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Abstract
Hematopoietic stem cells \(HSCs) emerge from hemogenic endothelium in the developing embryo.
Mechanisms behind human hematopoietic stem and progenitor cell development remain elusive. Using a
human pluripotent stem cell differentiation system, we show that cyclic AMP \(cAMP) induction
increases HSC-like cell frequencies. Furthermore, in hematopoietic progenitor and stem-like cells, cAMP
induction decreased the oxidative stress, created a redox-state balance, and enhanced C-X-C chemokine
receptor type 4 \(CXCR4) expression, thus benefiting the maintenance of these primitive cells. Our work
provides new strategies to upregulate hematopoietic cell generation, and advances the mechanistic
understanding of hematopoietic development towards developing transplantable human hematopoietic
cells for therapeutic purposes.

Introduction
Hematopoietic stem cells \(HSCs) replenish the blood cells throughout the lifetime of an individual, and
can be used for transplantation in patients to treat malignant and non-malignant blood disorders. The
urgent need to develop an alternative source of HSCs to matched adult donors, such as HSCs derived
in vitro from pluripotent stem cells, requires increased mechanistic understanding of HSC development.
Cyclic AMP-mediated regulation of adult hematopoiesis is described in studies showing that cAMP
increases CXCR4 expression and motility of hematopoietic progenitors 1, HSCs from Gsα-deficient mice
do not engraft 2, and Gsα-deficient osteocytes alter the BM niche, leading to defective hematopoiesis 3.
In human hematopoietic cells, prostaglandin E2 \(PGE2)-mediated cAMP activation increases human
cord blood engraftment potential 4, 5. Recently, cAMP was shown to regulate hematopoietic emergence
and homing in studies where cAMP was upregulated by adenosine in zebrafish and mouse 6, PGE2 in
zebrafish and mouse 7-10, and by shear stress in murine AGM 11. However, the role and mechanism of
cAMP signaling in regulating human developmental hematopoiesis has not been adequately studied, and
no study has been performed on the role of cAMP in the human hematopoietic developmental context.
Human pluripotent stem cells \(hPSCs), including human embryonic stem cells 12 and induced
pluripotent stem cells \(iPSCs) 13 provide an ideal in vitro model to recapitulate human hematopoietic
development. Recent studies have functionally demonstrated an endothelial precursor to blood \
(hemogenic endothelium) from hPSC differentiation cultures 14, 15, further establishing hPSCs as a
suitable model to study human hematopoietic cell development. However, the signals regulating
hemogenic endothelium and newly emergent HSCs in the human developmental context remain
unexplored. As cAMP-mediated regulation of human hematopoietic cell emergence is undefined, we
investigated the role of cAMP signaling in the development of hematopoietic progenitors from hPSCs.
Here, we demonstrate a methodology where cAMP induction during hPSC-to-hematopoietic
differentiation increases the frequency of cells with HSC-like surface phenotype. Using this strategy, we
further demonstrate that cAMP induction leads to decreased oxidative burden in the hematopoietic cells,
upregulates the anti-oxidant program, and enhances CXCR4 expression on hematopoietic cells.
