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Pluripotent stem cell (PSC) differentiation in vitro represents a powerful and tractable

model to study mammalian development and an unlimited source of cells for regenera-

tive medicine. Within hematology, in vitro PSC hematopoiesis affords novel insights

into blood formation and represents an exciting potential approach to generate hemato-

poietic and immune cell types for transplantation and transfusion. Most studies to date

have focused on in vitro hematopoiesis from mouse PSCs and human PSCs. However,

differences in mouse and human PSC culture protocols have complicated the transla-

tion of discoveries between these systems. We recently developed a novel chemical

media formulation, expanded potential stem cell medium (EPSCM), that maintains

mouse PSCs in a unique cellular state and extraembryonic differentiation capacity.

Herein, we describe how EPSCM can be directly used to stably maintain human PSCs.

We further demonstrate that human PSCs maintained in EPSCM can spontaneously

form embryoid bodies and undergo in vitro hematopoiesis using a simple differentia-

tion protocol, similar to mouse PSC differentiation. EPSCM-maintained human PSCs

generated at least two hematopoietic cell populations, which displayed distinct tran-

scriptional profiles by RNA-sequencing (RNA-seq) analysis. EPSCM also supports gene

targeting using homologous recombination, affording generation of an SPI1 (PU.1)

reporter PSC line to study and track in vitro hematopoiesis. EPSCM therefore pro-

vides a useful tool not only to study pluripotency but also hematopoietic cell specifica-

tion and developmental-lineage commitment. © 2019 ISEH – Society for Hematology

and Stem Cells. Published by Elsevier Inc. This is an open access article under the CC

BY license. (http://creativecommons.org/licenses/by/4.0/)
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The in vitro derivation and stabilization of pluripotent

stem cells (PSCs) has afforded unprecedented insights

into early mammalian development [1,2]. With the ability

to form all embryonic germ layers, PSCs have been partic-

ularly important for studying human development where

direct investigation of embryogenesis is severely con-

strained. Within hematology, in vitro PSC hematopoiesis

has provided a powerful model to study early specification

events in hematopoietic cell formation as well as the dif-

ferent waves of developmental hematopoiesis that occur
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during embryogenesis [3,4]: the primitive wave, transient

definitive wave, and definitive wave [5,6]. In vitro PSC

differentiation has provided a tractable model to generate

and study the various embryonic hematopoietic precursors

[7], including investigation of the underlying molecular

programs driving blood formation. A major aim behind

these efforts has been to identify approaches to generate

PSC-derived hematopoietic stem cells (HSCs) to provide

an unlimited source for HSC transplantation, a curative

therapy for a range of hematologic diseases [3,8]. In vitro

PSC hematopoiesis is also being exploited to generate

other hematologic cell types for blood transfusion and cel-

lular immunotherapies [9,10], as well as to model vari-

ous hematologic diseases using patient-derived PSCs

[11−16].

One of the confounding issues in studying mamma-

lian PSC differentiation is the difference in the culture

conditions used for mouse and human PSCs. Mouse

PSCs are leukemia inhibitory factor (LIF) dependent

and are often cultured in “2iLIF” conditions (consisting

of Mapk/Erk inhibitor PD0325901, GSK3 inhibitor

CHIR99021, and LIF), which is thought to represent an

in vitro equivalent of the embryonic blastocyst stage

[17]. By contrast, most human PSC cultures are fibro-

blast growth factor (FGF) dependent (and LIF indepen-

dent), approximately equivalent to the later epiblast

stage (and mouse epiblast stem cells) [18]. Recently,

several laboratories have described derivation of LIF-

dependent human PSCs that represent a more naı̈ve-

like PSC state [19−23]. However, to date most human

PSC differentiation protocols start from FGF-dependent

cultures [3,24−26], whereas mouse PSC differentiation

protocols start from LIF-dependent cultures.

We recently developed a novel chemical media formu-

lation called Expanded Potential Stem Cell Medium

(EPSCM) [27,28], which combines inhibition of the

MAPK, Src, and WNT/Hippo/TNKS1/2 signaling path-

ways, a glycogen synthase kinase 3-b inhibitor, and LIF.

EPSCM maintained a relatively homogeneous population

of mouse stem cells with expanded differentiation potential

to both the embryonic and extra-embryonic lineages. Tran-

scriptionally, these expanded potential stem cells (EPSCs),

in addition to possessing a core pluripotency modulus, had

features in common with the four- to eight-cell stage pre-

implantation embryo. Here, we report that the EPSC media

(EPSCM) developed for mouse PSCs also supports human

PSC maintenance and that EPSCM-maintained PSCs can

differentiate into hematopoietic cell types.
Materials and methods

Human stem cell culture and reprogramming

Mouse EPSCs and human PSCs were cultured on mitomycin

C-inactivated SNL feeder cells (SNL76/7) in EPSCM
described previously [27,28]. Briefly, the media were com-

posed of DMEM/F-12 medium (Invitrogen), high glucose, no

glutamine, supplemented with 20% KnockOut serum replace-

ment (KSR; Invitrogen), nonessential amino acids (MEM

NEAA; Invitrogen), penicillin-streptomycin-glutamine (P/S/

G; Invitrogen), 0.1 mM 2-mercaptoethanol (Sigma-Aldrich),

103 U mL−1 human LIF (Merck Millipore), PD0325901 (Toc-

ris, 1 mM), CHIR99021 (Tocris, 3 mM), JNK Inhibitor VIII

(Tocris, 4 mM), SB203580 hydrochloride (Tocris, 10 mM), A-

419259 trihydrochloride (Santa Cruz, 0.3mM), and XAV939

(Sigma-Aldrich, 5 mM). For routine bulk culture passaging in

EPSCM, enzymatic dissociation with Accutase (Merck Milli-

pore) was used. For human PSCs, addition of Y27632 dihydro-

chloride (Tocris, 10 mM) was necessary to improve survival

during single cell passaging.

The import and use of human embryonic stem cells

(hESCs) were approved by the Steering Committee for the

UK Stem Cell Bank and by the Human Materials and Data

Management Committee (HMDMC) of the Wellcome Trust

Sanger Institute, Cambridge, UK. The hESC line, H1-ESC

(WA01) [29], was cultured on a layer of mitotically inacti-

vated mouse embryonic fibroblasts in hESC medium:

DMEM/F-12 medium (Invitrogen), high glucose, no gluta-

mine, supplemented with 20% KSR, MEM NEAA, P/S/G,

0.1 mM 2-mercaptoethanol (b-ME; Sigma-Aldrich), and

10 ng mL−1 FGF2 (Invitrogen). To convert hESCs to

EPSCM, individual hESCs were seeded on SNL76/7 feeder

cells in EPSCM at a low cell density (1£ 102 cells cm−2).

For piggyBac (PB) transposon-based six-factor reprogram-

ming of human dermal fibroblast cells (HDF) [30], transfection

was performed using an Amaxa machine (program U-020).

The DNA mixture for transfection of HDFs comprised 2.0 mg

of PB-TRE-hOCKS, 1.0 mg PB-TRE-RL, 1.0 mg PB-EF1a-

transposase, and 1.0 mg PB-EF1a-rtTA. The hOCKS and RL

were made with human complementary DNAs of OCT4,

cMYC, KLF4, SOX2, RARG, and LRH1 linked by 2A pepti-

des. After electroporation, HDFs cells were seeded in M15

media: KnockOut DMEM (Invitrogen), high glucose, no gluta-

mine, supplemented with 15% fetal bovine serum (FBS;

Hyclone), MEM NEAA, P/S/G, 0.1 mM b-ME (Sigma-

Aldrich), and 103 U mL−1 human LIF (Merck Millipore), sup-

plemented with ascorbic acid (Sigma, 50 mg mL−1) on mito-

mycin C-inactivated SNL76/7 feeder plates for 24 hours. From

the second day, transfected cells were cultured in M15 media

supplemented with vitamin C (50 mg/mL, Sigma) and doxycy-

cline (1.0 mg/mL, Clontech). When colonies emerged 10-

15 days after electroporation, the media was switched to

EPSCM for a further 6-8 days before picking.

