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Abstract

Differentiation of induced pluripotent stem cells (iPSCs) into hematopoietic lineages offers great
therapeutic potential. During embryogenesis, hemogenic endothelium (HE) gives rise to hematopoietic
stem and progenitor cells through the endothelial-to-hematopoietic transition (EHT). Understanding this
process using iPSCs is key to generating functional hematopoietic stem cells (HSCs), a currently unmet
challenge. In this study, we examined the role of the transcriptional factor GFI1B and its co-factor
LSD1/KDM1A in EHT. To this end, we employed patient-derived iPSC lines with a dominant negative
dysfunctional GFI1B%*®”" and irreversible pharmacological LSD1/KDM1A inhibition in healthy iPSC lines.
The formation of HE remained unaffected; however, hematopoietic output was severely reduced in both
conditions. Single-cell RNA sequencing (scRNAseq) performed on the CD144°/CD31" population derived
from healthy iPSCs revealed similar expression dynamics of genes associated with in vivo EHT.
Interestingly, LSD1/KDMZ1A inhibition in healthy lines before EHT resulted in a complete absence of
hematopoietic output. However, uncommitted HE cells did not display GFI1B expression, suggesting a
timed transcriptional program. To test this hypothesis, we ectopically expressed GFI1B in uncommitted
HE cells, leading to downregulation of endothelial genes and upregulation of hematopoietic genes,
including GATA2, KIT, RUNX1, and SPI1. Thus, we demonstrate that LSD1/KDM1A and GFI1B can
function at distinct temporal points in different cellular subsets during EHT. Although GFI1B is not
detected in uncommitted HE cells, its ectopic expression allows for partial hematopoietic specification.
These data indicate that precisely timed expression of specific transcriptional regulators during EHT is
crucial to the eventual outcome of EHT.



Introduction

During human embryonic development, three spatiotemporally distinct waves of hematopoiesis occur'.
Each wave exhibits different hematopoietic potencies. Yolk-sac primitive hematopoiesis produces
primitive nucleated red blood cells, megakaryocytes, and macrophages®. The yolk sac also gives rise to
erythroid myeloid progenitors (EMPs) that migrate to the fetal liver, generating the first definitive
hematopoietic cells (e.g., enucleated red blood cells)*™. EMPs lack the potential to generate long-term
hematopoietic stem cells (LT-HSCs) that provide lifelong hematopoietic support>®. LT-HSCs arise in the
intraembryonic  aorta-gonad-mesonephros (AGM) region”™. Both EMPs and HSCs derive from
specialized endothelial cells, or hemogenic endothelium (HE), via a process termed endothelial-to-

hematopoietic transition (EHT)" ™

. However, human EHT remains ill-defined due to inaccessibility of
primary material. Differentiation of human induced pluripotent stem cells (iPSCs) recapitulates certain
aspects of embryonic development and provides a feasible model to study early hematopoiesis.
Controlling AGM-like EHT from iPSCs in vitro would be a critical step toward generating an unlimited
source of LT-HSCs for transplantation purposes and future in vitro blood production. So far, in vitro
production of LT-HSCs from iPSCs has remained elusive, likely due to the absence of interactions with an
inadequately defined niche and or the inability to capture the correct temporal hematopoietic wave'.
Interestingly, subcutaneous administration of iPSCs into NOD-SCID mice results in teratoma formation,
from which CD34" hematopoietic progenitor cells with long-term repopulating capacity can be isolated"®.
Thus, iPSC lines are intrinsically capable of generating LT-HSCs, but current protocols fail to achieve this
in vitro. Additionally, long-term human hematopoietic reconstitution can be established in mice upon
transplanting iPSC-derived HE with overexpression of seven transcription factors (ERG, HOXA5, HOXA9,
HOXA10, LCOR, RUNX1, SPI1) *'. Several other transitioning factors and regulators have also been
implicated in playing a pivotal role in this process (GFI, GFI1B, RUNX1, GATA2)"*?%

Runt-related transcription factor 1 (RUNX1) is a key factor in EHT?*. Runx1 knockout mice are not viable
after E12.5 due to a failure to establish adult hematopoiesis®***. Growth factor independent 1 (GFI1) and
growth factor independent 1B (GFI1B) are RUNX1's downstream targets. They function as transcriptional
activators and repressors and share a DNA-binding motif (AATC)?®. GFI1 and GFI1B exert their
repressive function by recruiting transcriptional repressor complexes to their N-terminal SNAIL/GFI1
(SNAG) domain®’. These complexes include lysine specific demethylase LSD1 (KDM1A), histone
deacetylase 1 or 2 (HDAC1/2), and REST Corepressor COREST (RCOR1)®. They replace active histone
modifications with repressive marks, leading to the transcriptional repression of the endothelial

29,30

program~~". Furthermore, GFI1 and GFI1B can also activate specific genes independent of repressive

co-factors recruitment™.

Gfil knockout results in reduced HSC frequency, and Gfilb-deficient mice do not develop after E14.5 due

18,19

to defective erythropoiesis and megakaryopoiesis™ . Deletion of their co-factor, Lsd1/Kdmla, is



embryonically lethal (E5.5), while inducible knockdown showed that Lsdl/Kdmla is essential for

maintaining the HSC compartment in adult mice 7%

. However, the precise function of GFI1B and
LSD1/KDM1A on human EHT remains unclear. Although the role of combined overexpression of
transcription factors in inducing EHT and trans-differentiation to hematopoietic cells has been studied, it is
crucial to understand the contribution of each regulator individually to fully comprehend their role in

emerging hematopoiesis from iPSC.

In this study, we aimed to decipher the molecular processes governing human iPSC-derived HE and EHT
in vitro by manipulating GFI1B and its co-factor LSD1/KDM1A. We present a novel single-cell expression
dataset from iPSC-derived HE undergoes EHT, revealing the kinetics of this process and offering insights
into the underlying molecular mechanisms. Using a combination of patient-derived iPSC lines carrying a
heterozygous mutation (GFI1B®®”) that introduces a stop codon within GFI1B’s DNA binding site,
inhibitors of LSD1/KDM1A (GSK-LSD1), and overexpression of GFI1B in iPSC-derived HE, we
demonstrated that the loss of GFI1B and LSD1/KDM1A function does not impact the generation of HE.

However, they are essential for the in vitro process of EHT in iPSCs.



