CFU poten-
tial to control cultures. As SB treatment produced fewer over-
all cells and had a negative end-stage impact on iPS-HSPC
formation and functionality, we no longer include this small
molecule in our iPS-HSPC culture conditions. Although addi-
tional Wnt signaling via CHIR is not always necessary to drive
definitive hematopoiesis from hPSCs as some hPSC lines gen-
erate sufficient endogenous Wnt signaling, CHIR is included in
our iPS-HSPC differentiation protocol to normalize definitive
pathway potential across multiple hiPSC lines.

iPS-HSPCs Are Enriched for Hematopoietic Colony-
Forming Potential as Compared with iPS-MEP Cells

To ascertain the hematopoietic potential of iPS-HSPCs at dif-
ferent timepoints, D12 and D16 unfractionated suspension
cells were plated in multi-lineage CFU assays along with
timepoint-matched iPS-MEP cells. While D12 iPS-HSPCs pro-
duced limited numbers of small red cell clusters that match
the morphology of primitive erythroid colonies (Fig. 2A), D16
iPS-HSPC cultures were able to give rise to abundant ery-
throid (BFU and CFU-erythroid) colonies (Fig. 2B, 2C). There
was a notable difference in the erythroid potential of iPS-
HSPCs at the different timepoints; D12 cells gave rise to lim-
ited numbers of small red cell clusters that were similar to
the morphology of primitive erythroid colonies (Fig. 2A), while
D16 iPS-HSPC cultures were able to give rise to abundant
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large erythroid (BFU and CFU-erythroid) colonies (Fig. 2B, 2C).
This suggests that BFU/CFU-e cells are only present in later-
staged iPS-HSPC cultures. Myeloid (granulocyte, macrophage,
and granulocyte–macrophage; G, M, GM, respectively) colo-
nies were observed in both D12 and D16 iPS-HSPC CFU cul-
tures. In contrast, iPS-MEP cultures displayed comparatively
poor colony forming potential at both timepoints, although
single Erys and small Ery colonies were visible.

CD341CD451 cells represent a significant proportion of
the suspension cells generated in our iPS-HSPC cultures by
D12–16, and CD341 hematopoietic cells have been shown to
be enriched for stem/progenitor functionality [43, 46, 47]. To
assay the functional characteristics of the CD341 iPS-HSPCs,
D15 CD341 cells were enriched by MACs magnetic bead
selection. The resulting CD34-enriched (ENR; CD341) and
depleted (CD34-/low) cells were plated in multi-lineage meth-
ylcellulose to ascertain CFU potential. In these assays, CD341

cells were able to give rise to many more erythroid [both
blast (BFU-E) and colony forming (CFU-E)] units and myeloid
colonies (CFU-G, GM, and M) compared with the CD34-/low

population (Fig. 2D). These results indicate that the majority
of the colony forming activity in iPS-HSPC cultures resides
within the CD341 cells present within the culture.

Global Comparative Gene Expression Analysis of
CD341 iPS-HSPCs versus Primary Fetal and Adult
CD341 Hematopoietic Progenitor Cells

We compared the global transcriptomic profile of CD341 iPS-
HSPCs with CD341 FL and adult BM cells using DGE analysis.
RNA was extracted from MACs-purified CD341 iPS-HSPCs at
D13, D15, and D16 of culture and compared with RNA from
CD341 FL hematopoietic cells and CD341 adult BM cells. Unsu-
pervised clustering of the samples revealed that the primary
CD341 FL and CD341 BM samples were transcriptionally similar,
with a clear fetal versus adult-type signature (Supporting Infor-
mation Fig. S3A). CD341 iPS-derived cells display a transcription-
ally distinct signature when compared with the primary
samples, with D13 iPS-derived CD341 cells closest to the native
samples, as judged by fewer differentially regulated genes (Sup-
porting Information Fig. S3A). Overall, there were 57 significantly

Figure 2. The induced pluripotent stem (iPS)–hematopoietic stem-progenitor cell (HSPC) protocol results in the robust production of
functional hematopoietic progenitor cells. (A): Photomicrographs of hematopoietic colonies formed by D12 iPS-megakaryocyte–erythroid
progenitor (MEP) and iPS-HSPC suspension cells. (B): D16 iPS-HSPC cultures are able to robustly generate erythroid and myeloid (macro-
phage, granulocyte, granulocyte–macrophage) colonies. (C): Comparison of multi-lineage colony forming unit (CFU) potential of D16 iPS-
HSPC versus iPS-MEP cultures. Representative results from three independent experiments. Error bars5 SD. (D): Quantification of CFU
potential in CD34-/low and CD341 cells in D16 iPS-HSPC cultures. Representative results from three independent experiments. Error bars5 SD.
Abbreviations: BFU, burst forming unit; CFU, colony forming unit; E, erythroid; G, granulocyte; GEMM, granulocyte erythroid macrophage mega-
karyocyte; GM, granulocyte–macrophage; HSPC, hematopoietic stem-progenitor cell; iPS, induced pluripotent stem cell; M, macrophage; MEP,
megakaryocyte–erythroid progenitor.
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differentially regulated genes between FL and BM CD341 cells
(p� .05, FDR� .05), while D13 iPS-HSPCs had 1,192 and 1,357
differentially expressed genes compared with FL and BM CD341