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Reagents
**Human Pluripotent Stem Cell Culture**: Human iPSCs were cultured on irradiated mouse embryonic
fibroblasts in DMEM/Nutrient Mixture F-12 \(DMEM/F12) supplemented with 20% KnockOut-serum
replacement \(KO-SR), 2 mM L-glutamine, 0.1 mM non-essential amino acids, 0.1 mM 2-mercaptoethanol,
and 10 ng/ml basic fibroblast growth factor, all from Thermo Fisher Scientific. The cells were incubated
in a humidified incubator at 37°C and 5% CO2. **Embryoid Body Formation and Hematopoietic
Differentiation**: During suspension culture of Embryoid bodies, MesoTotal HPC/HSC Differentiation
System \(Primorigen Biosciences) was used to specify the EBs towards mesoderm. For adherent culture,
EBs were plated on 0.08 μg/mm2 Matrigel \(BD Biosciences), and differentiated towards hematopoietic
cells until day 14 in MesoTotal. Cyclic AMP induction was carried out using 10 μM forskolin \(Stemgent)
and 500 μM IBMX \(3-isobutyl-1-methylxanthine; Santa Cruz Biotechnology) at days 10 and 12 of
differentiation. **Colony Formation Assay**: CFU assay was performed using Methocult H4230 \
(STEMCELL Technologies) supplemented with 2.5 μg/ml human Stem Cell Factor, 2.5 μg/ml human
interleukin-3, 5 μg/ml human granulocyte-macrophage colony-stimulating factor, and 500 U/ml
erythropoietin, all recombinant human cytokines from PeproTech. For cells treated with forskolin or IBMX,
or a combination of both, similar treatment was continued in the CFU assay \(chemicals added to the
CFU medium on the first day of CFU assay), and after 12 days hematopoietic colonies were scored
microscopically to evaluate various CFU phenotypes. **Antibodies for flow cytometry**: The following
fluorophore-conjugated antibodies were used for flow cytometry: CD43-FITC \(catalog #555475, clone
1G10), CD45RA-V450 \(#560363, clone HI100), CD73-PE \(#550257, clone AD2), anti-VE-cadherin-PercpCy5.5 \(#561566, clone 55-7H1) \(all from BD Biosciences), and CD34-PE.Cy7 \(#343515, clone 581),
CD38-APC \(#303509, clone HIT2), CD90-PE \(#328110, clone 5E10), and CXCR4-BV421 \(#306517,
clone 12G5) \(all from BioLegend). To detect oxidative stress, we used CellROX Deep Red \(#C10422, Life
Technologies) according to the manufacturer's instructions. **RNA Isolation and qRT-PCR**: Total RNA
from cells was extracted using an RNeasy Micro Kit \(Qiagen) and 500 ng of total RNA was reverse
transcribed to cDNA using SuperScript III reverse transcriptase \(Life Technologies) according to the
manufacturer's instructions. qPCR was performed with gene-specific primers using SYBR GreenER qPCR
SuperMix \(Life Technologies) in a 7900HT Fast Real-Time PCR system \(Life Technologies).

Equipment
Flow cytometer equipped with multiple lasers, PCR machine, Quantitative PCR machine, Table top
centrifuge, Tissue culture plates and dishes, 70 µM cell strainers, 5 ml polypropylene round bottom tubes,
15 and 50 ml conical centrifuge tubes, Sterile plastic pipettes \(5, 10, 25 ml), Sterile micropipettes and
micropipettors, Hemocytometer, Tissue culture equipment, Incubator at 37°C with 95% air and 5% CO2,
Laminar flow hood or biological safety cabinet, Bright field microscope

Procedure
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**Plating Mouse embryonic fibroblasts \(MEFs):** • Irradiated MEFs from commercial sources or homemade MEFs can be used • MEF culture medium: DMEM-high glucose with 10% FBS • Plate MEFs on 0.1%
gelatin \(autoclaved, made in PBS) coated plates \(gelatin coating is done for 20 min at 37 0C) • Plating
density for 1 well of a 6-well plate is 0.2 x 106 MEFs per well, plating density for one 10 cm plate is 1 x
106 MEFs per plate **Human ES/iPS culture on irradiated MEFs** **ES cell medium:** DMEM/F12 \(#
11330-032, Gibco) containing 20% KO-SR \(# 10828-010, Gibco), 2 mM L-Glutamine \(# 35050-038), 0.1
mM non-essential amino acids \(# 11140-035), 0.1 mM beta-mercaptoethanol \(# 31350-010) \(all from
Life Technologies) and 10 ng/ml basic FGF \(R&D systems). **Culturing and splitting human ES cells on
MEFs:** • Mark differentiated and dark centered ES colonies, remove these colonies with aspirator, later
remove all media • Wash once with PBS • Add Collagenase type IV \(# 17104019, Life Technologies) at
final concentration of 1 mg/ml prepared in DMEM/F12 • Incubate the cells with Collagenase at 37 0C, 5
min • Aspirate collagenase, wash once with ES media • Add 1 ml ES media, scrape cells with scraper,