Methods

iPSC culture and differentiation

iPSC lines (Supplementary method) were maintained on Matrigel (BD Biosciences) coated plates (TPP)
in E8 medium (ThermoFisher Scientific) according to the manufacturer's instructions. Cells were
incubated at 37°C with 5% CO02, passaged weekly, and differentiated as described previously®’. Briefly,
iPSCs were single-cell seeded on 6cm Matrigel coated plates with CloneR (StemCell Technologies) or
Revitacell (ThermoFisher Scientific) and cultured for 8 days. When colonies reached a size of 400-600um,
differentiation was initiated by changing the medium to StemLinell (Sigma) supplemented with 50ng/ml
bFGF (PeproTech), 40ng/ml VEGF (StemCell Technologies), 20ng/ml BMP4 (PeproTech), and insulin
transferrin selenium (ITS, 1:100, ThermoFisher Scientific). At day 6, medium was changed to our
homemade CellQuin®® supplemented with 1:100 ITS, 10ng/ml VEGF, 20ng/ml BMP4, 10ng/ml IL-1
(StemCell Technologies), 1ng/ml IL-3 (StemCell Technologies), 10ng/ml IL-6 (StemCell Technologies),
50ng/ml TPO (StemCell Technologies), and 50ng/ml SCF (culture supernatant from 293T cells
expressing ectopic SCF). Where indicated, 4uM GSK-LSD1 (Sigma) was added to cultures at day 5 or
day 6 of iPSC differentiation. Differentiated cells were prepared for flow cytometry analysis at indicated

days (Supplementary method; Supplementary Table 1).

EHT culture and transduction

Hemogenic endothelium (HE) was isolated via magnetic-activated cell sorting (MACS) using CD34
magnetic beads (Miltenyi Biotec). Following the published EHT culture protocol”’, these cells were
maintained on Matrigel coated plates in serum-free media (StemSpan™ SFEMII, StemCell Technologies)
supplemented with 10uM ROCK inhibitor Y-27632 (StemCell Technologies), 5ng/ml bFGF, 10ng/ml
BMP4, 5ng/ml VEGF, 50ng/ml SCF, 30ng/ml Nplate (Amgen), 10ng/ml FLT3 (StemCell Technologies),
and 25ng/ml IGF1 (PeproTech).

293T cells were transfected with either the empty vector (EV) or GFI1B lentiviral construct
(Supplementary method) along with psPAX2 (Addgene #12260) and VSV.G (Addgene #14888) plasmids
using Polyethylenimine (PEI, Sigma). After transfection, virus supernatant was collected and applied to
CD34" HE cells. EHT media was refreshed one day post-transduction. Four days later, samples were

digested using TrypLE Select (ThermoFisher Scientific) and prepared for analysis.

scRNAseq analysis

scRNAseq was performed at Single Cell Discoveries (Utrecht, The Netherlands) following standard 10x
Genomics 3’ V3.1 chemistry protocol. In brief, cells were rehydrated and loaded onto a 10x Chromium
controller. Sequencing libraries were prepared following the standard 10x Genomics protocol and
sequenced on the Illumina NovaSeq 6000 platform (read length: 150 bp, paired-end). Data analysis was

performed with the R packages ‘Monocle2’ and ‘Monocle3***'. Monocle2 was used for quality control;



cells with low or high reads (upper bound 1.3*SD and lower bound 0.3*SD) and mitochondrial
contamination were discarded, yielding filtered data. For dimensional reduction, UMAP** was used with
the following settings: PCA=10, umap.min_dist=0.35, and umap.n.neighbors=5. Cells were clustered
using the Leiden algorithm (0.0001 resolution). Trajectory analysis was calculated after UMAP
dimensional reduction with a minimal_brach_len of 30 and geodesic_distance_ratio of 1. Differentially
expressed genes between clusters were identified using spatial autocorrection analysis, Moran’s I, and

linear regression model with negative binomial distribution, built within Monocle3*~*

. Co-regulated genes
were grouped into modules using Louvain community analysis*® and used as inputs for cell type

characterization using the Descartes cell types and tissue database.

Bulk RNAseq analysis

iPSC-derived HE cells were lentivirally transduced with either EV or GFI1B. RNA library was prepared as
previously described* and sequenced on the lllumina HiSeq 2500 system. RNA sequencing reads were
mapped to GRCh38 (hg38) using STAR. After removing low-quality reads, differential gene expression
analysis was conducted using the gImLRT function embedded in the ‘edgeR’ package in R. We set log2

fold-change at 1 and false discovery rate (FDR) at 0.01.

Gene enrichment analysis

Gene enrichment analysis was conducted using the R package ‘clusterProfiler’. Differentially expressed
genes were ranked based on the log2 fold-change. These ranked lists were served as input for gene set
enrichment analysis (GSEA). We used C2: curated gene sets, C8: Cell type signature gene sets, and
molecular function (MF) subset of Gene Ontology (GO) gene sets from the Molecular Signatures
Database (MSigDB) for GSEA.

Statistics

Statistical analysis was done using GraphPad Prism9 software. Mann-Whitney test or two-way ANOVA,
followed by Tukey’'s multiple comparisons test, were performed. Significance p value cut-off was set at
0.05.



Results
An initial wave of CD144°CD309" endothelial cells precedes the production of hematopoietic cells
To study EHT, we established the HE differentiation kinetics using three iPSC control lines obtained from

4% and differentiated them toward hematopoietic commitment using our previous

healthy individuals
established iPSC differentiation protocol (Fig. 1A)*’. Cells with both endothelial and hematopoietic
potential were defined by the co-expression of CD144 (VE-Cadherin) and CD309 (VEGFR2)*"*®. A
gradual decline of CD144°CD309" cells within the differentiating colonies was observed, decreasing from
18% at day 6 (hematopoietic onset) to 3% at day 11 (Fig. 1B). To determine whether specification
occurred in subsequent differentiation, we further distinguished the CD144°CD309" population by
expression of the endothelial marker CD73 (NT5E) and hematopoietic markers CD43 (SPN) /CD41
(ITGA2B) (Supplemental Figure 1A). Sorted CD144°CD309°CD73" cells were adherent cells with
endothelial morphology, whereas sorted CD144°CD309°CD41" cells were suspension cells with
blast/hematopoietic morphology. The initial wave of CD144°CD309" cells was followed by an increase of
CD43" hematopoietic cells in the supernatant (Fig. 1C). Hematopoietic suspension cells were
distinguished by CD235" erythroid cells and CD41" megakaryocytic’hematopoietic progenitor cells (Fig.
1D, E). Although heterogeneity was observed between different iPSC lines, the overall differentiation

kinetics were similar.