For neural stem cell (NSC) episomal (integration-free)

six-factor reprogramming [30], BRC1019, a human fetal neu-

ral stem cell line (a gift from Dr. Colin Watts), was trans-

fected using an Amaxa machine (Lonza) (program A-033).

The DNA mixture for transfection of NSCs comprised

9.0 mg pCEP-EF1a-hOCK and 6.0 mg pCEP-EF1a-hRL, or

6.0 mg pCEP-EF1a-hOCK alone was used for successful

reprogramming because NSCs already express high levels

of endogenous SOX2. After electroporation, NSCs were

seeded in M15 media supplemented with vitamin C (50 mg/

mL, Sigma) on mitomycin C−inactivated SNL76/7 feeder

https://doi.org/10.1016/j.exphem.2019.07.003
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plates. The primary iPSC colonies were then processed as

above.

The human EPSCM PSC lines used in this study were EC2-

EPSCM (XX) and EC5-EPSCM (XX) (transgene independent

iPSCs derived from fetal NSCs using episomal six-factor reprog-

ramming), PB-EPSCM (XY) (iPSC derived from adult HDFs

using piggyBac transposon mediated transposition of the six-fac-

tor reprogramming constructs), and H1-EPSCM (XY) (con-

verted H1-ESCs).
In vitro human hematopoietic differentiation

Human PSCs maintained in EPSCM were differentiated when

50%−90% confluent and at least three passages after thaw-

ing. ESPCM was refreshed 3 hours before dissociation.

Human PSCs were washed once with PBS and dissociated

using Accutase for 5−10 minutes at 37˚C. The dissociation

was quenched by addition of 10£ the Accutase volume of

basal media (BM): DMEM/F12, 20% KSR, MEM NEAA, P/

S/G, 0.1 mM b-ME, and 10 mM Y27632. A single cell sus-

pension was generated by gentle pipetting. To deplete SNL

feeder cells, the cell suspension was transferred back onto

plates/dishes and incubated at 37˚C for 45 minutes. Unat-

tached PSCs were then gently removed from the plate and

pelleted at 300 g for 3 minutes. PSCs were resuspended at a

concentration of 1£ 105 cells/ml and 3 mL plated into Ultra-

Low Attachment 6-well plates (Corning) and allowed to form

embryo bodies (EBs) at 37˚C with 5% CO2 for 48 hours.

EBs were collected into 50 mL tubes and allowed to settle

by gravity before BM was removed. EBs were resuspended

in the same volume of human differentiation media: Knock-

Out-DMEM supplemented with 20% FBS (Hyclone; batched

tested for human EPSC differentiation), P/S/G, 0.1 mM

b-ME, 0.3 mg/mL human transferrin, and 0.3 mM ascorbic

acid (based on media composition described previously [31]).

EBs were replated back in the same Ultra-Low Attachment

6-well plates and incubated at 37˚C with 5% CO2, and media

replaced every 3−4 days. EBs up to 8 days in culture were

dissociated using TrypLE only, whereas EBs more than

8 days in culture were dissociated using collagenase type I

(Stem Cell Technologies) followed by TypLE to generate a

single cell suspension. Colony forming assays were per-

formed using H4435 Methocult (Stem Cell Technologies)

according to manufacturer’s instructions. Colony forming

units (CFUs) were counted based on visual identification of

CFU-M, CFU-G, CFU-GM, CFU-Mix, and BFUe.
Flow cytometry analysis

Cells to be stained with antibodies were first Fc-blocked using

purified anti-CD32/16 antibody (Biolegend), then stained with flu-

orophore-labeled antibodies (Supplementary Table E1, online

only, available at www.exphem.org) in fluorescence-activated cell

sorting (FACS) buffer (PBS supplemented with 2% heat-inacti-

vated FBS) for 30 minutes at 4˚C. Samples were washed twice

with FACS buffer and resuspended in 500 mL FACS buffer sup-

plemented with 0.5−1 mg/ml 40,6-diamidino-2-phenylindole

(DAPI; used as a viability stain) and analyzed on an LSRFortessa

cell analyzer (Becton Dickinson) using single antibody stains to

compensate. Flow cytometry results were analyzed using FlowJo

software.
Gene targeting

Targeting vectors used to generate the ROSA26-SA-H2B-Venus-

PGK-Puro and SPI1-2A-H2B Venus-EF1a-Puro reporter lines

were all made using Escherichia coli recombineering, as

described previously [32]. SA-H2B-Venus-PGK-Puro and 2A-

H2B-Venus-EF1a-Puro constructs were gifts from Dr. Manousos

Koutsourakis and Dr. Bill Skarnes, Sanger Institute. For targeting,

PSCs were washed with PBS and dissociated using Accutase.

After dissociation, cells were collected, counted, and resuspended

in EmbryoMax ES Cell Electroporation Buffer (Merck Milli-

pore). For one electroporation, 5 mg Cas9 expression vector

(George Church Lab, Addgene), 5 mg guide RNA expression

vector (George Church Lab, Addgene) and 10 mg of targeting

vector were mixed with 1£ 107 cells and electroporated with

Biorad Gene Pulser using a condition of 320 V, 250 mF.

After electroporation, the cells were plated onto SNL76/7

feeder plates in EPSCM supplemented 10 mM Y27632 for

24 hours. Puromycin (1.0 mg/mL) selection was performed

48 hours after electroporation. When drug-resistant colonies

emerged, the medium was switched to EPSCM for an addi-

tional 2 days before picking.

In vitro mouse hematopoietic differentiation

ESCs were differentiated using the EB formation method, as

described previously [33,34]. Colony forming assays were

performed using M3434 Methocult (Stem Cell Technologies)

according to manufacturer’s instructions.

Immunostaining and imaging

Cells were fixed in 4% paraformaldehyde/PBS solution, blocked

in PBS solution with 3% serum, 1% bovine serum albumin, and

0.1% Triton, and incubated with primary antibodies at 4˚C over-

night. Cells were rinsed and incubated with Alexa 488 or Alexa

594 conjugated secondary antibodies for 1 hour in the dark at

room temperature. Cells were counterstained with DAPI. Anti-

bodies used in this study are listed in Supplementary Table E2

(online only, available at www.exphem.org). Immunofluorescence

stained samples were examined with a Leica DM5000B micro-

scope equipped with narrow bandpass filters for Cy3.5, FITC,

and DAPI fluorescence. Images were captured via a monochrome

digital camera (ORCA-03G, Hamamatsu) and processed with the

SmartCapture software (Digital Scientific UK). Alternatively,

samples were examined with an Olympus IX81 microscope with

narrow bandpass filters for FITC, Cy3.5, and DAPI fluorescence.

Images were captured with a monochrome digital camera and

processed with Cell^D software.

Cell cycle analysis

Click-iT Plus EdU Alexa Fluor 647 Flow Cytometry Assay

Kit (Life Technologies, C10634) was used for cell cycle

analysis according to manufacturer’s instructions. EdU incor-

poration (Alexa Fluor 647 labeled anti-EdU antibodies) was

measured with DNA content (DAPI) in fixed and permeabi-

lized cells.

Quantitative reverse transcription polymerase chain reaction

Total RNA was isolated using the RNeasy Mini Kit (Qiagen) for

cultured cells. RNA was subsequently quantified and treated with

gDNA WipeOut to remove genomic DNA. Complementary DNA

http://www.exphem.org
http://www.exphem.org
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was prepared using the QuantiTect Reverse Transcription Kit

(Qiagen). TaqMan Gene Expression Assays (Life Technologies)

(Supplementary Table E3, online only, available at www.exphem.

org) and ABsolute Blue qPCR ROX Mix (ABgene) were used

for probe-based quantitative polymerase chain reaction (qPCR)

assays. All qPCR reactions were performed on the ABI 7900 HT

Sequence Detection System (Life Technologies). Gene

expression was determined relative to GAPDH using the DCt
method. Data are shown as the mean and standard deviation.