triturate gently thrice with a 1 ml pipette and distribute* equally on MEFs. *- After splitting, ES cells
become confluent usually in 6-7 days - ESCs from 1 well of a 6-well plate can make a full 6-well plate \
(1:6 split) - 1 well of a 6-well plate can give one 10 cm dish for EB making. **Embryoid body formation
and Hematopoietic Differentiation:** To obtain at least 8 wells of a 6-well plate during ES-to-blood
differentiation, four 10cm plates of ESCs are a good start. • Remove media from ESCs \(10 cm dishes),
wash once with PBS • Add Dispase, 5 ml / plate \(Dispase # 17105041, Life Technologies), at final
concentration of 0.5 mg/ml in DMEM/F12 • Incubate cells at 37 0C for 30 min \(tap the plate at every 10
min, 10 min, 5 min, 5 min) • Collect cells in a 50 ml tube • Add 15 ml DMEM/F12, let cells get washed and
sink • Wash one more time in the same way \(this removes Dispase) • Add 10 ml Mesototal to the cells •
Plate the detached ESCs in ultra-low attachment 10 cm dishes \(Corning), \(this is Day 0 of the blood
differentiation protocol) • Until Day 8, these EBs will be in suspension culture in Mesototal medium, for
mesoderm commitment. On Day 1 and 2, there will be complete media change \(100% Mesototal) to get
rid of dead cells and debris. On day 4 and 6, there will be 50% Mesototal media change to supply fresh
growth factors to the developing EBs. • At day 8, EBs are plated on 0.08 μg/mm2 Matrigel \(BD
Biosciences) in 6-well tissue culture plates and 50% Mesototal media was exchanged of fresh media on
day 10 and 12. Further differentiation toward hematopoietic cells was carried out until day 14 in
MesoTotal medium. **Cyclic AMP induction:** Application of fresh medium and cAMP induction with
10 μM forskolin \(Stemgent) and 500 μM IBMX \(3-isobutyl-1-methylxanthine; Santa Cruz Biotechnology)
was carried out at days 10 and 12 of differentiation. Forskolin specifically increases intracellular cAMP
levels by activating the catalytic subunit of adenylyl cyclase 16. IBMX is a phosphodiesterase \(PDE)
inhibitor that specifically prevents PDE-mediated dephosphorylation of cAMP to AMP 17. Thus, combining
forskolin with IBMX elevates intracellular cAMP by increasing cAMP production and preventing its
dephosphorylation. **EB harvest at D14 for FACS or CFU assay:** • Collect media with the EBs in 15 ml
tube, let the EBs sink and aspirate media • Wash EBs twice with 1 ml PBS • Add 1 ml Tryple \(# 12604013, Life Technologies), incubate 5 min, triturate 3 times • Another 5-8 min incubation, triturate 10 times,
collect cells • Add DMEM+10%FCS, wash and collect rest of the EBs • Add the collected cells/EBs slowly
in a 5 ml syringe fitted with a 21G needle \(BRAUN, Sterican, # 4665503; 0.80x50 mm, 21G x 2’’) • Pass
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through the syringe 4 times \(inclined to tube’s wall) • Push cells through cell strainer \(BD # 340632; 50
µm cup filcons) fitted on top of a new 15 ml tube • Flush the cell strainer with 3 ml PBS+2%FCS to collect
any remaining cells • Spin down, resuspend in 1 ml PBS+2%FCS, count cells • Proceed for FACS or CFU
assay

Timing
4-5 days: Regular time required for expansion of undifferentiated pluripotent stem cell colonies. D0 - D8 \
(8 days): Embryoid bodies in suspension culture. D8 – D14 \(6 days): Embryoid bodies in adherent
culture on matrigel, cell harvest and analysis on day 14. **Detailed timeline:** Day 0 - EB making day, in
100% mesototal Day 1 - Collect EBs, wash in media, change 100% mesototal Day 2 - Collect EBs, wash in
media, change 100% mesototal Day 3 Day 4 - Change 50% mesototal Day 5 Day 6 - Change 50%
mesototal Day 7 Day 8 - Plate EBs in 50% mesototal, on growth factor reduced Matrigel \(0.08 μg/mm2,
BD) coated 6-well plate or the desired format Day 9 Day 10 - Change 50% mesototal, and/or add
chemicals of choice Day 11 Day 12 - Change 50% mesototal, and/or add chemicals of choice Day 13 Day
14 - Harvest at D14 and FACS / CFU assay

Anticipated Results
1. Induction of cAMP using the combination of Forskolin and IBMX \(Figure 1A) increases the frequency
of human pluripotent stem cell-derived HSC-like cells by 3-fold \(Figure 1B - C). This upregulation is
achieved after the combined treatment of Forskolin and IBMX, as Forskolin induces a burst of cAMP in
the cells, while IBMX prevents the cellular phosphodiesterases \(PDE)-mediated degradation of cAMP.