CD144°CD309" cells intrinsically differentiate toward either endothelial or hematopoietic fate

We then explored whether CD144°CD309" cells inherently differentiate into either hematopoietic or
endothelial cells. We found that CD144"CD309" cells express CD34, a marker associated with both cell
types (Fig. 2A), Upon CD34" enrichment at day 5, before hematopoietic onset, we uncovered the
presence of adhering CD144"CD34°CD31" cells (Fig. 2B). These cells were negative for CD73 (mature
endothelial marker) and CD43 (hematopoietic marker). However, after an additional 4 days of culture,
these cells further differentiated into either CD73" endothelial cells (68%) or CD43" hematopoietic cells
(19%) with a small percentage (13%) remaining as CD43 CD73 (Fig. 2C, D). These results suggest that
once isolated, CD144°CD309" cells are inherently primed to undergo specification into either

hematopoietic or endothelial lineages.

GFI1B and LSD1/KDM1A are essential for hematopoietic specification during iPSC-EHT

Using the determined iPSC-HE differentiation kinetics as control, we set out to determine the role of
GFI1B and LSD1/KDM1A during in vitro EHT from iPSC-HE. We employed two approaches: Firstly, we
induced EHT in iPSC lines harbouring the GFI1B%*®*"" dominant negative mutation®®*
pharmacologically inhibited LSD1/KDM1A (GSK-LSD1) at day 6 in control iPSC lines (Fig. 3A)%"#24049%0,

Within the differentiating adherent cells of both GFI1B%**”" and GSK-LSD1 conditions, the production, and

. Secondly, we

kinetics of CD144°CD309" cells were not affected (Fig. 3B). However, a significant decrease in

hematopoietic commitment was observed, evidenced by the reduction of CD43" cells (Fig. 3C).



Concurrently, there was an increase in the CD73" endothelial population in both conditions (Supplemental
Fig. 1B). Next, we examined the hematopoietic output, which comprises non-adherent blast cells
harvested from the supernatant. In the supernatant fraction from both GFI1B°*®*"" and GSK-LSD1 treated
conditions, there was a decline in cell yield (Supplemental Fig. 1C, D), and a noticeable decrease in the
proportion of hematopoietic progenitors, as indicated by CD43 and CD41 expression (Fig. 3D). Within the
reduced hematopoietic compartment, megakaryocytic commitment was drastically decreased in both
conditions, as determined by CD41 and CD42 expression (Fig. 3E, F). Additionally, an almost complete
absence of CD235" erythroid compartment was observed (Fig. 3G). The data indicate that GFI1B and
LSD1/KDM1A are crucial modulators during iPSC-EHT and that the progression toward hematopoietic
cells and specifically to the megakaryocytic and erythroid lineages depends on their function.

Single-cell RNA-sequencing reveals iPSC-HE and transitional stages to endothelial and
hematopoietic cells

Our results suggest that LSD1/KDM1A and GFI1B play a key role in balancing CD144°CD309"
commitment toward either hematopoietic or endothelial fates. The specific stage at which LSD1/KDM1A
and GFI1B exert their functions during iPSC-EHT remains unclear. To delve deeper into their role at the
single cell level, we performed single-cell RNA sequencing (scRNAseq). A control iPSC line was
differentiated and subsequently treated with a single pulse of GSK-LSD1 at day 5 6, We then sorted
CD144" and CD31" cells at day 8, post hematopoietic commitment (Fig 4A). This allowed us to capture
both the CD43" hematopoietic (18.40+/-5.16%) and CD73" endothelial (46.76+/-11.88%) commitment
(Supplemental Fig. 1E). UMAP dimensional reduction revealed five major distinct cell populations,
clusters | and Il (endothelial), Il (hematopoietic), IV (neuronal), and V (lymphoid), with potential transition
stages between clusters I-ll-lll (Fig. 4B). We grouped differentially expressed genes into modules
(Supplemental Fig. 2A, B) and used genes from each module to determine cell identity (Supplemental
Table 2A). Through this methodology, we pinpointed a total of 11 modules, where genes from modules 3,
5, 8, 9, 10, and 11 reflected the cluster identity (Supplemental Fig. 2A, B; Supplemental Table 2B). We
performed differential gene expression using linear regression model followed by gene set enrichment
analysis (GSEA) between clusters Il and lll, which showed downregulation of hematopoietic and
upregulation of endothelial signatures in cluster Il (Fig. 4C; Supplemental Table 2C, D). We also noticed
an enriched hematopoietic stem cell signature in cluster Il (Supplemental Fig. 2C; Supplemental Table
2E). Comparing cluster Il to cluster I, GSEA showed upregulation of hematopoietic and downregulation of
endothelial signatures in cluster Il (Supplemental Fig. 2D; Supplemental Table 2F, G). Together, these
steps characterized cluster Il as iPSC-HE. Top markers from each cluster aligned with the identified cell
types (Fig. 4D; Supplemental Fig. 3 and Fig. 4). Lymphoid markers CD3 and CD7 were exclusively found
in the lymphoid cluster (V; Supplemental Fig. 3 and Fig. 4). An embryonic and neuronal specific
transcription factor, SOX2, and a central nervous system specific receptor protein tyrosine phosphatase,
PTPRZ1, were uniquely expressed in the neuronal cluster (IV; Supplemental Fig. 3 and Fig. 4). The



endothelial cluster (I) displayed high expression of TGFB and its downstream target, HAND1, suggesting
an endothelial-to-mesenchymal transition of cultured endothelial cells from iPSCs (Fig. 4D; Supplemental
Fig. 3 and Fig. 4)>*. This could elucidate the significant enrichment of genes encoding cell adhesion and
extracellular matrix proteins, including COL3A1, FN1, ITGAL, IGFBP3, IGFBP7, and LUM (Fig. 4D;

51,52

Supplemental Fig. 3 and Fig. 4)>~>°. CD73 was predominantly detected in the endothelial cluster (I; Fig.
4D), while hematopoietic markers, such as CD43, CD41, and CD235, along with transcription factors
KLF1, SPI1, GATAL, GATA2, RUNX1, GFI, and GFI1B, were confined to the hematopoietic cluster (lll;
Fig. 4D; Supplemental Fig. 3 and Fig. 4). The expression of CD144, CD31, CD309, CD34, and other
known arterial/lhemogenic endothelial markers such as GJA4, SOX17, DLL4, and CD40, were specifically
enriched in the iPSC-HE cluster (II; Fig. 4D; Supplemental Fig. 3 and Fig. 4)**°***. Thus, our scRNAseq

data revealed iPSC-HE, committed hematopoietic and endothelial cells, and their transition states.