cells, respectively (Supporting Information Fig. S3B).
Using Panther (http://pantherdb.org/), the lists of differen-

tially expressed genes were examined to identify key biologi-
cal processes and signaling pathways that differ between the
sample sets. As other studies have identified a paucity of
Notch signaling pathway genes in mESC-derived hematopoi-
etic cells compared with in vivo HSCs, we were interested to
see whether this would also be the case in iPS-HSPCs com-
pared with FL and BM cells. Many genes related to Notch sig-
naling were not significantly differentially regulated in iPS-
HSPCs compared with FL cells, but levels of Notch2 and Hes6
transcripts were significantly lower compared with BM cells,
suggesting that overall Notch signaling activity is comparable
between iPS-HSPCs and FL cells, and perhaps BM cells.
Notch1, Notch ligands such as DLL4 and JAG1, and important
downstream target genes for hematopoiesis were not differ-
entially regulated when comparing primary cells with iPSC-
derived cells (Supporting Information Fig. S3C, S3D, Panther
gene lists not shown). As the DGE analyses used RNA from
cell populations, it is not possible to ascertain from this data
whether there are rare CD341 cell populations in the iPS-
HSPCs that may display gene expression patterns more
aligned with the patterns observed in fetal and adult CD341

hematopoietic progenitor cells.

Developmentally Patterned HSPCs Can Produce
Erythroblasts with Adult-Type Characteristics

iPS-HSPCs are capable of efficient CFU-e and BFU-e formation
in multi-lineage CFU assays (Fig. 3A) and although the vast
majority remain nucleated, they appear morphologically simi-
lar in size to human peripheral blood erythrocytes when com-
pared with iPS-MEP-derived cells (Fig. 3B). To assess the
transcriptional expression of globin species present, iPS-HSPC
erythroid colonies were isolated and compared with erythro-
blasts generated via the iPS-MEP method by qPCR. iPS-HSPC-
derived Erys (iHSPC-Ery) express 2–3 log-fold more b-globin
when compared with iPS-MEP-derived erythroblasts (iEry), but
do not achieve the levels observed in peripheral blood mono-
nuclear cell-derived Erys (pbMNC-Ery) (Fig. 3C). While embry-
onic and fetal globins are still expressed in iHSPC-Ery cells,
the expression levels are significantly less than that of iEry
cells, suggesting that although the degree of maturational glo-
bin switching is incomplete within the iHSPC-Ery population
as a whole, it is more advanced than that found in iEry cells.
These patterns of differential globin gene expression were
confirmed by DGE analysis which also allowed for global tran-
scriptomic mapping of the differences between iHSPC-Ery
cells, iEry cells, and primary erythroblast counterparts (CD341

mobilized peripheral blood cells differentiated into nucleated
erythroid-lineage cells were used for this experiment as enu-
cleated, end-stage erythrocyctes lack sufficient RNA content).
Confirming the qPCR analyses, b-globin gene expression was
higher in iHSPC-Ery cells compared with iEry cells, although
lower than in primary CD341-Ery cells. HBD/d-globin was also
upregulated in iHSPC-Ery cells; d-globin is also restricted to
adult Erys, and together with a-globin (HbA2a2d2) constitutes
about 2.5% of total adult Hb. In contrast to these results, the
levels of f (HBZ, embryonic a-like globin), g and E globin

species were lower in iHSPC-Ery cells compared with iEry
cells, again suggesting that iHSPC-Ery cells are more functionally
mature than cells produced via the primitive pathway. Notably,
the expression of KLF1 and BCL11A, two transcription factors
known to be important for the silencing of HBG and the upre-
gulation of b-globin [48–50], was increased in iHSPC-Ery cells
(Fig. 3D, additional data in Supporting Information Fig. S4).