In vivo pluripotency assay by teratoma formation

All mouse experiments were performed in accordance with

the UK’s 1986 Animals and Scientific Procedures Act and

local institute ethics committee regulations. NSG mice were

subcutaneously injected with 5£ 106 PSCs in 100 mL PBS

containing 30% Matrigel in the dorsal flank (NOD.Cg-

Prkdcscid Il2rgtm1Wjl/SzJ, The Jackson Laboratory). Terato-

mas developed within 4−8 weeks. The mice were culled

using schedule 1 methods once the teratoma reached the

legal limit (1.2 mm2) as per Home Office guidelines. Terato-

mas were dissected and fixed in 10% buffered formalin phos-

phate for at least 24 hours before paraffin embedding,

sectioning, and hematoxylin-eosin staining. All slides were

evaluated by a histopathologist.

RNA-seq analysis

RNA-seq was performed using the SmartSeq2 protocol [35],

with an in-house pipeline described previously [36]. Fifty

cells were directly sorted into lysis buffer using an Influx

Cell Sorter (Becton Dickenson), and next-generation

sequencing using a HiSeq4000 at a depth of »4.5 million

reads/sample (with ~2.3 million reads mapped to exons).

Reads were aligned to human genome reference (hg19) using

GSNAP (parameters: −n 1 −Q −N 1) and reads overlapping

exons (ENSEMBL release 81) were counted using HTSeq.

Samples passed quality control based on number of mapped

reads, mappability, fraction of mitochondrial reads, and num-

ber of expressed genes. Differential expression was performed

using the DESeq2 package [37] using <0.05 false discovery

rate (FDR) and >1 log2(fold change) thresholds for pairwise

comparisons. To detect unique marker genes for each condi-

tion in Figure 3F, we performed differential expression of

each group against the remaining samples combined using

<0.1 FDR and > 0.5 log2(fold change) thresholds. Top 15

upregulated genes, based on adaptive t prior shrinkage [38] of

log2(fold change), are shown. Gene set enrichment analysis

was performed using EnrichR [39]. Data sets are available on

GEO (GSE130662).

Results

One of the notable differences between mouse PSCs

cultured in 2iLIF and EPSCM was a significant

increase in the number of bivalent chromatin domains

in EPSCM [27] (6224 vs. 3968). We noticed that this

included several hematopoietic transcription factor

gene loci [40], including Etv2, Fli1, Tal1, Gata2, and

Runx1 (Supplementary Figure E1A, online only, avail-

able at www.exphem.org). Based on this molecular sig-

nature, we hypothesized that EPSCM-cultured PSCs
may readily undergo in vitro hematopoiesis. Consistent

with this idea, 8-day EB differentiation of mouse

DR10 PSCs displayed greater hematopoietic cell com-

mitment when initiated from EPSCM than from 2iLIF

culture conditions (Supplementary Figure E1B, online

only, available at www.exphem.org). EPSCM-derived

EBs contained a higher proportion of blood cells than

2iLIF-derived EBs, including Ter119+ erythrocytes (»30%

vs. »3%; Supplementary Figure E1C, online only, avail-

able at www.exphem.org) and CD41+CD45+ mature defini-

tive hematopoietic cells (»2.5% vs. 0.2%; Supplementary

Figure E1D, online only, available at www.exphem.org).

Methylcellulose CFU assays further confirmed EPSCM-

derived EBs contained more hematopoietic progenitor cells

(HPCs), generating approximately twice as many CFUs

(Supplementary Figure E1E, online only, available at

www.exphem.org). Given the efficiency of this system to

generate hematopoietic cells from mouse EPSCs, we won-

dered whether the same approaches could be used to

develop a simple system to study human developmental

hematopoiesis in vitro.

To test this hypothesis, we first needed to establish

stable cultures for human ESCs/iPSCs in EPSCM.

Because mouse PSCs could be converted from 2iLIF to

EPSCM within several passages and because many of

the signaling pathways that are active in preimplanta-

tion embryos are conserved between mouse and human,

we initially attempted to convert the FGF-cultured

hESC line WA01 H1 [29,41] (here termed H1-FGF).

Dissociated H1-FGF were seeded in EPSCM on

SNL76/7 feeder cells at a low cell density, and approx-

imately 0.3% cells formed undifferentiated colonies

(Figure 1A). The remaining cells did not form colonies.

The colonies that formed could be subcloned and expanded

in EPSCM to establish stable cell lines. The converted H1

cells (H1-EPSCM) were dissociated to single cells for pas-

saging in the presence of a selective ROCK inhibitor and

could be expanded for more than 30 passages on SNL76/7

feeders. H1-EPSCM cells proliferated faster than H1-FGF

cells and had a shorter cell cycle time with more cells in

S phase and fewer cells in the G0-G1 phase (Figure 1B).

It is worth noting that we also attempted to convert the

H9 hESC line but without success (data not shown), sug-

gesting heterogeneity in convertibility of hESC lines.

These results are not unexpected because of the reported

heterogeneity of human PSC lines and their apparent state-

specific conversion potential [42−45]. However, we could

use PSC reprogramming to generate EPSCM-PSCs; we

established stable EPSCM lines from both episomal-based

six-factor reprogramming [30] of human neural stem cells

and PB transposon-based six-factor reprogramming of der-

mal fibroblast cells (Figure 1C-D).

Consistent with maintenance of pluripotency, all

EPSCM-cultured lines derived from episome-reprog-

rammed clones (EC), piggyBac-reprogrammed clones

http://www.exphem.org
http://www.exphem.org
http://www.exphem.org
http://www.exphem.org
http://www.exphem.org
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Figure 1. Generation of human PSCs in EPSCM. (A) Representative images of H1-FGF (left panel) or H1-EPSCM (right panel) PSC colonies

(scale bar = 50 mm). (B) Cell cycle analysis of H1-FGF and H1-EPSCM (passage 15 in EPSCM) PSCs. Data representative of three biological

replicates. (C) Graphical representation of the reprogramming strategy using episomal or piggyBac transposon vectors for PSC reprogramming

from neural stem cells (NSCs) and human dermal fibroblasts (HDFs), respectively. Primary colonies appeared after 10−15 days, at which time

the media was switched to EPSCM for an additional 6−8 days before picking. (D) Images of a primary PSC colony in EPSCM (left panel) and

established EC5-EPSCM PSCs (right panel) (scale bar = 100 mm). (E, F) Expression of pluripotency and lineage markers genes in H1-FGF, H1-

EPSCM, EC5-EPSCM, and PB-EPSCM PSCs. Parental HDFs and NSCs were used as control. Relative expression of these genes was normal-

ized to GAPDH. Data are mean § standard deviation. Data are representative of three biological replicates. (G) Immunostaining of H1-EPSCM

PSCs for the cell surface markers SSEA3, SSEA4, and Tra-181 and the pluripotency transcription factors OCT4, SOX2 and NANOG (scale

bar = 200 mm). (H) Spectral karyotype of H1-EPSCM and EC5-EPSCM PSCs at passage 12 and passage 15, respectively.
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PB, or H1-converted ESCs (H1), expressed pluripotency

genes (OCT4, SOX2, NANOG, STELLA, PRDM14, and

FGF4) at similar levels to H1-FGF PSCs (Figure 1E).
However, EPSCM PSCs displayed lower expression of

lineage markers (SOX1, PAX6, T, GSC, GATA6, and

SOX17) (Figure 1F). Immunostaining further confirmed

https://doi.org/10.1016/j.exphem.2019.07.003
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that EPSCM cultures expressed OCT4, SOX2, NANOG,

SSEA3, SSEA4, and TRA-1-81 (Figure 1G). Additionally,

spectral karyotyping demonstrated genetic stability of the

converted and reprogrammed EPSCM lines (Figure 1H).

We also functionally confirmed pluripotent differentiation

potential of human EPSCM cultures using in vivo teratoma

formation assays (Supplementary Figure E2A, online only,

available at www.exphem.org).