Using Forskolin and IBMX on their own is not sufficient, as the cAMP produced after Forskolin treatment
can get degraded by PDEs, and IBMX alone can only prevent the degradation of basal levels of cAMP in
the cells by inhibiting cellular PDEs. 2. Cyclic AMP induction reduces oxidative stress in the hematopoietic
cells \(Figure 2A, B). 3. Cyclic AMP induction upregulates the global anti-oxidant response \(Figure 3). 4.
Cyclic AMP induction upregulates CXCR4 expression on pluripotent stem cell-derived hematopoietic cells
\(Figure 4A), and increases the total cell number resulting from the CFU assay \(Figure 4B).
http://dx.doi.org/10.1016/j.stemcr.2016.03.006 18.
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Figure 1
Induction of cAMP using a combination of Forskolin and IBMX increases the frequency of human
pluripotent stem cell-derived HSC-like cells. (A) Conditions and timeline applied to differentiate hPSCs
toward mesoderm commitment and hematopoietic differentiation. (B) Percentage of the hematopoietic
surface phenotypes obtained after cAMP induction. Data represent mean ± SEM of three independent
experiments. Statistical analysis was performed using the t test. Significance compared with the control
setting: *p < 0.05, ***p < 0.001; n.s., not significant. (C) Frequency of the putative HSC-like cells (in viable
fraction). Data represent mean ± SEM of three independent experiments. Statistical analysis was
performed using the t test. Significance compared with the control setting: ∗p < 0.05; n.s., not significant.
Figures from http://dx.doi.org/10.1016/j.stemcr.2016.03.006
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Figure 2
Cyclic AMP induction reduces oxidative stress in the hematopoietic cells. (A) Flow cytometric detection
of reactive oxygen species (ROS) using CellROX in differentiated hPSC-to-hematopoietic cells at day 14
of differentiation. Representative flow cytometry plots show ROS levels in the hematopoietic surface
phenotypes. FMO control, fluorescence-minus-one (staining control). (B) Quantification of geometric
mean fluorescence intensity (gMFI) of CellROX dye as indicated in (A). Data represent mean ± SEM of 3
independent experiments. Statistical analysis was performed using the t test. Significance is shown as
compared to the control setting: ∗p < 0.05, ∗∗p < 0.01; n.s., not significant. Figures from
http://dx.doi.org/10.1016/j.stemcr.2016.03.006
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Figure 3
Cyclic AMP induction upregulates the global anti-oxidant response. qRT-PCR expression analysis of
the indicated redox-state-regulating genes in PSC-derived hematopoietic cells. Relative expression of each
gene to housekeeping gene ACTB (β-ACTIN) was calculated, and mean fold change respective to control
condition (set at 1) is shown. Data represent mean ± SEM of 3 independent experiments. Statistical
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analysis was performed using the t test. Significance is shown as compared to the control setting: ∗p <
0.05, ∗∗p < 0.01; n.s., not significant. Figures from http://dx.doi.org/10.1016/j.stemcr.2016.03.006

Figure 4
Cyclic AMP induction upregulates CXCR4 expression on pluripotent stem cell-derived hematopoietic cells,
and invreases the total cell number resulting from colony assay. (A) Expression of CXCR4 across
indicated hematopoietic surface phenotypes. Data represent mean ± SEM of three independent
experiments. Statistical analysis was performed using the t test. Significance compared with the control
setting: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001; n.s., not significant. (B) Cell numbers obtained per well (per
1x104 seeded cells) after CFU assay. Data represent mean ± SEM of three independent experiments.
Statistical analysis was performed using the t test. Significance compared with the control setting: **p <
0.01, ***p < 0.001; n.s., not significant. Figures from http://dx.doi.org/10.1016/j.stemcr.2016.03.006.
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