Next, to examine protein-level production of g and b glo-
bins in iEry cells when compared with iHSPC-Ery cells, Western
blotting was performed on both WT and SCD-specific iPSC-
derived cells (Fig. 3E). As controls for these experiments, the
HUDEP-1 and 2 erythroblast cell lines [51] were used which pre-
dominately express either g or b globin, respectively. As pre-
dicted by the transcriptional data, iHSPC-Ery cells produce
significantly more b globin at the protein level than their iEry
counterparts produced from the same parental lines (Fig. 3E).
Although a faint band appears in iEry cells in the b globin West-
ern analysis, this band appears at a significantly different molec-
ular weight suggesting nonspecific antibody binding or the
production an alternate b-globin moiety in iEry cells.

Finally, to interrogate potential chromatin landscape differ-
ences between iEry and iHSPC-Ery cells, 3C assays were per-
formed (Fig. 3F). Results from these assays demonstrated that
iHSPC-Ery cells have increased LCR (HS432) looping to the HBB

promoter compared with iEry cells. Notably, the interaction fre-
quency between the LCR and the HBB promoter is increased 2.6-
fold in iHSPC-Ery cells (p< .05). We also detected a decrease in
the interaction frequency between the LCR and HBG promoter in
iHSPC-Ery cells versus in iEry cells. These results are consistent
with our finding that HBB gene expression is increased in iHSPC-
Ery cells compared with iEry cells, and suggests that LCR looping
to the HBB promoter is one of the mechanisms by which HBB

gene expression is unregulated in iHSPC-Ery cells.

Notch Signaling Is Required During Hematopoietic
Mesoderm Development, in the Formation of iPS-
HSPCs, and in the Production of Resultant Erythroid
Progeny

The Notch signaling pathway is a prerequisite for the forma-
tion of definitive-lineage hematopoietic cells in vivo [25, 52]
and also for vascular morphogenesis and arterial/venous fate
specification of vessels [53–55]. It is, however, dispensable for
the formation of primitive yolk sac hematopoiesis. As such, it
is one of the key molecular pathways that differentiates
between the primitive and definitive branches of the hemato-
poietic system. To ascertain whether the emergence of iPS-
HSPCs is dependent on Notch signaling, we exposed hemato-
poietic cultures to 10 lM GSI (a global Notch inhibitor) in a
stage-specific manner to determine the effect on hematopoietic
cell emergence and growth. Cultures were dosed between D4
and D5, from D6 onwards (D61) or from D4 onwards (D41),
focusing on the key developmental timepoints corresponding
to hematopoietic mesoderm and hemogenic endothelium
generation (Fig. 4A). Statistically significant differences in cell
number were noted in the control versus GSI-treated iPS-
HSPC cultures, with far fewer suspension hematopoietic cells
produced in cultures treated with GSI between D4 and D5
and D41 (Fig. 4B, 4C). Interestingly, GSI treatment from D61

appeared to have only a mild effect on hematopoietic cell
output, suggesting that Notch signaling is not required at this
later timepoint for hematopoietic cell emergence, which is
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Figure 3. Induced pluripotent stem (iPS)–hematopoietic stem-progenitor cells (HSPCs) give rise to erythroid cells (Ery) with enhanced
adult globin expression. (A): Photomicrographs of iPS-HSPC derived colony forming unit/BFU-erythroid colonies. (B): Photomicrographs
of Wright-Giemsa-stained iPS-derived megakaryocyte–erythroid progenitor Erys (iEry) and HSPC-derived Erys (iHSPC-Ery) and human
peripheral blood erythrocytes. (C): Quantitative gene expression analyses of globin expression levels of iHSPC-Ery compared with iEry
and CD341 peripheral blood mononuclear blood cell-derived Erys (pbMNC-Ery). All values normalized to b-actin. Error bars5 SD. (D):
Heatmap of genes of interest relating to erythropoiesis, generated with digital gene expression sequencing data. Colors represent Log2-
counts per million transcript levels. Two independent samples were analyzed for iEry and iHSPC-Ery sample types, with technical tripli-
cates for each sample. (E): Western blot analysis of g and b expression in iEry and iHSPC-Ery cells. (HUDEP 1 and 2: Postnatal erythro-
blast cell lines which express either g or b globin, respectively; BU6: wild-type induced pluripotent stem cell [iPSC] line; BS31: SCD-
specific iPSC line). (F): LCR looping to the HBG or HBB promoter in iEry or iHSPC-Ery iPSC-derived erythroid progenitor cells. Chromatin
conformation capture (3C) assay measuring crosslinking frequencies between the LCR and HBG or HBB promoters in iEry or iHSPC-Ery
cells. The EcoR1 fragment containing HS432 of the LCR (black bar) was used as the anchor region. Its crosslinking frequency with EcoR1
fragments that contain HBG or HBB or HS1 was assessed. The interaction between fragments within the a-tubulin gene was used as the
internal normalization control for 3C signals, and the highest cross-linking frequency value was set to one. Spatial organization of the
human b-globin locus is indicated at the top. The x-axis shows position (in kilobases) in the locus. All data are plotted as the mean SD
of the measurement, p< 0.05 (n 5 3). Abbreviations: BFU, burst forming unit; CFU, colony forming unit; E, erythroid; Ery, erythroid cell;
HBB, hemoglobin comprised of beta; iHSPC, induced hematopoietic stem-progenitor cell; LCR, locus control region; pbMNC, peripheral
blood mononuclear cell.
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Figure 4. Hematopoietic progenitor cell formation in induced pluripotent stem (iPS)–hematopoietic stem-progenitor cell cultures is
dependent on stage-specific notch signaling. (A): Schematic diagram illustrating gamma secretase inhibitor (GSI) dosing scheme. (B):
Photomicrograph of D15 cell cultures. Cultures were treated with GSI at D4–5 or D4 onward (D41) and display dramatically reduced
hematopoietic cell emergence. (C): Quantification of D15 suspension hematopoietic cells generated in control/GSI-treated cultures; cell
numbers were normalized to the control for each experimental set. Error bars5 SD. Statistical significance determined by Student’s t