In human cultures, each inhibitor in the EPSCM was

necessary for the maintenance of the undifferentiated plu-

ripotent state. Quantitative gene expression after four pas-

sages minus each inhibitor indicated that each component

was essential to maintain the expression of pluripotency

related genes (OCT4, NANOG, SOX2) and/or to prevent

expression of differentiation-related genes (SOX1, PAX6,

GSC, T, GATA6, SOX17, CDX2) (Supplementary Figure

E2B, online only, available at www.exphem.org). As in

mouse EPSCs [27], the magnitude of effect was greatest

for inhibitors of WNT and Src signaling (Supplementary

Figure E2B, online only, available at www.exphem.org).

We also noted that CHIR99021 was important for the col-

ony forming potential of PSCs in EPSCM after single cell

dissociation (Supplementary Figure E2C, online only,

available at www.exphem.org).

We next assessed whether EB differentiation protocols

used for in vitro hematopoietic differentiation of mouse

PSCs could be simply applied to human EPSCM-cultured

PSCs. As mouse PSCs differentiate via EB formation from

a single cell suspension, we initially tested EB formation

by human EPSCM-cultured PSCs after single cell dissocia-

tion. Additionally, because mouse PSCs undergo in vitro

hematopoiesis without addition of recombinant cytokines,

we opted to test in vitro hematopoiesis in a simple media

composed of KO-DMEM supplemented with FBS, trans-

ferrin, ascorbic acid, and 2-mercaptoethanol. However, few

EBs formed when we directly transferred PSCs from

EPSCM into differentiation media (data not shown). We

therefore opted to initially generate EBs in the basal

EPSCM (DMEM/F-12 + 20% KSR) supplemented with

ROCK inhibitor for 48 hours before transfer to FBS-based

differentiation media (Figure 2A), with media refreshed

every three days to maintain the EBs (Figure 2B). By the

EB day 4 timepoint, KDR− and KDR+ cell populations

could be resolved (Figure 2C-D), indicating EBs contained

mesodermal committed cells [3]. At this time point, 49%-

84% of cells were KDR+ (Figure 2C), a subset of which

coexpressed CD140a (Figure 2D).

To initially assess hematopoietic cell formation, we

focused on EB day 14, at which time we could detect 5%

−17% cells expressing the pan-hematopoietic cell marker

CD43 [46] (Figure 2E), with a subset coexpressing the

endothelial and stem/progenitor marker CD34 [47]. Within

the CD43+ population, distinct subsets could be resolved

using hematopoietic cell markers CD41 and CD45; a

CD41−CD45− population, a CD41+CD45− population
(which coexpressed CD235a), and a CD41−CD45+ popula-

tion (Figure 2F). In human developmental hematopoiesis

[4,48] the CD41+CD235a+ population has been described as

a transient definitive wave of hematopoietic erythromyeloid

progenitors (EMPs). By contrast, the CD34+CD45+ com-

partment has been suggested to represent definitive wave

hematopoiesis [46,47,49]. As CD43 has been suggested to

be the first marker of hematopoietic commitment, the

CD43+CD41−CD45− likely represented early-stage com-

mitting hematopoietic cells.

To further characterize human hematopoiesis from

EPSCM-maintained PSCs, we performed flow cytome-

try analysis for hematopoietic cell markers up to day

20 (Figure 2G-H). During EB differentiation, CD43+

cells could be identified at day 8, although at low fre-

quencies. The first phenotypic hematopoietic cell types

identified were CD43+CD41−CD45− and CD43+CD41+

cells (Figure 2G-H), with CD43+CD45+ cells apparent

from day 14 (Figure 2F-H). The percentage of CD43+

cells continued to rise after day 14, reaching »20% by

days 16-20 (Figure 2F-H). Additionally, consistent with

the maturation of hematopoietic cells within the EB,

by day 20 a subset of CD41+ cells started to coexpress

CD45, and CD43+CD45+CD11b+ cells could also be

identified (Supplementary Figure E3, online only,

available at www.exphem.org).

We next investigated hematopoietic colony assay

potential during EB differentiation (Figure 2I-J). With

the EC-EPSCM PSCs, hematopoietic CFUs could be

initially identified from day 10, but highest frequencies

of CFUs were identified at day 14 and 16, correlating

with the percentage of CD43+ cells. Similar timing of

CFUs was also from the H1-EPSCM PSCs (Figure 2J),

although the frequency was approximately half of the

EC-EPSCM−derived EBs.

Having validated a simple protocol to study human

hematopoiesis from EPSCM-maintained PSCs, we next

characterized the hematopoietic cell types generated at the

transcriptional level by performing RNA-seq (Figure 3A).

To better understand the differences between the phenotypi-

cally distinct CD43+ hematopoietic progenitor cell subpopu-

lations at day 14, we performed RNA-seq (50 cells/sample)

on the putative EMPs CD43+CD34+CD41+CD235a+ cells

(termed D14EMP) and putative definitive-wave CD43+

CD34+CD41−CD45− cells (termed D14HC) (Supplementary

Figure E4, online only, available at www.exphem.org).

Additionally, to further assess their respective lineage differ-

entiation trajectory, we also performed RNA-seq on cells

from day 20 EBs, the CD43+CD41+CD45+ cells (termed

D20EMP) and CD43+CD41−CD45+CD11b+ cells (termed

D20HC) (Supplementary Figure E4, online only, available

at www.exphem.org).

To initially assess the relationship between these

cell samples, we performed principal component analy-

sis (Figure 3B). Sample replicates formed distinct

http://www.exphem.org
http://www.exphem.org
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Figure 2. EPSCM PSC differentiation models human hematopoiesis in vitro. (A) Schematic of EPSCM PSC differentiation protocol. Human PSCs cul-

tured in EPSCM were dissociated into a single cell suspension for EB formation in basal media (BM) consisting of DMEM/F-12 plus 20% KSR supple-

mented with ROCK inhibitor (ROCKi) at 1£ 105 cell/mL. After 48 hours, EBs were collected and transferred into human differentiation media (HDM)

consisting of Knockout-DMEM plus 20% FBS, transferrin, ascorbic acid, and 2-mercaptoethanol. (B) Example image of EBs generated from EPSCM-

maintained PSCs. (C) Percentage of KDR+ cells within day 4 EBs generated from PB-EPSCM, EC-EPSCM, and H1-EPSCM lines using the differentiation

strategy described in A. Each dot represents an individual differentiation (n = 8). (D) Example flow cytometry plot displaying expression of KDR and

CD140a in day 4 EBs, for differentiations described in B. (E) Percentage of CD43+ cells within day 14 EBs generated from PB-EPSCM, EC-EPSCM,

and H1-EPSCM lines using the differentiation strategy described in A. Each dot represents an individual differentiation (n = 14). (F) Example flow cytome-

try plot displaying expression of CD43 and CD34 (left), CD41 and CD45 (middle), and CD41 and CD235a (right) in day 14 EBs, for differentiations

described in E. (G) Percentage of CD43+ subsets between EB day 4 and 20, derived from EC-EPSCM cells using the method described in A. Representa-

tive of two biological replicates. (H) Percentage of CD43+ subsets between EB day 4 and 20, derived from H1-EPSCM cells using the method described

in A. Representative of two biological replicates. (I) Average number of CFUs from 50,000 EC-EPSCM-derived EB cells between day 8 and 20. Average

of triplicates § standard deviation. Representative of two biological replicates. (J) Average number of CFUs from 50,000 H1-EPSCM−derived EB cells

at day 14 and 16. Average of triplicates § standard deviation. Representative of two biological replicates.
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clusters and separated from each other by cell type,

indicating that these populations were molecularly dis-

tinct. Importantly, the pluripotency TFs that were

highly expressed in EPSCM (Figure 1E) were essen-

tially undetectable in all samples (Figure 3C). Instead,

all cell types highly expressed hematopoietic markers

and TFs [40], although lineage-specific genes, such as

GATA1, GFI1, and MPL, were differentially expressed

between cell types (Figure 3C). Although we sorted on

surface protein level expression of CD34, the D14EMP

and D14HC populations expressed lower levels of

CD34 at the messenger RNA (mRNA) levels. These

results indicate that these populations may be in the

process of differentiation (and associated downregula-

tion of CD34 gene expression). By contrast, CD45
mRNA expression could be identified in D14EMP

(which were negative for CD45 based on surface pro-

tein expression), consistent with their differentiation

trajectory into mature CD45+ hematopoietic cells. Of

the samples collected, only D20HC expressed IL7R and

none expressed FLT3 (Figure 3C), suggesting these

phenotypic populations lacked lymphoid potential.