Trajectory analysis reveals gene regulation dynamics during iPSC-EHT

Next, we conducted a trajectory analysis to better understand the differentiation process. By designating
the endothelial population as the originating node (cluster I, Fig. 4B), we computed and established the
dynamics of similarity in pseudotime (Fig. 5A). Notably, the trajectory linking the iPSC-HE to both the
hematopoietic and the endothelial clusters showed a reduction in the number of cells during transitional
phases. This reduction was especially profound during the hematopoietic transition state, suggesting
limited cellular proliferation during this phase. The pseudotime trajectory also allowed us to plot transcript
abundance from iPSC-HE through iPSC-EHT to hematopoietic committed cells. We focused on the
transcripts associated with in vivo AGM-EHT, including NOTCH1, DLL4, HOXA5, HOXA9, ERG, LCOR,
GATA2, RUNX1, SPI1, GFI1, and GFI1B (Fig. 5B; Supplemental Fig. 5A, B). The expression of NOTCH1
and its ligand, DLL4, increased in iPSC-HE and decreased during iPSC-EHT (Fig. 5B; Supplemental Fig.
4). This trend was followed by the upregulation of hematopoietic transcription factors such as GATAZ2,
RUNX1, GFI1, and GFI1B (Fig. 4D; Fig. 5B; Supplemental Fig. 4). While GFI1B expression was not
detected in iPSC-HE, it was upregulated during iPSC-EHT following the upregulation of GATA2 and
RUNX1. LSD1/KDM1A, a co-factor of GFI1B, was ubiquitously expressed (Fig. 5C; Supplemental Fig.
5C). Other known co-factors of GFI1B, such as RCOR1, HDAC1, and HDAC2, were also present in the
iPSC-HE (Fig. 5C; Supplemental Fig. 5C). The trajectory analysis unveiled gene expression dynamics
during EHT, pinpointing the absence of GFI1B in iPSC-HE and ubiquitous expression of LSD1/KDM1A.

LSD1/KDM1A is essential for EHT of iPSC-HE and is involved in endothelial differentiation

Next, we assessed the impact of GFI1B’s co-factor LSD1/KDM1A on iPSC-HE specification toward
hematopoietic or endothelial lineages through inhibition using GSK-LSD1. Inhibition of LSD1/KDM1A
resulted in the absence of the hematopoietic cluster (Fig. 6A, B; Supplemental Fig. 6). This finding aligns
with the suppression of hematopoietic commitment by GSK-LSD1 as shown in Figure 3. At the same time,

LSD1/KDMZ1A inhibition did not impede differentiation into the endothelial lineage (Fig. 6B; Supplemental



Fig. 6). This was also validated by the expression of endothelial markers using flow cytometry
(Supplemental Fig. 1B). However, the endothelial populations differentiated in the presence or absence of
GSK-LSD1 did not fully overlap (Fig. 6A), suggesting that LSD1/KDM1A inhibition also influences the
gene expression program during endothelial differentiation/specification. In summary, our scRNAseq data
demonstrated that LSD1/KDM1A inhibition results in an early block of EHT preceding the evident
expression of GFI1B. This indicates that while the phenotypes of GFI1B%®*” mutation and GSK-LSD1
might appear similar based on marker expression, they likely can exert their effects at different cellular

states.

Ectopic expression of GFI1B in HE suppresses endothelial and activates hematopoietic programs

Considering that LSD1/KDM1A is a co-factor of GFI1B, and its inhibition leads to a block of EHT, we
hypothesized that the ectopic expression of GFI1B in iPSC-HE might result in a converse effect,
specifically reinforcing the hematopoietic fate and downregulating the endothelial gene expression profile.
We generated an additional scRNAseq dataset from the same experiment but at day 5 (prior to
hematopoietic or endothelial specification) of differentiation and integrated it with the day 8 scRNAseq
dataset (Supplemental Fig. 7A). We observed a ubiquitous expression of LSD1/KDM1A, whereas GFI1B
was not detected prior to hematopoietic commitment (Supplemental Fig. 7B). We then lentivirally
transduced GFI1B into day 5 sorted CD34'CD144°CD31°'CD43'CD73" cells (Fig. 7A) and allowed them to
differentiate further into CD73" endothelial or CD43" haematopoietic cells. More than 95% of the cells
were GFP positive 5 days after transduction (Supplemental Fig. 7C). GFI1B ectopic expression led to an
increase in the total number of cells and in the number of CD73" cells (Supplemental Fig. 7D, E). Flow
cytometry revealed a reduction in the endothelial marker CD73 and a slight decrease in the
haematopoietic marker CD43 expression (Fig. 7A, B). We then investigated transcriptional differences
between the two groups using bulk RNA-sequencing. Principal component (PC) analysis showed a clear
segregation of the GFI1B overexpressed conditions from the empty vector controls (Supplemental Fig.
8A), with PC1 explaining 76% of the variance. We identified 846 upregulated and 446 downregulated
genes in the GFI1B overexpressed samples (Fig. 7C; Supplemental Table 3A). As expected, GFI1B was
among the top 10 differentially expressed genes (Supplemental Fig. 8B; Supplemental Table 3A). Gene
ontology terms related to cell cycle were significantly upregulated, aligning with the increased cell
numbers (Supplemental Fig. 7D; Supplemental Table 3B). Gene set enrichment analysis manifested a
potent reduction of the endothelial signature and a robust upregulation of the hematopoietic signature (Fig.
7D; Supplemental Table 3C). Upregulated genes included GATA2, RUNX1, KIT, CD43, while
downregulated genes comprised CD73, SOX6, SOX14, and SOX17 (Supplemental Fig. 8C;
Supplemental Table 3A). HOXA9 and HOXA10 were lowly expressed, while HOXA5 remained
undetected (Supplemental Fig. 8C). GFI1, on the other hand, was decreased by GFI1B overexpression
(Supplemental Fig. 8C). Consequently, GFI1B overexpression promotes a hematopoietic program at the

expense of an endothelial program, even before the onset of RUNX1 and GATA2 expression.