test analysis. (D): Analysis of D10 control and GSI-treated cultures for CD34 and CD45 revealed intact endothelial cell formation
(CD341CD45-) but reduced hematopoietic cell formation (CD341CD451) in GSI-treated cultures. (E): Gene expression analyses of D10
control versus GSI-treated cultures for a panel of hematopoietic and signaling genes of interest. DLL4, HEY1, GATA2, and AML1 are sig-
nificantly downregulated in GSI-treated cultures, as determined by Student’s t test analysis. All expression levels normalized to beta
actin housekeeping gene. Error bars5 SD. (F): Globin gene expression analyses of erythroid cells generated from control and stage-
specific GSI-treated cultures. Error bars5 SD. Statistical significance determined by Student’s t test analysis. Abbreviations: EHT,
endothelial-to-hematopoietic transition; GATA2; GSI, gamma secretase inhibitor; HBA, hemoglobin comprised of alpha; HBB, hemoglobin
comprised of beta; HBE, embryonic hemoglobin; HBG, hemoglobin comprised of gamma; HSPC, hematopoietic stem-progenitor cell;
iPSC, induced pluripotent stem cell; RUNX1; SCL.
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usually visible from D7 to D8 onwards. Notably, the impact of
GSI-treatment on the adherent endothelial cell population
was minimal with comparable percentages of CD341 cells pre-
sent in control and D41 GSI treated cultures at D10. How-
ever, a vast reduction in CD341CD451 hematopoietic cells
was seen in GSI-treated populations (Fig. 4D). Earlier endothe-
lial cell compartments also appear to be unaffected in D4–5
GSI-treated cultures at D6 and D8 of development (Supporting
Information Fig. S5). Analyses of D10-staged D41GSI-treated
cultures for the gene expression of key hematopoietic and
Notch pathway genes revealed a decrease in expression levels
of DLL4, HEY1, GATA2, and AML1, while other notch pathway
(NOTCH1, JAG1, and HES1) and known target genes (Ephrin
B2; EPHB2, an arterial marker [55]) were unaffected (Fig. 4E).
The downregulation of AML1 may account for the vast reduc-
tion in hematopoietic cell formation in the GSI-treated cul-
tures, as it is known to be important for EHT [56] and has
been shown to be a Notch target in murine AGM tissues [57].

While the number of iPS-HSPCs was vastly reduced in D4–
5/D41 GSI-treated cultures, the cells that did emerge were
able to form myeloid and erythroid colonies in multi-lineage
CFC assays (data not shown). To gain a better understanding
of exactly how primitive vs definitive potential is affected
upon Notch inhibition, iPS-MEP differentiations (representing
primitive wave hematopoietic cells with low-level adult globin
expression) were carried out with control/stage-specific GSI-
treated cultures to assess the impact of Notch inhibition on
embryonic, fetal and adult globin expression in resultant Erys.
Similarly to iPS-HSPC cultures, there was a decrease in hema-
topoietic cell emergence in cultures treated at D4–5/D41,
but Erys were successfully generated from cultures under all
conditions. Strikingly, the Erys generated from all GSI-treated
cultures expressed greatly reduced levels of b-globin com-
pared with control cultures, while levels of a-, E-, and g-
globin were similar across all sample types (Fig. 4F). The detri-
mental effect of Notch inhibition on b-globin expression in
this system reveals a requirement for Notch signaling during
both early hematopoietic mesoderm and hemogenic endothe-
lium formation as well as for the generation of adult-type
Erys that are able to express b-globin.