Together, these data confirm the hematopoietic com-

mitment during this simple PSC differentiation and are

consistent with the notion that these populations repre-

sent distinct cell types.

HOX gene expression has been recently reported to dis-

tinguish yolk sac−like developmental hematopoiesis from

aorta-gonad-mesonephros−like developmental hematopoie-

sis [4,50,51]. Similar to other in vitro hematopoietic

https://doi.org/10.1016/j.exphem.2019.07.003


Figure 3. Transcriptional characterization of human EPSCM-derived hematopoietic cells. (A) Schematic of human PSC differentiation from

EPSCM into EBs and cell populations sorted for RNA-seq analysis from day 14 and day 20 EBs. For each cell population, a total of 50 cells

were sorted per RNA-seq sample. Five RNA-seq samples were processed per cell type. (B) Principal component analysis of the RNA sequencing

of the four cell populations (five replicates per population) described in A. (C) Heatmap displaying the mean gene expression of various pluripo-

tent and hematopoietic genes (display as Log2[normalized counts] from the RNA-sequencing analysis. (D) Log2(normalized counts) RNA-seq

gene expression of HOXA and HOXB cluster genes within RNA-seq data sets from A. Data are mean § standard deviation from five samples

per cell type. (E and F) Bar graphs displaying p values from Enrichr analysis [39] for the top 250 differentially expressed genes between

D14EMP and D14HC samples within Human Cell Atlas (gray bars) and Reactome 2016 (black bars) annotated gene sets. (D) Enrichment for

genes upregulated in D14EMP. (E) Enrichment for genes upregulated in D14HC. (G) Heatmap displaying gene expression of the 15 most

uniquely upregulated genes for each cell type within each sample. Gene expression displayed as display as Log2(normalized counts), as in C.
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Figure 4. Gene editing in EPSCM affords development of reporter lines. (A) Schematic of the human ROSA26 gene locus and knock-in strategy

to insert a Splice Acceptor−H2B−Venus−PGK−Puro cassette by homologous recombination. (B) Representative image of Venus expression

from a correctly targeted EPSCM PSC line. Of the 15 clones derived from this gene targeting, 7 were correctly targeted. (C) Schematic of the

human SPI1 last exon and knock-in strategy to insert a T2A-H2B-Venus-pEF1a-Puro cassette by CRISPR/Cas9-mediated homologous recombi

nation. (D) Representative flow cytometry plots for Venus expression from SPI1-T2A-H2B-Venus EPSCM (clone 8) PSC-derived EBs at day

16. (E) Representative flow cytometry plots for Venus expression from SPI1-T2A-H2B-Venus EPSCM (clone 8) PSC-derived EBs at day 20

(F) Representative flow cytometry histogram for Venus expression within the CD41+ (in red) and CD45+ (in gray) within the CD43+Venus+ pop

ulation, as in E, from SPI1-T2A-H2B-Venus EPSCM (clone 8) PSC-derived EBs at day 20. (G) Quantification of fluorescence intensity (MFI) o

Venus expression from F. Data are mean § standard deviation from three biological replicates. Statistically significant changes (Student’s t test

denoted by ** p < 0.01.
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protocols [4,50], all our cell populations expressed several

HOXB cluster genes but lacked expression of the HOXA

gene cluster (Figure 3D). These results suggest that our

EB hematopoietic differentiation likely mimics yolk sac

−like hematopoiesis. We also evaluated expression of a

gene set previously identified by Ng et al. [50] as enriched

within in vitro PSC-derived hematopoietic cells. We found

that the majority, although not all, of these genes were

also expressed within our cell populations (Supplementary

Figure E4B, online only, available at www.exphem.org).

These results suggest that the hematopoietic cell types gen-

erated by our approach are not so dissimilar to those gen-

erated by other PSC differentiation protocols.

To further characterize the cell identity of the sorted

cell types, we performed differential gene expression

analysis (using a stringent cutoff of FDR at 0.05 and a

log2 fold change of >1). This identified 3,429 differen-

tially expressed genes between the EMP and definitive

day 14 populations, whereas only 230 differentially

expressed genes between the EMP and definitive day

20 populations (Supplementary Tables E4 and E5,

online only, available at www.exphem.org). These

results highlight the distinct transcriptional programs

operating within different hematopoietic cell types.

Gene ontology enrichment analysis (using the top 250

differentially upregulated genes at day 14) identified

enrichment of platelet and erythrocyte lineage-associ-

ated gene sets in the D14EMP cells (Figure 3E) and

enrichment of myeloid/immune-response gene sets in

the D14HC cells (Figure 3F). Finally, we searched for

unique gene markers within each cell type. This identi-

fied erythroid-related genes highly expressed in

D20EMP such as GYPA and GYPB, although they were

also found at lower levels in D14EMP and D20HC sam-

ples (Figure 3G). Interestingly, lymphoid-related genes

were also identified in D20HC (e.g., CD3G, CD3D). These

results suggest that, as seen during in vivo development

[52], CD11b expression may not be restricted to the mye-

loid lineage. Taken together, these results validate the

hematopoietic identity of EPSCM-derived cells.

Finally, to expand the utility of our EPSCM differentia-

tion protocol to study human hematopoiesis, we sought to

validate gene targeting strategies for generation of reporter

PSC lines. To initially assess the efficiency of homologous

recombination in human EPSCM cultures, a splice accep-

tor−H2B−Venus cassette was targeted to ROSA26

(Figure 4A; Supplementary Figure E5A, online only, avail-

able at www.exphem.org). The single-cell cloning effi-

ciency of human PSCs in EPSCM afforded simple clonal

expansion of homogenous clones and fluorescence imaging

identified a correct targeting efficiency of 47%

(Figure 4B). We also exploited the CRISPR/Cas9 system

[53] to generate reporter knock-ins in less-permissive gene

loci. To expand the utility of EPSCM for studying hemato-

poiesis, we created a hematopoietic cell commitment
reporter line by knocking in a T2A-H2B-Venus reporter

into the stop codon of the SPI1 gene (Figure 4C; Supple-

mentary Figure E5B, online only, available at www.

exphem.org). We have previously found that SPI1 expres-

sion marks hematopoietic cell commitment in mouse

developmental hematopoiesis [33]. Of the nine colonies

expanded from this gene targeting, two clones (clones 4

and 8) had correct knock-in (22%) and displayed Venus

expression after EB differentiation (Supplementary Figure

E5C−D, online only, available at www.exphem.org). How-

ever, Sanger sequencing of the untargeted SPI1 allele iden-

tified a 42 bp deletion at the Cas9/sgRNA target site in

clone 4 (Supplementary Figure E5E, online only, available

at www.exphem.org). We therefore focused further analy-

sis on clone 8, which retained a wild-type allele.