Discussion

Thus far, attempts to derive long-term repopulating hematopoietic stem cells or effector cells from iPSC
differentiation in vitro have been unsuccessful. In vivo, definitive hematopoiesis requires an endothelial-
to-hematopoietic transition (EHT) from the hemogenic endothelium (HE) in the aorta-gonad-mesonephros
(AGM) region of the embryo. In this study, we examined how functional inhibition of GFI1B and
LSD1/KDM1A impacts the generation of hematopoietic/endothelial progenitors (iPSC-HE) and the
process of endothelial and hematopoietic transition (iPSC-EHT). We used patient-derived iPSC lines
harboring a heterozygous mutation in GFI1B (GFI1B%*”) and inhibited LSD1/KDM1A in healthy iPSC
lines using GSK-LSD1. Treatment of iPSCs differentiated toward the hematopoietic lineage with GSK-
LSD1, or hematopoietic differentiation of GFI1B%?®” mutant iPSC, did not impair iPSC-HE formation.
However, hematopoietic lineage commitment was profoundly impaired. Patients with heterozygous
GFI11B%®” mutation manifested thrombocytopenia®, so it is unlikely that GFI1B/LSD1 inhibition blocks the
proliferation of early hematopoietic progenitors. Indeed, although GFI1B deficient mice die prenatally E15
due to a severe defect in erythropoiesis and megakaryopoiesis, conditional deficiency for Gfilb in adult
mice allows HSCs to maintain self-renewal and multilineage differentiation capabilities despite increased
levels of reactive oxygen species and loss of quiescence®. Of note, this hematopoietic ablation does

lead to defects in erythropoiesis and megakaryopoiesis in adult mice %

, and a myeloid bias in iPSC
differentiation®’. Furthermore, LSD1 inhibition leads to expansion of human hematopoietic progenitors in
vitro®®. Treatment with GSK-LSD1 resulted in a complete absence of EHT from iPSC-HE and a
subsequent lack of hematopoietic cells, indicating a crucial dependence of iPSC-derived hematopoiesis
on LSD1/KDM1A. This finding aligns with previous research that showed Lsd1/LSD1 inhibition blocks
EHT in ex vivo cultured mouse AGM explants and prevents embryoid body differentiation in both RUNX1
primitive and RUNX1" definitive hematopoiesis®*°. Additionally, these results corroborate the essential
role of Lsdl's binding partner, Gfilb (and Gfil), in the emergence of hematopoietic cells from these

isolated intra-aortic hematopoietic  clusters®™®.

Collectively, this indicates that iPSC-derived
hematopoiesis similarly depends on LSD1/GFI1B. Interestingly, the block in hematopoietic commitment
induced by GSK-LSD1 preceded the upregulation of GFI1 and GFI1B. This suggests different and
temporally distinct roles for LSD1/KDM1A during EHT, the first of which may not rely on GFI1B/GFI1. Our
data illustrate that GFI1B and LSD1/KDM1A are crucial regulators of the hematopoietic commitment of

iPSC-HE via EHT.

Through trajectory analysis in pseudotime, we confirmed that the expression of key EHT regulators during
iPSC-EHT, such as NOTCH1, RUNX1, and GFI1B, shares similar kinetics to those of the in vivo EHT.
Our data probably mimics extraembryonic definitive hematopoiesis given lack of HOXA expressionGO.
Sugimura et al. compared iPSC-HE with fetal liver hematopoiesis in mice and humans and identified 9
genes differentially expressed and required for long-term repopulating HSPC capability, specifically ERG,
HOXA5, HOXA9, HOXA10, LCOR, RUNX1, and SPI1'’. Overexpression of these genes in iPSC-HE



followed by injection into mice led to long-term reconstitution, albeit low engraftment levels'’. However, it
remains unclear whether the ectopic expression of GFI1B alone in iPSC-derived HE can drive EHT in
human hematopoiesis. While GFI1B primarily functions as a transcriptional repressor, ectopic expression
in HE resulted in 846 upregulated and 446 downregulated genes, suggesting dual roles for GFI1B as both
a transcriptional activator and repressor®. However, the precise relationship between these differentially
expressed genes and GFI1B, whether direct or indirect, remains to be elucidated. Importantly,
upregulated genes are enriched for hematopoietic specification, while downregulated genes are
associated with endothelial specification. Notably, the hematopoietic transcription factors RUNX1 and
GATA2 were among the upregulated genes. GFI1B is recognized as a downstream target of RUNXL. In
mouse embryonic stem cells that lack Runx1, Gfilb aids in differentiation toward hematopoietic cells
during EHT by suppressing endothelial and promoting hematopoietic programsel. A recent study
observed diminished Gfilb expression in Gata2™ mice HSCs and demonstrated Gfilb's capacity to
restore embryonic HSCs in gataZb"' zebrafish®. Our dataset also suggests that GFI1B can function both
upstream and downstream of RUNX1 and GATA2 during iPSC-EHT, directing HE to the hematopoietic
fate. We observed a decrease in GFI1 expression by forced GFI1B overexpression, which agreed with
previous finding that GFI1/GFI1B repress GFI1 expression in human T cells®®. We speculate that the
reason why we did not observe an increased CD43 membrane expression might be due to the specific

transcriptional regulation of CD43-associated proteins, which could be independent of GFI1B.

Purified iPSC-derived CD144°CD31°'CD34" cells tend to differentiate more toward the endothelial lineage
than the hematopoietic lineage. Although these cells are non-committed, i.e., CD43'CD73], a bias toward
endothelial differentiation cannot be excluded. However, CD144"'CD31°CD34" cells, prior to specification,
did not reveal any clearly separated populations based on RNA expression profiles (Supplemental Fig.
7A). Ectopic GFI1B expression suggests a conflicted state between differentiating into hematopoietic or
endothelial lineages. Indeed, GFI1B expression in iPSC-HE by itself was insufficient to drive EHT but did
provide a clear singular transcriptional program initiated by this transcription factor. It becomes important
to perform similar experiments with other regulators of EHT, and by comparing our single-cell data to in

vitro and in vivo studies of fetal hematopoiesis.