AHR Signaling Plays a Stage-Specific Role in
Developmental Hematopoiesis

AHR modulation can be used to expand and maintain primary
HSPC populations [36, 37], and AHR signaling may also play a
role in the generation of early hematopoietic progenitor cells
from hPSCs [39, 40] (p171)]. In these studies, we used our
iPS-HSPC system to examine the role of AHR signaling in
developmental hematopoiesis.

To assess the function of AHR in developmental hemato-
poiesis in the context of the iPS-HSPC model, genetic ablation
and small molecule modulation of AHR expression were used
as outlined in Figure 5A. First, CRISPR-Cas9 gene editing was
used to create homozygous AHR KO lines from multiple parental
hiPSCs, resulting in a lack of AHR protein production and func-
tional activity in undifferentiated iPSCs and their resultant
progeny (Supporting Information Fig. S6A, S6B). iPS-HSPC differ-
entiations of these lines revealed a twofold increase in emer-
gent hematopoietic cells in AHR–/– cultures compared with
WT (Fig. 5B; Supporting Information Fig. S6C). In addition to
increased hematopoietic cell production, analyses of D15 AHR–/–

cells for cell-surface hematopoietic markers revealed an approxi-
mately twofold increase in the proportion of CD341CD451 cells
present in the culture compared with WT cultures, suggesting
an increase in HSPC-like cells. (Fig. 5C; Supporting Information
Fig. S6D). Interestingly, fewer AHR–/– iPS-HSPCs were cKIT/
CD1171 compared with WT cells (Fig. 5C). D15 AHR–/– iPS-
HSPCs were also plated in multi-lineage CFU assays to ascertain
the hematopoietic potential of the AHR–/– cells compared with
WT. Notably, in comparison with WT, AHR–/– cells gave rise to
significantly more myeloid (macrophage, granulocyte, GM) colo-
nies per 104 cells seeded, while erythroid colony forming poten-
tial was unaffected. (Fig. 5D). These results suggest that AHR–/–

iPS-HSPCs harbor enhanced CFU potential compared with WT
cells likely due to the increased proportion of progenitor-type
(CD341) cells present in the AHR–/– cultures.

In addition to the genetic approach noted above, a potent
small molecule AHR inhibitor (CH-223191; CH) and a nontoxic
AHR activator (FICZ), were used to modify AHR activity during
differentiation in a stage-specific manner (Fig. 5A). To verify the
efficacy of these small molecules, qPCR for the AHR target
genes CYP1A1 and CYP1B1 was performed on D6 cells after 2
days of culture in control/1CH/1FICZ conditions. As expected,
CH led to the efficient downregulation of CYP1A1 and CYP1B1

levels (approx. a 110- and 20-fold drop compared with control
cells, respectively), while FICZ-treated cultures demonstrated a
marked increase in target gene expression (approximately eight-
and threefold, respectively) (Supporting Information Fig. S7A).
These small molecules were then used to dissect the timepoints
at which AHR activity impacts HSPC generation. Cells were
exposed to CH or FICZ at specific developmental stages (D4–5:
hem–endothelial mesoderm, D61: hemogenic endothelium
onwards, D41 onwards), and the hematopoietic output was
assessed by flow cytometry at D15. Neither CH or FICZ exposure
between D4 and D5 significantly impacted iPS-HSPC cultures. In
contrast, there were striking changes to the hematopoietic out-
put of the cultures which were treated with small molecules
from D6 onwards. In these assays, CH-treated cultures displayed
increased proportions of CD341CD451 cells (similar to the obser-
vations with AHR–/– cells), while treatment with FICZ had the
opposite effect, with a marked decrease in the production of
CD341CD451 cells (Fig. 5E). These results indicate that stage-
specific AHR repression from D6 onwards results in the increased
generation and/or maintenance of hematopoietic progenitor
cells in our iPS-HSPC differentiation system.