To validate this SPI1 reporter cell line, we determined

Venus expression in the various cell populations generated

at EB day 16. Consistent with the hematopoietic-restricted

expression pattern of SPI1, Venus expression was identi-

fied in the majority of CD43+ cells, including CD41 and

CD45 populations (Figure 4D). Although Venus expression

was seen in some CD34+ cells, likely hematopoietic com-

mitting cells, expression was excluded from the CD34hi

CD43− cell population (Figure 4D), consistent with the

described endothelial identity of this population [3]. Venus

expression was similarly localized to the CD43+ population

at EB day 20 (Figure 4E). Interestingly, within this popula-

tion, higher Venus expression could be found in the

CD45+ subset compared with the CD41+ subset

(Figure 4F), with an average of twofold more Venus fluo-

rescence (Figure 4G). This differed to the similar mRNA

level expression of SPI1 in our RNA-seq analysis, suggest-

ing post-transcriptional regulation may be regulating cell

type−specific SPI1 expression levels [54]. We therefore

conclude that gene targeting in EPSCM-cultured PSCs pro-

vides an easy strategy to generate reporter lines to study

developmental lineage commitment and/or systems to opti-

mize generation of specific cell types.

Discussion

Here we have reported that EPSCM developed for

mouse EPSC culture can also be used to stably main-

tain human PSCs. Moreover, we have found that

human PSCs maintained in EPSCM differentiate into

hematopoietic cells using a simple EB differentiation

approach. These results mimicked our findings with

mouse EPSCs (Supplementary Figure E1, online only,

available at www.exphem.org). Epigenomic analysis

identified significantly more bivalent domains within

mouse EPSCs (vs. 2iLIF PSCs), including several

hematopoietic-related TFs. Future studies are needed to

assess whether similar changes are found during the

conversion of human FGF-PSCs into EPSCM-PSCs.

A key difference between the human EPSCM-PSC EB

differentiation protocol described here and standard human
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FGF-PSC EB differentiation protocols is that this EB for-

mation protocol initiates from a single cell suspension of

PSCs, rather than PSC clumps (or reaggregations)

[31,47,55]. However, similar to traditional human PSC in

vitro differentiation protocols [31,47], our new differentia-

tion system appears to mimic developmental yolk sac

hematopoiesis. We envisage that the cytokine-free differen-

tiation platform described here will provide the basis to

optimize the generation and expansion of PSC-derived

blood and immune cell types.

To expand the utility of EPSCM, we have also found

that similar to mouse [27], human PSCs cultured in

EPSCM also undergo homologous recombination and

afford generation of transgenic PSC lines. The efficiency

of single cell cloning in EPSCM adds to the ease of gener-

ating gene-targeted PSC lines using this approach. We

believe this is a major advantage of the protocol described

here. As proof of concept for this, we generated a SPI1-

2A-Venus reporter line as a tool to study human hemato-

poiesis. A future application of this reporter line will be

the screening for factors that alter the frequency of Venus+

cells. Together, these tools provide a useful toolkit to inter-

rogate the biological networks regulating mammalian cell

identity and fate decisions [56].

Conclusions

We have validated EPSCM for the maintenance of human

ESCs and iPSCs and found that EPSCM affords spontane-

ous in vitro developmental hematopoiesis in simple differ-

entiation conditions as well as gene targeting to generate

reporter PSC lines. We hope that this platform provides a

useful toolkit to study human developmental hematopoie-

sis. This study also suggests that differentiation analysis

of other recently described human PSC culture conditions

[19−23] is warranted. Our results suggest that there may

be practical advantages of using these new human PSC

cultures over traditional human PSC cultures, both for

studying developmental hematopoiesis and for in vitro

blood cell production.

Acknowledgments

We thank colleagues of RSF (Paul Green, Nick Har-

man, and others), Yvette Hooks, Sequencing (Natalie

Smerdon) and FACS core facilities (Bee Ling Ng and

Jennifer Graham) at the Sanger Institute, Cambridge,

UK, as well as the FACS core facilities at the Cam-

bridge Institute for Medical Research. We thank Dr.

Colin Watts (Cambridge Brain Repair Centre), Dr.

Manousos Koutsourakis, and Dr. Bill Skarnes (Sanger

Institute) for reagents. PL thanks Professors Mike

Stratton, Allan Bradley, Neal Copeland, Nancy Jenkins,

and James Lupski for their encouragement in these

experiments.

The Genome Research Limited has filed a provi-

sional patent application that covers the derivation and
maintenance of expanded potential stem cells (Euro-

pean Patent Application No. 15797300.9-1402). PL,

DJR, WW, and JY are listed as inventors. DJR is a

recipient of the Wellcome Trust Clinical PhD Fellow-

ship for Academic Clinicians. ACW is supported by an

LLS Special Fellowship (3385-19). PL’s laboratory is

supported by the Wellcome Trust (Grant No. 098051).

BG’s laboratory is supported by Bloodwise, Cancer

Research UK, the Wellcome Trust, the Medical

Research Council, National Institutes of Health−
National Institute of Diabetes and Digestive and Kid-

ney Diseases, and core funding from the Wellcome

Trust and Medical Research Council to the Cambridge

Stem Cell Institute.
References
1. Nichols J, Smith A. Naive and primed pluripotent states. Cell

Stem Cell. 2009;4:487–492.

2. Hackett JA, Surani MA. Regulatory principles of pluripotency:

from the ground state up. Cell Stem Cell. 2014;15:416–430.

3. Slukvin II. Hematopoietic specification from human pluripotent stem

cells: current advances and challenges toward de novo generation of

hematopoietic stem cells. Blood. 2013;122:4035–4046.

4. Ivanovs A, Rybtsov S, Ng ES, Stanley EG, Elefanty AG, Med-

vinsky A. Human haematopoietic stem cell development: from

the embryo to the dish. Development. 2017;144:2323–2337.

5. Dzierzak E, Speck NA. Of lineage and legacy: the development

of mammalian hematopoietic stem cells. Nat Immunol. 2008;9:

129–136.

6. Orkin SH, Zon LI. Hematopoiesis: an evolving paradigm for

stem cell biology. Cell. 2008;132:631–644.

7. Slukvin II, Uenishi GI. Arterial identity of hemogenic endothelium: a

key to unlock definitive hematopoietic commitment in human plurip-

otent stem cell cultures. Exp Hematol. 2019;71:3–12.

8. Murry CE, Keller G. Differentiation of embryonic stem cells to

clinically relevant populations: lessons from embryonic develop-

ment. Cell. 2008;132:661–680.

9. Bernareggi D, Pouyanfard S, Kaufman DS. Development of

innate immune cells from human pluripotent stem cells. Exp

Hematol. 2019;71:13–23.

10. Montel-Hagen A, Crooks GM. From pluripotent stem cells to T

cells. Exp Hematol. 2019;71:24–31.

11. Elbadry MI, Espinoza JL, Nakao S. Disease modeling of bone

marrow failure syndromes using iPSC-derived hematopoietic

stem progenitor cells. Exp Hematol. 2019;71:32–42.

12. Karagiannis P, Yamanaka S, Saito MK. Application of induced

pluripotent stem cells to primary immunodeficiency diseases.

Exp Hematol. 2019;71:43–50.

13. Dannenmann B, Zahabi A, Mir P, et al. Human iPSC-based

model of severe congenital neutropenia reveals elevated UPR

and DNA damage in CD34. Exp Hematol. 2019;71:51–60.

14. Turhan A, Foudi A, Hwang JW, Desterke C, Griscelli F, Benna-

ceur-Griscelli A. Modeling malignancies using induced pluripo-

tent stem cells: from chronic myeloid leukemia to hereditary

cancers. Exp Hematol. 2019;71:61–67.

15. Chao MP, Majeti R. Induced pluripotent stem cell modeling of

malignant hematopoiesis. Exp Hematol. 2019;71:68–76.

16. Papapetrou EP. Modeling myeloid malignancies with patient-

derived iPSCs. Exp Hematol. 2019;71:77–84.

17. Ying QL, Wray J, Nichols J, et al. The ground state of embry-

onic stem cell self-renewal. Nature. 2008;453:519–523.

http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0001
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0001
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0002
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0002
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0003
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0003
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0003
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0004
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0004
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0004
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0005
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0005
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0005
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0006
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0006
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0007
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0007
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0007
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0008
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0008
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0008
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0009
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0009
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0009
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0010
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0010
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0011
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0011
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0011
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0012
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0012
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0012
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0013
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0013
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0013
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0014
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0014
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0014
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0014
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0015
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0015
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0016
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0016
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0017
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0017
https://doi.org/10.1016/j.exphem.2019.07.003


12 A.C. Wilkinson et al. / Experimental Hematology 2019;76:1−12
18. Yu J, Thomson JA. Pluripotent stem cell lines. Genes Dev. 2008;22:

1987–1997.