In conclusion, the roles of LSD1/KDM1A and GFI1B during in vitro EHT are critical for iPSC-derived
hematopoiesis. While both the dominant-negative mutation of GFI1B (GFI1BQ287*) and LSD1/KDM1A
inhibition obstruct EHT, LSD1/KDM1A can probably operate at distinct temporal points that are either
dependent or independent on GFI/GFI1B and in different cellular subsets. Furthermore, ectopic
expression of GFI1B in hemogenic endothelial cells results in the downregulation of endothelial genes
and upregulation of hematopoietic genes. The precisely timed expression of specific transcriptional

regulators during EHT appears to be important to the eventual outcome of EHT.
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Fig.1. Hematopoietic commitment during iPSC differentiation. (A) Schematic overview of iPSC
differentiation, specifying stages of induction, the growth factors used, and the differentiation timeline in
days®’. (B) Gating strategy to track hematopoietic/endothelial precursors during iPSC differentiation in
culture dish-adherent colonies through assessing the expression of CD144 and CD309. The percentage
of CD144°CD309" cells from day 6 to 14 during differentiation is shown on the right (mean +/- SD; n=6-
20). (C) Early hematopoietic commitment evaluated by the percentage of CD43" cells in suspension from
day 7 to 14 during iPSC differentiation (mean +/- SD; n=6-21). (D) Percentage of CD41"
megakaryocytic/hematopoietic progenitor cells and (E) CD235" erythroid cells in suspension at day 8, 11,
and 14 of iPSC differentiation (mean +/- SD; n=8-12).

Fig.2. Culture and specification of sorted hematopoietic/endothelial precursors. (A) Proportion of
CD34" cells within the CD309°CD144" population from day 5 to day 9 during iPSC differentiation (mean
+/- SD; n=5). (B) CD34 MACS-sorted hematopoietic/endothelial precursors on day 5 of iPSC
differentiation, with a purity of 96.7% (top left, blue: unstained; red: CD34 staining), highly enriched for
CD31 and CD144 (95.9%, top right), predominantly uncommitted or negative for CD43 and CD73 (85.2%).
(C) The development of hematopoietic/endothelial cells upon sub-culturing of day 5 CD34" precursors,
captured at intervals of 1-, 2-, 3-, and 4-days post-plating. Representative figures showing the
morphological progression (scale bar: 200um; red arrows indicate examples of the emerging
hematopoietic cells). (D) Differentiation of day5 CD34" precursors into CD73+ endothelial (in blue circle)
and CD43+ hematopoietic (in red square) cells at day 1 and day 4 after sub-culturing. Data represents
mean (n=2).

Fig.3. LSD1/KDM1A and GFI1B are critical regulators governing EHT from iPSCs. (A) Schematic
overview of iPSC differentiation detailing growth factors, induction stages, and the pulse addition of GSK-
LSD1 over the timeline in days. (B) Colonies differentiated for 6-14 days were harvested and stained for
CD144 and CD309. Frequency of cells double positive for these markers is shown (n=6-20 for control, 6-
12 for GFI1B%®", and 3-12 for GSK-LSD1). (C) Percentage of CD43" cells within the differentiated
colonies (n=11-20 for control, 7-12 for GFI1B%**”, and 5-11 for GSK-LSD1). (D) Early hematopoietic
commitment was evaluated by assessing the proportion of CD43" cells among suspension cells during
the differentiation of iPSCs (n=17-21 for control, 11-16 for GFI1B%*®*", and 9-15 for GSK-LSD1). (E) The
frequency of CD41" megakaryocytic/early hematopoietic progenitors (n=8-12 for control, 4-7 for
GFI1B%®”, and 9-12 for GSK-LSD1), (F) CD42" megakaryocytic (n=12 for control, 6 for GFI1B%*®*"", and
12 for GSK-LSD1) and (G) CD235" erythroid (n=8-12 for control, 4-7 for GFI1B%*®*”, and 9-12 for GSK-
LSD1) among suspension cells during iPSC colony differentiation, in the absence or presence of GSK-
LSD1, or in cultures of iPSCs carrying the GFI1B%*®" mutation. (B-G) Data represent mean +/- SD,
analyzed using two-way ANOVA, Tukey's multiple comparisons test. Significance levels: * < 0.05, **
<0.005, *** <0.0005, **** <0.00005. Representations: Black circles = control iPSC; Red triangles = iPSC
treated with GSK-LSD1 inhibitor; Purple squares = GFI1B%*®” iPSC.

Fig.4. ldentification of CD144°/CD31" populations using scRNAseq. (A) A schematic diagram
illustrating the timeline of iIPSC differentiation, specifying the growth factors, induction stages, and the
pulse addition of GSK-LSD1. iPSC colonies differentiated by Day 8 were stained for CD144 and CD31,
and cells positive for either one or both markers were sorted (CD144°/CD31"). (B) Identification of
CD144°/CD31" cell populations using UMAP dimensional reduction is displayed, with colors
corresponding to the identified cell types. (C) Enrichment of hematopoietic cell types in cluster Il (top plot)
and endothelial cell types in cluster Il (bottom plot) by gene set enrichment analysis (GSEA). (D) UMAP
plots displaying the expression of hematopoietic genes (GFI1B, GFI1, RUNX1, CD43), HE-associated
genes (GJA4, CD144, CD34), and endothelial-related genes (TGFBI, FN1, CD73).



Fig.5. Pseudotime gene expression analysis during iPSC-EHT. (A) UMAP visualization of cells along
the pseudotime, with the inferred pseudotime represented by a color gradient from blue to red. (B)
Expression of NOTCH1, DLL4, GATA2, RUNX1, GFI1B, and GFl over pseudotime. (C) Expression of
GFI1B co-factorss, LSD1/KDM1A, RCOR1, HDAC1, and HDAC2 over pseudotime.

Fig.6. GSK-LSD1 blocks iPSC-EHT. (A) UMAP visualization of single CD31°/CD144" cells differentiated
from an iPSC line derived from a healthy donor, displayed under both untreated control (black) and GSK-
LSD1 treated conditions (red). (B) Proportional representation of hematopoietic, hemogenic endothelial
(HE), and endothelial populations, presented in Figure 5B, under both control and GSK-LSD1 conditions
(control: hematopoietic 0.324, HE 0.257, endothelial 0.419; GSK-LSD1: hematopoietic 0.015, HE 0.394,
endothelial 0.591).