The mechanisms through which AHR inhibition/ablation
causes an increase in primary HSPC expansion, for example,
as observed in SR-1 treated human CB progenitor cells and
other experimental systems, are currently not well defined. In
the context of our iPS-HSPC system, we first asked whether
the increase in hematopoietic progenitor cells was due to an
increase in hematopoietic endothelial precursor cells which
are present in D8 cultures as CD341CD73-CXCR4- cells. Analy-
ses of D8 WT and AHR–/– adherent cultures by flow cytometry
showed no discernable change in the proportions of putative
hemogenic endothelial cells, which comprise approximately
4%–6% of the cell population at this timepoint (Supporting
Information Fig. S8A, S8B). Additionally, gene expression anal-
yses of D8 cultures for a panel of hematopoietic progenitor
markers at this timepoint indicated that gene expression was
unchanged in AHR ablated cultures, with the exception of
CYP1B1 (Supporting Information Fig. S8C). Next, we assessed
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whether the increase in iPS-HSPCs could be due to an
increased rate of proliferation by testing WT and AHR–/– sus-
pension hematopoietic cells in BrdU incorporation assays.

CD34 antibody-stained D16 HSPCs were assessed for BrdU
positivity after 18 hours of culture with BrdU substrate. We
observed that substantially more AHR–/– hematopoietic cells

Figure 5.
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were BrdU1, and that a greater proportion of the BrdU1 cells
were also CD341 compared with WT controls (Fig. 5F). These
results suggest that CD341 AHR–/– iPS-HSPCs display increased
proliferation rates compared with their WT counterparts, and
that it is this increase in proliferation within the hematopoi-
etic cell compartment, and not the hem–endothelial precursor
cells, that largely accounts for the increased number of suspen-
sion hematopoietic cells in AHR–/– cultures. Gene expression
analyses of WT and AHR–/– iPS-HSPCs reveal an approximate
twofold decrease in levels of cell-cycle inhibitor cyclin depen-
dent kinase inhibitor 1A (CDKN1A/P21) in the AHR–/– cells,
which may account for the increased proliferative rate.
Although it is currently unclear as to whether P21 is a direct
target of AHR signaling in early hematopoietic cells, studies
suggest a direct correlation between AHR signaling and P21
expression and functionality [58–60]. Finally, transcript levels of
another cell cycle inhibitor CDKN1B/P27 were similarly reduced
in WT and AHR–/– cells (Fig. 5G) – Notably, P27 has been
shown to be a direct target of AHR in other systems [60, 61].

DISCUSSION

While in vitro PSC-derived hematopoietic cells do not fully reca-
pitulate aspects of developmental to adult-type hematopoiesis,
transplantation studies with early mESC-derived mesoderm [62]
and undifferentiated hPSCs and stromal cells [63, 64] indicate
that both murine and human PSCs are functionally capable of
giving rise to engraftable, long-term HSPCs via currently unde-
fined mechanisms. In this study, we describe and characterize a
step-wise, serum-free cytokine-driven monolayer hiPSC-
differentiation protocol that leads to the robust formation of
hematopoietic progenitor cells with enhanced CFU potential
and adult globin expression within the erythroid compartment
in in vitro assays. This system is highly amenable to develop-
mental, stage-specific modulation of signaling and can be used
as a template in which to identify the molecular cues necessary
for adult-type blood cell production. Using small molecule
inhibitors, we demonstrate that Notch signaling, known to be
crucial for the emergence of the first definitive hematopoietic
cells in vivo but dispensable for primitive hematopoeisis, is nec-
essary within the hematopoietic mesodermal stage to drive the
downstream formation of iPS-derived hematopoietic progenitor

cells. Notch signaling is also required for the production of in
vitro Erys with enhanced levels of b-globin expression. We also
use this system to demonstrate that the AHR pathway plays a
stage-specific role in hematopoietic progenitor cell derivation,
and its modulation can be used to achieve increased numbers
of hematopoietic progenitor cells.

Throughout these studies, we harnessed our ability to pro-
duce both primitive and putative definitive wave cells from the
same parental iPSC lines to illustrate differences in signaling,
expression patterning, and functionality in produced populations.
As an example, increased levels of adult globin expression in the
iPS-HSPC derived Erys when compared with iPS-MEP derived
cells indicated that the iPS-HSPC differentiation system patterns
development toward the formation of definitive-type hematopoi-
etic progenitor cells. iPS-MEP-derived Erys are unable to upregu-
late b-globin in growth media where iHSPC-Ery cells can mature
into abundant BFU-e and CFU-e colonies. Importantly, it is
unknown whether increased b-globin transcripts within the
iHSPC-Ery population represent a pan- or heterocellular distribu-
tion and this can be ascertained using single cell-based analyses.