19. Gafni O, Weinberger L, Mansour AA, et al. Derivation of novel

human ground state naive pluripotent stem cells. Nature. 2013;504:

282–286.

20. Chan YS, G€oke J, Ng JH, et al. Induction of a human pluripotent

state with distinct regulatory circuitry that resembles preimplan-

tation epiblast. Cell Stem Cell. 2013;13:663–675.

21. Ware CB, Nelson AM, Mecham B, et al. Derivation of naive human

embryonic stem cells. Proc Natl Acad Sci USA. 2014;111:

4484–4489.

22. Theunissen TW, Powell BE, Wang H, et al. Systematic identifi-

cation of culture conditions for induction and maintenance of

naive human pluripotency. Cell Stem Cell. 2014;15:471–487.

23. Takashima Y, Guo G, Loos R, et al. Resetting transcription fac-

tor control circuitry toward ground-state pluripotency in human.

Cell. 2014;158:1254–1269.

24. Moreno-Gimeno I, Ledran MH, Lako M. Hematopoietic differ-

entiation from human ESCs as a model for developmental stud-

ies and future clinical translations. Invited review following the

FEBS Anniversary Prize received on 5 July 2009 at the 34th

FEBS Congress in Prague. FEBS J. 2010;277:5014–5025.

25. Kardel MD, Eaves CJ. Modeling human hematopoietic cell

development from pluripotent stem cells. Exp Hematol. 2012;40:

601–611.

26. Sturgeon CM, Ditadi A, Clarke RL, Keller G. Defining the path

to hematopoietic stem cells. Nat Biotechnol. 2013;31:416–418.

27. Yang J, Ryan DJ, Wang W, et al. Establishment of mouse

expanded potential stem cells. Nature. 2017;550:393–397.

28. Yang J, Ryan DJ, Lan G, Zou X, Liu P. In vitro establishment

of expanded-potential stem cells from mouse pre-implantation

embryos or embryonic stem cells. Nat Protoc. 2019;14:350–378.

29. Thomson JA, Itskovitz-Eldor J, Shapiro SS, et al. Embryonic stem cell

lines derived from human blastocysts. Science. 1998;282:1145–1147.

30. Wang W, Yang J, Liu H, et al. Rapid and efficient reprogram-

ming of somatic cells to induced pluripotent stem cells by reti-

noic acid receptor gamma and liver receptor homolog 1. Proc

Natl Acad Sci U S A. 2011;108:18283–18288.

31. Chadwick K, Wang L, Li L, et al. Cytokines and BMP-4 pro-

mote hematopoietic differentiation of human embryonic stem

cells. Blood. 2003;102:906–915.

32. Kauts ML, De Leo B, Rodr�ıguez-Seoane C, et al. Rapid mast

cell generation from Gata2 reporter pluripotent stem cells. Stem

Cell Reports. 2018;11:1009–1020.

33. Wilkinson AC, Kawata VK, Sch€utte J, et al. Single-cell analyses

of regulatory network perturbations using enhancer-targeting

TALEs suggest novel roles for PU.1 during haematopoietic spec-

ification. Development. 2014;141:4018–4030.

34. Wilkinson AC, Goode DK, Cheng YH, et al. Single site-specific inte-

gration targeting coupled with embryonic stem cell differentiation

provides a high-throughput alternative to in vivo enhancer analyses.

Biol Open. 2013;2:1229–1238.

35. Picelli S, Bj€orklund A
�
, Faridani OR, Sagasser S, Winberg G,

Sandberg R. Smart-seq2 for sensitive full-length transcriptome

profiling in single cells. Nat Methods. 2013;10:1096–1098.

36. Wilson NK, Kent DG, Buettner F, et al. Combined single-cell

functional and gene expression analysis resolves heterogeneity

within stem cell populations. Cell Stem Cell. 2015;16:712–724.

37. Love MI, Huber W, Anders S. Moderated estimation of fold

change and dispersion for RNA-seq data with DESeq2. Genome

Biol. 2014;15:550.
38. Zhu A, Ibrahim JG, Love MI. Heavy-tailed prior distributions

for sequence count data: removing the noise and preserving

large differences. Bioinformatics. 2019;35:2084–2092.

39. Kuleshov MV, Jones MR, Rouillard AD, et al. Enrichr: a com-

prehensive gene set enrichment analysis web server 2016 update.

Nucleic Acids Res. 2016;44:W90–W97.

40. Wilkinson AC, Gottgens B. Transcriptional regulation of haema-

topoietic stem cells. Adv Exp Med Biol. 2013;786:187–212.

41. Adjaye J, Huntriss J, Herwig R, et al. Primary differentiation in the

human blastocyst: comparative molecular portraits of inner cell mass

and trophectoderm cells. Stem Cells. 2005;23:1514–1525.

42. Adewumi O, Aflatoonian B, Ahrlund-Richter L, et al. Character-

ization of human embryonic stem cell lines by the International

Stem Cell Initiative. Nat Biotechnol. 2007;25:803–816.

43. Koyanagi-Aoi M, Ohnuki M, Takahashi K, et al. Differentiation-

defective phenotypes revealed by large-scale analyses of human

pluripotent stem cells. Proc Natl Acad Sci U S A. 2013;110:

20569–20574.

44. Cahan P, Daley GQ. Origins and implications of pluripotent

stem cell variability and heterogeneity. Nat Rev Mol Cell Biol.

2013;14:357–368.

45. Zimmerlin L, Park TS, Huo JS, et al. Tankyrase inhibition pro-

motes a stable human naı̈ve pluripotent state with improved

functionality. Development. 2016;143:4368–4380.

46. Vodyanik MA, Thomson JA, Slukvin II. Leukosialin (CD43)

defines hematopoietic progenitors in human embryonic stem cell

differentiation cultures. Blood. 2006;108:2095–2105.

47. Kennedy M, Awong G, Sturgeon CM, et al. T lymphocyte

potential marks the emergence of definitive hematopoietic pro-

genitors in human pluripotent stem cell differentiation cultures.

Cell Rep. 2012;2:1722–1735.

48. Ditadi A, Sturgeon CM, Tober J, et al. Human definitive haemo-

genic endothelium and arterial vascular endothelium represent

distinct lineages. Nat Cell Biol. 2015;17:580–591.

49. Sturgeon CM, Ditadi A, Awong G, Kennedy M, Keller G. Wnt

signaling controls the specification of definitive and primitive

hematopoiesis from human pluripotent stem cells. Nat Biotech-

nol. 2014;32:554–561.

50. Ng ES, Azzola L, Bruveris FF, et al. Differentiation of human embry-

onic stem cells to HOXA. Nat Biotechnol. 2016;34:1168–1179.

51. Dou DR, Calvanese V, Sierra MI, et al. Medial HOXA genes

demarcate haematopoietic stem cell fate during human develop-

ment. Nat Cell Biol. 2016;18:595–606.

52. Mikkola HK, Orkin SH. The journey of developing hematopoi-

etic stem cells. Development. 2006;133:3733–3744.

53. Cho SW, Kim S, Kim JM, Kim JS. Targeted genome engineer-

ing in human cells with the Cas9 RNA-guided endonuclease.

Nat Biotechnol. 2013;31:230–232.

54. Kueh HY, Champhekhar A, Nutt SL, Elowitz MB, Rothenberg

EV. Positive feedback between PU.1 and the cell cycle controls

myeloid differentiation. Science. 2013;341:670–673.

55. Pick M, Azzola L, Mossman A, Stanley EG, Elefanty AG. Differen-

tiation of human embryonic stem cells in serum-free medium reveals

distinct roles for bone morphogenetic protein 4, vascular endothelial

growth factor, stem cell factor, and fibroblast growth factor 2 in

hematopoiesis. Stem Cells. 2007;25:2206–2214.