Fig.7. GFI1B ectopic expression in iPSC-HE leads to upregulation of hematopoietic genes and
downregulation of endothelial genes. (A) Flow cytometry analysis of the endothelial marker CD73 and
the hematopoietic marker CD43 on day 0 and day4 following transduction with either empty vector (EV)
or GFI1B. The percentages are indicated within the plot. (B) Comparison of Mean Fluorescence Intensity
(MFI) of CD43 and CD73 on day 4 post-transduction between EV and GFI1B groups (n = 3; mean +/- SD;
analyzed via the Mann-Whitney test; p = 0.1 for both). (C) Heatmap displaying differentially expressed
genes between EV and GFI1B groups on day 4 following transduction. (D) Enrichment of hematopoietic
cell types in GFI1B-overexpressed iPSC-HE (top plot) and endothelial cell types in EV (bottom plot) by
gene set enrichment analysis (GSEA).
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Supplementary Methods

iPSC lines:

The following iPSC lines were utilized in this study: MML-6838-cl2, SANi001-A, SANi002-A, all derived from
a healthy donor, and two unique clones - SANiI005-A and BEL-5-CI.2, each containing a dominant negative
GFI1B mutation (GFI1B%%7")'-4 The control iPSC lines (MML-6838-cl2, SANi0O01-A, SANi002-A) were
subjected to LSD1 inhibition. The iPSC line MML-6838-cl2 was chosen for HE culture, GFI1B
overexpression and single-cell RNA sequencing (scRNAseq) experiments.

Generation of GFI1B lentiviral construct

The wild type GFI1B coding sequence, complete with a preceding Kozak sequence and an Xbal restriction
site, as well as a following BamHI restriction site (gBlocks from IDT), was cloned into the pJET1.2 vector
using the CloneJET PCR Cloning Kit (ThermoFisher Scientific). After transformation, plasmids were
isolated and digested with Xbal and BamHI. The band corresponding to the size of GFI1B was visualized
on an agarose gel, after which it was subsequently purified and inserted into the LentiCRISPRv2GFP vector
(Addgene #82416) following the excision of the Cas9 sequence using Xbal and BamHI. For the creation of
an empty vector (EV) control, a double-stranded DNA sequence with overhangs of Xbal and BamHI, was
inserted into the LentiCRISPRvV2GFP vector to replace the Cas9 sequence cut by Xbal and BamHI.

Flow cytometry and sort

For flow cytometry experiments of the differentiating iPSC colonies, supernatant was harvested into a
separate tube and attached cells on the plate were washed 2x with PBS before treatment for 5 minutes
with TryplE Select. Cells were collected and passed through a 70um cell strainer (NUNC) into a 50ml tube
containing 10ml of IMDM with 20% FCS and washed with PBS. Both cells from the supernatant and the
plate were stained with antibodies (Supplemental Table 1) for 30 minutes. They were then washed with
FACS buffer (PBS+0.1% BSA+0.5mM EDTA) and analyzed using the LSD-II (BD Bioscience). For flow
cytometry of HE cultures and transduction, cells were stained with CD43 and CD73 antibodies
(Supplemental Table 1) and analyzed on FACSymphony™ A5 (BD Bioscience). For scRNAseq, sorting
was performed with the BD FACSAria Ill (BD Bioscience) at room temperature after which cells were
washed 3x with chilled DPBS and fixated with 80% chilled methanol. Cells were incubated for 20 minutes
at -20°C after which they were submitted for scRNAseq. For outgrowth experiments (Supplemental Fig. 1A),
CD1447CD309" cells with either CD73 or CD43 positivity were sorted on day 8 of differentiation and cultured
in day 6 iPSC differentiation media for an addition 5 days on cell culture treated plates. FlowJo was used
for flow cytometry data analysis.

Reference:

1. Hansen M, Varga E, Wist T, et al. Generation and characterization of human iPSC line
MML-6838-CI2 from mobilized peripheral blood derived megakaryoblasts. Stem Cell Res.
2017;18:26-28.

2. Hansen M, Varga E, Wist T, et al. Generation and characterization of human iPSC lines
SANi001-A and SANi002-A from mobilized peripheral blood derived megakaryoblasts.
Stem Cell Res. 2017;25:42—-45.

3. Hansen M, Varga E, Wist T, et al. Generation and characterization of a human iPSC line
SANI005-A containing the gray platelet associated heterozygous mutation p.Q287* in
GFI1B. Stem Cell Res. 2017;25:34-37.

4, Van Oorschot R, Hansen M, Koornneef JM, et al. Molecular mechanisms of bleeding
disorderassociated GFI1BQ287* mutation and its affected pathways in megakaryocytes
and platelets. Haematologica. 2019;104(7):1460.



Supplemental Table 1. antibodies used in this study.

Product Conjugate Manufacturer  Dilution Clone (0F:]

CD34 APC Biolegend 1:500 581 343510
CD34 BV510 Biolegend 1:300 581 343528
CD31 APC-eF780 eBioscience 1:800 WM-59 47-031942
CD144 FITC BD 1:100 55-7H1 560411
CD309 PE Miltenyi 1:800 ES8-20E6 130-093-598
CD41 PE-Cy7 Biolegend 1:1000 HIP8 303718
CD41 Pacific Blue  Biolegend 1:100 HIP8 303714
CD43 PE-Cy7 Biolegend 1:200 CD43-10G7 343208
CD235 PE Acris 1:2500 JC159 DMO066R
CD42 FITC Diaclone 1:50 HIP1 853.231.010
CD73 APC Biolegend 1:100 AD2 344006

Supplemental Table 2. Analysis of day 8 CD144*/CD31" scRNAseq data. (A) Modules of genes
differentially expressed between clusters in Fig. 4B. (B) Cell types predicted from gene modules in A. (C)
Differential gene expression between cluster Ill and cluster Il in Fig. 4B. (D) GSEA result of C8 cell type
gene sets for differentially expressed genes between cluster Il and Il in Fig. 4B. (E) GSEA result of C2
curated gene sets for differentially expressed genes between cluster Il and Il in Fig. 4B. (F) Differential
gene expression between cluster Il and cluster | in Fig. 4B. (G) GSEA result of C8 cell type gene sets for
differentially expressed genes between cluster Il and | in Fig. 4B. (see excel file)

https://1drv.ms/x/c/96eafeebb0308bd4/EaQ-PDG RR9OEihOyVoma9CEBOyNz5QhcPvWDsrcS1eolL1A