We also used our defined systems to examine signaling
pathways that impact definitive hematopoiesis. Notch signaling
is critically important for lineage commitment and stem cell
renewal, and it acts at multiple developmental and lineage-
specific stages of blood development. NOTCH1 and NOTCH2

are implicated in developmental and adult hematopoiesis and
act through multiple ligands including delta like (DLL) 1,3,4, Jag-
ged (JAG) 1,2 to trigger the expression of Notch target genes
such as HES and HEY that regulate cell fate, proliferation, and
maturation. In vitro, HES1 signaling via NOTCH1 has been iden-
tified as a key signaling event that drives early hematopoietic
commitment over endothelial cell fate from differentiating
hPSCs [65]. There is increasing evidence that the careful manip-
ulation of Notch signaling could be key to the in vitro deriva-
tion of definitive hematopoietic cells. Early, transient activation
of the Notch signaling pathway via exogenous DL1 exposure is
able to confer HoxB4-overexpressing mESC-derived HSPCs with
definitive, multilineage engraftment potential, including T-cell
and definitive erythroid potential [66]. Our stage-specific Notch
inhibition experiments revealed a requirement for early-stage
Notch signaling in the emergence of the iPS-HSPC population
with D4–5 being the critical time window in our system at
which Notch signaling is required for efficient EHT. In the Ery

Figure 5. Ablation of aryl hydrocarbon receptor (AHR) activity results in increased production of hematopoietic stem-progenitor cells
(HSPCs) from induced pluripotent stem cells. (A): Schematic diagram outlining the genetic and stage-specific small molecule approachs
to modulation of AHR activity during induced pluripotent stem (iPS)–HSPC development. (B): D15 iPS-HSPC suspension cell counts.
Genetic ablation of AHR activity results in an increase in hematopoietic cell formation. Error bars5 SD. Statistical significance deter-
mined by Student’s t test analysis; *, p� .05; **, p� .01. (C): Representative fluorescence-activated cell sorting (FACS) analyses of D15
wild-type (WT)/AHR–/– iPS-HSPC cultures. Increased proportions of AHR–/– hematopoietic cells are CD341CD451 compared with WT cul-
tures. cKIT1 cells are also decreased in AHR–/– cultures. Representative plots from four independent experiments. (D): AHR–/– iPS-HSPCs
display increased myeloid potential (macrophage and granulocyte lineages) in multi-lineage colony forming unit assays. Statistical signifi-
cance determined by Student’s t test analysis; *, p� .05; **, p� .01. (E): Representative FACS analyses of D15 control/CH/6-formylin-
dolo[3,2-b]carbazole (FICZ)-treated iPS-HSPC cultures. Inhibition of AHR (CH) from D61 leads to the maintenance of the
D15 CD341CD451 iPS-HSPC population, while the opposite is true when the AHR is activated (FICZ). Modulation of AHR activity
between D4–5 has no impact on iPS-HSPC formation. Representative plots from three independent experiments. (F): 50-Bromo-20-
deoxyuridine incorporation assays reveal that AHR–/– iPS-HSPCs display an increased proliferative rate compared with WT iPS-derived
cells. (G): Quantitative gene expression analyses reveal that the cell cycle regulator P21 (CDKN1A) is significantly downregulated in D15
AHR–/– hematopoietic cells. Results normalized to beta-actin. Statistical significance determined by Student’s t test analysis; *, p� .05;
**, p� .01. Abbreviations: 7-AAD, 7-Aminoactinomycin D; AHR, aryl hydrocarbon receptor; BrdU, 50-bromo-20-deoxyuridine; CFU, colony
forming unit; CH, CH223191; EHT, endothelial-to-hematopoietic transition; Ery, erythroid cell; FICZ, 6-formylindolo[3,2-b]carbazole;
GATA2; HSPC, hematopoietic stem-progenitor cell; iPSC, induced pluripotent stem cell; KO, knockout; G, granulocyte; GM, granulocyte–
macrophage; GEMM, granulocyte erythroid macrophage megakaryocyte; M, macrophage; RUNX1; SCL; WT, wild-type.
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compartment, Notch signaling is required at both early (D4–5)
and late stages (D61) for the formation of Erys that are com-
petent for b-globin gene expression. Expression levels of
embryonic and fetal globin are unaffected by the absence of
Notch. These results suggest that Notch may play a dual role in
the definitive erythroid lineage, with an early requirement for
formation of definitive hematopoietic progenitor cells, and pos-
sibly also a later role in the maintenance, expansion, or matu-
ration of these cells into definitive Erys. It has previously been
shown that Notch acts with erythropoietin to regulate levels of
b-globin gene expression in an in vitro murine system [67].
Additionally, conditional loss-of-function in vivo murine experi-
ments demonstrate that loss of both Notch1 and 2 has a nega-
tive impact on lineage commitment of adult HSPCs toward the
erythroid lineage, while megakaryocyte potential is increased
[68], suggesting a possible role for Notch in erythroid versus
megakaryocyte fate decisions in the adult MEP precursor. DGE
analyses of our D13 CD341 iPS-HSPCs revealed that Notch sig-
naling was not overall differentially regulated compared with
the primary FL or BM counterparts, suggesting that Notch is
not underrepresented in the iPS-derived cells at this timepoint.
Nevertheless, a transient increase in Notch signaling activation
during the critical D4–5 time frame of hemogenic mesodermal
development may further increase the definitive potential of
the iPS-HSPCs derived from our system.