56. Wilkinson AC, Nakauchi H, G€ottgens B. Mammalian transcrip-

tion factor networks: recent advances in interrogating biological

complexity. Cell Syst. 2017;5:319–331.

57. Kent WJ, Sugnet CW, Furey TS, et al. The human genome browser

at UCSC. Genome Res. 2002;12:996–1006.

http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0018
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0018
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0019
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0019
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0019
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0020
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0020
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0020
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0020
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0021
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0021
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0021
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0022
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0022
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0022
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0023
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0023
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0023
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0024
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0024
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0024
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0024
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0024
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0025
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0025
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0025
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0026
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0026
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0027
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0027
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0028
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0028
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0028
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0029
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0029
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0030
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0030
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0030
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0030
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0031
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0031
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0031
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0032
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0032
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0032
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0032
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0033
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0033
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0033
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0033
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0033
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0034
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0034
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0034
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0034
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0035
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0035
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0035
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0035
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0035
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0036
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0036
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0036
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0037
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0037
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0037
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0038
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0038
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0038
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0039
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0039
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0039
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0040
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0040
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0041
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0041
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0041
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0042
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0042
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0042
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0043
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0043
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0043
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0043
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0044
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0044
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0044
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0045
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0045
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0045
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0046
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0046
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0046
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0047
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0047
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0047
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0047
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0048
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0048
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0048
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0049
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0049
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0049
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0049
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0050
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0050
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0051
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0051
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0051
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0052
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0052
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0053
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0053
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0053
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0054
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0054
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0054
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0055
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0055
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0055
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0055
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0055
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0056
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0056
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0056
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0056
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0057
http://refhub.elsevier.com/S0301-472X(19)30856-2/sbref0057
https://doi.org/10.1016/j.exphem.2019.07.003


Figure E1. Mouse EPSCs efficiently undergo developmental hematopoiesis in vitro, related to Figure 1. (A) UCSC Genome Brower [57] screen-

shots of H3K27me3 (top) and H3K4me3 (bottom) ChIP-seq in DR10-EPSCM (in purple) and 2iLIF-DR10 PSCs published previously [40], in the

following gene loci (from left to right): Etv2, Fli1, Tal1, Gata2, and Runx1. (B) Representative images of day 8 EBs derived from DR10 ESCs

maintained in 2iLIF (top) or EPSCM (bottom). (C and D) Representative flow cytometry plots of day 8 EB cells from 2iLIF-DR10 (top) and

EPSCM-DR10 PSCs (bottom), showing (C) CD41 versus Ter119 and (D) CD41 versus CD45. Distribution of cells within quadrant/gates is

shown as percentages. (E) Average numbers of hematopoietic colonies from 5£ 104 day 8 EB cells differentiated from 2iLIF-DR10 (in green)

and EPSCM-DR10 (in purple) PSCs formed in methylcellulose supplemented with stem cell factor, interleukin-3 (IL-3), IL-6, and erythropoie-

tin. Data are mean § standard deviation from seven assays from three biological replicates. Statistically significant changes (Student’s t test) in

colony number denoted by * p < 0.05 and ** p < 0.01. Images of representative hematopoietic colonies scored are displayed.
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Figure E2. Human PSCs maintained in EPSCM have pluripotent differentiation potential, related to Figure 1. (A) Mature teratomas from EC5-

EPSCM PSCs. Left panel: a gland of possible gastrointestinal type arising from the endodermal layer; middle panel: cartilage from the meso-

derm; right panel: neural tube−like structures from the ectoderm (neuroectoderm). (B) qRT-PCR analysis of pluripotency and lineage genes in

human PSCs cultured in EPSCM or in EPSCM minus one inhibitor: without CHIR99021: EPSCM − CH; without PD0325901: − PD; without

XAV939: EPSCM − XAV; without A-419259: EPSCM − A419; without JNK inhibitor VIII: EPSCM − JNKi, or without SB203580: EPSCM −
p38i, for four passages. Relative expression of these genes was normalized to GAPDH. Data are mean § standard deviation. Experiments were

repeated three times. (C) One thousand PSCs cultured in either EPSCM or EPSCM minus CHIR99021 were plated for single cell colony forma-

tion. Colony numbers were scored on day 7. Data are the mean § standard deviation from three experiments. Statistically significant changes

(Student’s t test) denoted by ** p < 0.001.
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Figure E3. Analysis of EPSCM PSC hematopoiesis, related to Figure 2. Example flow cytometry plot for expression of CD41 and CD45 (left)

and CD11b and CD45 (right) in CD43+ day 20 EB cells, derived from EC-EPSCM PSCs.
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Figure E4. Gating strategy for RNA-seq samples, related to Figure 3. (A) FACS plots displaying the gating strategy for sorting the cell popula-

tions used for RNA-seq analysis. Five replicates of 50 cells were collected for each cell type. (B) Heatmap displaying gene expression of a

gene set identified by Ng et al. [50] as upregulated in PSC-derived hematopoietic cells, within RNA-seq samples described in Figure 3.
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Figure E5. Gene targeting in EPSCM PSCs, related to Figure 4. (A) Map of the ROSA26 gene targeting vector used in this study. The plasmid

was linearized with AsiSI before electroporation. (B) Map of the SPI1 gene targeting vector used in this study. (C) 50 and 30 PCR genotyping of

SPI1-T2A-H2B-Venus cassette knock-in in clonally derived EPSCM PSC lines. (D) Representative flow cytometry plots for Venus expression

for SPI1-T2A-H2B-Venus clone 4 and clone 8 EPSCM PSC-derived EBs at day 20. (E) DNA sequence of the untargeted SPI1 allele in clone 4

and clone 8 as determined by Sanger sequencing, with SPI1 sgRNA-target site highlighted.
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Table S1. Flow Cytometry Antibodies

Anti-human antibodies

Antibody Clone Company

Fc block TruStain FcX Biolegend

CD34-PE 581 Biolegend

CD34-BV605 581 Biolegend

CD34-BV510 581 Biolegend

CD45-AF647 HI30 Biolegend

CD43-PE 1G10 BD

CD43-APC-H7 1G10 BD

CD41-PE-Cy7 HIP8 Biolegend

CD235a-FITC HIR2 Biolegend

FLK/KDR-AF647 7D4-6 Biolegend

CD140a-PE Alpha-R1 BD

Anti-mouse antibodies

Antibody Clone Company

CD16/32 (Fc block) 93 BD

CD41-PE-Cy7 MWReg30 Biolegend

CD45-APC 30-F11 Biolegend

Ter119-FITC TER119 BD

List of flow antibodies used for flow cytometry in this study.

Table S2. Immunofluorescence Antibodies

Category Antibody Company Catalog Number Dilution

Primary Antibody OCT4 Abcam Ab1985 1:250

OCT4 (C10) Santa-Cruz SC-5279 1:100

SOX2 R & D Systems MAB2018 1:100

NANOG Abcam Ab80892 1:100

SSEA3 Gift from Professor Peter Andrews, University of Sheffield. Use at 1:10

SSEA4

TRA-181

Secondary Antibody Alexa Fluor 488 and Alexa Fluor 594 (for IF) Invitrogen 1:500 - 1:1000

List of antibodies used for immunofluorescence in this study.

Table S3. qPCR primer/probe sets

Gene Name

Applied Biosystems

Catalog Number

CDX2 Hs01078080_m1

FGF4 Hs00173564_m1

GAPDH 4326317E

GATA6 Hs00232018_m1

GSC Hs00418279_m1

NANOG Hs02387400_g1

OCT4 Hs00999634_gH

PAX6 Hs01088114_m1

PRDM14 Hs01119056_m1

SOX1 Hs01057642_s1

SOX17 Hs00751752_s1

SOX2 Hs00602736_s1

STELLA Hs01931905_g1

T Hs00610078_m1

List of qPCR primer/probe sets use for

qPCR analysis in this study.
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