Supplemental Table 3. Bulk RNAseq analysis of EV/GFI1B ectopically expressed CD34" iPSC-HE.
(A) Differential gene expression results between the EV and GFI1B groups on day 4 following transduction.
(B) Gene Ontology results for differentially expressed genes between the EV and GFI1B groups. (C) GSEA
result of C8 cell type gene sets for differentially expressed genes between the EV and GFI1B groups. (see
excel file)

https://1drv.ms/x/c/96eafeebb0308bd4/EVUgEfWpOR10spPrLmCjNROBp70zyZfjjyQv2MFguSh5kQ

Supplemental Fig.1. GFI1B and LSD1 affect hematopoietic and endothelial specification from
hematopoietic/endothelial precursors. (A) CD144*CD309* cells (left flow plot) were sorted based on the
expression of CD73 and CD43 (middle flow plot). These cells were reseeded and cultured for five days.
Images on the right, photographed using the EVOS-XL core, 4x objective, are a representative of day 8
sorted cells after five days of culturing. Note the presence of endothelial like adherent cells in the
CD1447CD309"CD73* cultured population and nonadherent hematopoietic blasts in the
CD144*CD309*CD41* cultured population. (B) The percentage of CD73" cells in CD31* population within
the differentiated iPSC colonies (n=8-9 for control, 5-7 for GFI1B%?%"", and 3 for GSK-LSD1). Data represent
mean +/- SD, analyzed using two-way ANOVA, Tukey’s multiple comparisons test. Significance levels: * <
0.05, ** <0.005, *** <0.0005, **** <0.00005. Representations: Black circles = control iPSC; Red triangles =
iPSC treated with GSK-LSD1 inhibitor; Purple squares = GFI1B®%" jPSC. (C) Absolute number of
suspension cells in paired control (filled circle) and GFI1B®®” (purple square) cultures. (D) Absolute
number of suspension cells in paired control (filled circle) and GSK-LSD1 (red triangle) treated cultures. (E)
Percentage of CD43*/CD73* cells within the CD144*/CD31* population from day 5 to day 9 of iPSC
differentiation (mean +/- SD; n=5). Representative flow plot for day 8 shown on the left.


https://1drv.ms/x/c/96eafeebb0308bd4/EaQ-PDG_RR9EihOyVoma9CEBOyNz5QhcPvWDsrcS1eoL1A
https://1drv.ms/x/c/96eafeebb0308bd4/EVUgEfWpOR1OspPrLmCjNR0Bp70zyZfjjyQv2MFguSh5kQ

Supplemental Fig.2. Genes and gene modules used to identify CD31*/CD144* populations. (A)
Heatmap displaying scaled expression of gene modules, grouped based on differentially expressed genes
identified between clusters from CD31*/CD144" single cell data (Fig. 4B). (B) The expression of gene
modules 3, 5, 8, 9, 10, and 11 on UMAP. (C) Gene set enrichment plot depicting highly enriched expression
of genes involved in hematopoietic stem cell function in cluster Il compared to cluster lIl. (D) Enrichment of
hematopoietic cell types in cluster Il (top plot) and endothelial cell types in cluster | (bottom plot) by gene
set enrichment analysis (GSEA).

Supplemental Fig.3. Marker genes expression in CD31*/CD144" clusters. Dot plot showing the scaled
expression of top 15 differentially expressed genes from every cluster depicted in Fig. 4B.

Supplemental Fig.4. Genes expression on UMAP of CD31*/CD144* populations. The expression of
hematopoietic (first row), hemogenic endothelial (second row), endothelial (third row), lymphoid (CD3E,
CD3G, CD7), and neuronal (PTPRZ1, SOX2) cluster specific genes on UMAP.

Supplemental Fig.5. The presence of known EHT regulators and GFI1B cofactors in iPSC-HE. (A)
Expression of LCOR, ERG, SPI1, HOXA5, and HOXA9 over pseudotime. (B) Expression of LCOR, ERG,
SPI1, HOXA5, and HOXA9 on UMAP. (C) Expression of known GFI1B cofactors on UMAP. Note their
presence in the hemogenic endothelial population (Fig. 4B).

Supplemental Fig.6. LSD1 inhibition results in the absence of hematopoietic population in
CD31*/CD144" single cell data. Total number of cells in the hematopoietic, hemogenic endothelial (HE),
and endothelial clusters from Fig. 4B for both control (in black) and GSK-LSD1 treated conditions (in red).

Supplemental Fig.7. Overexpression of GFI1B in CD34* iPSC-HE increases cell proliferation. (A)
Integration of day 5 and day 8 sorted CD144*/CD31" single cells on UMAP. (B) Expression of GF/1B and
LSD1 on UMAP of day 5 and day 8 integrated CD144*/CD31* cells. (C) Percentage of GFP positive cells
at day 5 after lentiviral transduction on day 5 sorted CD34* iPSC-HE cells (d5+5). Total number of (D) all
cells, (E) CD43" and CD73* cells, in the empty vector (EV) and the GFI1B overexpressed CD34* iPSC-HE,
counted after 4 days of transduction. (D-E) Data represent three independent experiments with mean +/-
SD. Mann-Whitney tests were performed, with p = 0.1 for all. EV condition is shown red, and GFI1B
condition is shown in blue.

Supplemental Fig.8. Ectopic expression of GFI1B in iPSC-HE upregulates hematopoietic genes and
downregulates endothelial genes. (A) Principal component (PC) analysis of RNA sequencing data from
day 4 transduced hemogenic endothelium. PC1 and PC2 account for 76% and 11% of the variance
separately. (B) Volcano plot displaying differentially expressed genes (DEGs) in the GFI1B overexpressed
HE comparing to the EV group. Threshold for log2FC and p value are set at 1 and 0.01 respectively.
Upregulated genes are colored in red and downregulated in blue. Names of the top 10 DEGs are highlighted.
(C) Normalized CPM (count per million) of GF/1, GFI1B, HOXA9, HOXA10, CD43, GATA2, RUNX1, CD73,
and SOX17 for both the EV and GFI1B overexpressed CD34* iPSC-HE.
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