Although the AHR signaling cascade is less characterized than
the Notch pathway in terms of its role in hematopoiesis, recent
studies highlight how manipulation of this receptor may enhance
the derivation of HSPCs from PSC sources. Unlike the Notch path-
way which is critically important at multiple stages of developmen-
tal hematopoiesis, full genetic ablation of AHR signaling leads to
relatively mild effects on adult hematopoiesis in murine models,
indicating that it is not a crucial signaling pathway for the genesis
or differentiation of hematopoietic cells. Indeed, loss of AHR
appears to promote CD341 LSK HSPC generation in a circadian
rhythm-dependent manner in young mice, although aged mice
demonstrate stem cell exhaustion [34, 35]. Inhibition of this path-
way in primary HSPCs has been shown to lead to the expansion
and maintenance of stem-like progenitor cells [36], and more
recently, there is evidence from the hPSC system that manipula-
tion of this pathway can also result in increased numbers of stem-
like hematopoietic cells. Our results indicate that genetic ablation
of AHR activity leads to the increased expansion and maintenance
of the iPS-derived HSPC population and the generation of approxi-
mately four times as many CD341CD451 progenitor cells in
AHR–/– cultures compared with WT. Complementary results using
small molecule AHR modulators reveal that inhibition of AHR from
D6 onwards is responsible for the increased proportions of
CD341CD451 cells [39, 40]. However, cell numbers and prolifera-
tive rates appear to be unaffected in contrast to results seen with
AHR–/– iPS-HSPC cultures (Supporting Information Fig. S7). It is
possible that the degree of AHR inhibition is not sufficient to fully
replicate a complete genetic KO. Alternatively, AHR inhibition may
be required at an earlier stage than D4 in our system to result in
the downstream HSPC proliferative effect. Unlike other studies
with AHR inhibitory compounds in the PSC system, we did not find
evidence that AHR inhibition or ablation results in the expansion
of hem–endothelial progenitor cell population [39, 40]. Instead,

our experiments show that the expansion observed in the AHR–/–

iPS-HSPC population is due to an increased proliferative rate within
this population, possibly due to the decreased transcriptional level
of G1–S phase cell cycle regulators CDKN1A/P21 and CDKN1B/P27.
We did not observe changes in the transcriptional globin profile of
control and AHR–/– or small molecule-treated cells, indicating that
perturbation of the AHR pathway during hematopoietic develop-
ment had no bearing on the generation or the properties of the
resultant erythroid lineage cells.

There is evidence in the literature that crosstalk between Notch
and AHR occurs in other cell systems, with a positive regulatory
relationship between these two pathways. The promoters of
Notch1 and Notch2 carry AHR-binding elements and both genes
are upregulated in the livers of AHR agonist (TCDD)-exposed mice
[69]. Notch effector HES1 is positively regulated by AHR in a mam-
mary carcinoma cell line [70] and in differentiating immortalized
megakaryocytes [71], while Notch pathway genes Notch1, Notch3
and Hes1 have been shown to be vastly downregulated in the male
reproductive organs of AhR–/– mice [72]. We examined the expres-
sion of AHR and Notch pathway genes in our signaling-perturbed
cells at D8–D15 and we did not observe gene expression changes
that suggested signaling crosstalk upon targeting of either pathway
(data not shown). This suggests a lack of crosstalk between AHR
and Notch at these stages of the iPS-HSPC system. Nevertheless,
our studies suggest that combinatorial modulation of both signaling
pathways during hematopoietic differentiation leads to the efficient
induction of definitive-lineage HSPCs from hPSCs.

CONCLUSION

In this study, we used an induced pluripotent stem cell (iPSC)-
based platform to demonstrate the critical, stage-specific roles
of two key signaling pathways, Notch and the Aryl Hydrocarbon
receptor, in the production of definitive blood cells. These results
have broad implications for hematopoietic stem cell transplanta-
tion (HSCT) and clinical translation of iPSC-derived blood cells.
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